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Preface

The increasing energy demand over the past century has been mostly
fulfilled via fossil fuel burning with tremendous economic, social, and en-
vironmental impacts. The first energy crisis in the mid-seventies led to a
wave of intensive research to find alternatives to fossil fuels and ways to
promote CO, reduction to produce fuels. After this initial productive
period however, research on CO, reduction reverted to a steady, low level,
until, over the last decade, we have witnessed a vibrant revival. This was
certainly triggered by the progressive awareness to reach sustainability in
all areas of our life, notably regarding energy consumption and chemical
feedstock origin. In this context, a key and challenging task is to develop
technologies that use CO, as a carbon source, heading towards a circular
economy. In this endeavour, CO, electroreduction is a cornerstone, and
tremendous progress has been made in recent years in this field. It
thus seemed timely and appropriate to gather in this book the current
state-of-the-art on CO, electrochemistry, covering various aspects from
fundamentals to applications, from molecular catalysis to nanostructured
materials, from bio-hybrid devices to integrated photoelectrochemical
approaches. The goal in producing this book is to provide an overview of
the current trends in CO, electrochemistry. To that aim we have gathered
ten chapters, written by leading experts in the field, covering all domains
to show how fundamental knowledge can provide stimulating tools for
technological developments, and vice versa.

The first chapter by Kubiak and co-workers gives a complete overview of
homogeneous molecular catalysts for CO, electroreduction with details on
the progress in mechanism deciphering that may lead to rational design of
new catalysts, with emphasis on the role of proton donor, electronic effects,
and multi-metallic center cooperativity. They also report on advances in
methodology for catalyst benchmarking. This chapter is complemented by a
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contribution in Chapter 2 on heterogenization of molecular catalysts by
Costentin, Daasbjerg, and Robert, exposing immobilization strategies,
the activity and durability of such supported molecular catalysts and specific
mechanistic aspects.

Chapters 3 and 4 present heterogeneous metallic catalysts for CO,
electroreduction. Interrelated phenomena including catalyst composition
and environment are first described by Clark and Bell, discussing effects on
activity and selectivity. Then, Roosmeisl, Strasser, and co-workers focus on
the design of heterogeneous catalysts at the nanoscale with a rational
approach fed by theoretical insights.

The quantum calculation approach is further developed for homogeneous
catalysis of CO, reduction in Chapter 5 by Neese, Ye, and co-workers.
They emphasize how mechanistic insights obtained by computational
investigations could provide important guidelines to design tailored CO,
reduction catalysts with higher efficiency and enhanced product selectivity.

New concepts have recently emerged in the field of electrocatalysis and, in
particular, those regarding single-atom catalysts. This approach bridges
homogeneous and heterogeneous systems and provides an exciting new area
of research. It is introduced by Nam and co-workers in Chapter 6. Integrating
a molecular catalyst moiety in a conductive electrode provides future
directions to achieve efficient and selective catalytic systems and further
integration of combined functionalities that can be used to develop photo-
electrochemical devices, as described by Wang in Chapter 7.

An additional step of complexity can be reached by designing biological-
inorganic hybrid systems, such as those detailed by Nocera and co-workers
in Chapter 8, to achieve CO, conversion to fuels via exploitation of the
biological machinery for CO, dark fixation associated with the efficiency of
artificial light harvesting and water splitting.

All this new progress is only achievable thanks to new analytical tools such
as the in situ spectroscopic techniques reviewed by Urakawa and co-workers
in Chapter 9.

In the last chapter, Smith, Berlinguette, and co-workers open the door
to large scale applications of CO, electroreduction via a description of
electrolyzers capable of converting CO, into carbon-based fuels and chem-
icals at high current densities.

Finally, we would like to thank all the chapter authors for their efforts
and contributions, which we believe form a remarkable account of the
state-of-the-art of CO, electrochemistry, and a perfect entry for scientists
willing to join this vibrant and exciting field. We would also like to express
our gratitude to Connor Sheppard, Editorial Assistant at the Royal Society
of Chemistry, for his continuous enthusiasm and patience during the
preparation of this book.

Marc Robert, Cyrille Costentin and Kim Daasbjerg
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CHAPTER 1

Approaches to Controlling
Homogeneous Electrochemical
Reduction of Carbon Dioxide

A. JACOB A. BARRETT,** B. FELIX M. BRUNNER,?

C. PO LING CHEUNG,? D. CLIFFORD P. KUBIAK,**

E. GWENDOLYENNE L. LEE,* F. CHRISTOPHER ]. MILLER,?
G. KATE M. WALDIE® AND H. ALMAGUL ZHANAIDAROVA?

? Department of Chemistry and Biochemistry, University of California,
San Diego 9500 Gilman Drive, Mail Code 0358, La Jolla, California 92093,
USA; " Department of Chemistry and Chemical Biology, Rutgers, The State
University of New Jersey, New Brunswick, New Jersey 08903, United States
*Emails: jibarrett@ucsd.edu; ckubiak@ucsd.edu

1.1 Introduction

Carbon dioxide is the end product of combustion and respiration, and its
reduction back to energy-rich products has challenged chemists for well over
a hundred years. The first reports of the direct electrochemical reduction of
CO, appeared in the early 1900s."” As the field of homogeneous catalysis
grew during the 1960s and 1970s, chemists recognized that molecular
electrocatalysis was also feasible. The first reports of homogeneous elec-
trochemical reduction of CO, by molecular catalysts appeared in the 1970s
and 1980s. These included metal phthalocyanine complexes,®* metal
tetraaza-macrocycles,”® late metal phosphine complexes,” and Re (1) bipyridyl
carbonyl complexes.® A molecular electrocatalyst both participates in an
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2 Chapter 1

electron transfer reaction (at an electrode) and increases the rate of a
chemical reaction. In organic electrochemistry, mediators are often used to
mediate the flow of charge between an electrode and a chemical substrate,
thus acting as an outer sphere electron donor or acceptor toward the sub-
strate.” An electrocatalyst both supplies charge and performs inner sphere
reduction or oxidation of an otherwise kinetically stable substrate. Both the
electron transfer and chemical kinetics must be fast for an electrocatalyst to
be efficient. Additionally, the electrocatalyst must display a good thermo-
dynamic match between the redox potential (E°) for its electron transfer
reaction and the chemical potential difference between the products and
reactants (i.e. thermodynamic driving force) for the reaction that is being
catalyzed (e.g. reduction of CO,). A significant advantage of molecular elec-
trocatalysis is that these factors can be optimized by chemical tuning of the
metal centers via appropriate ligand design.

Over the past ten years, several comprehensive reviews of the homogeneous
electrochemical reduction of CO, have appeared.'®™'® In addition to the effects
of metal type, d-electron configuration, and ligand type, new dimensions in the
performance of molecular catalysts have been identified. Many breakthroughs
in our understanding of how molecular catalysts respond to their local en-
vironment in the electrochemical cell, e.g. solvent, electrolyte, and applied bias
have occurred over the last decade. One example of innovative catalyst design is
the use of pendent proton relays, as well as charged and hydrogen bonding
groups attached to the catalysts have been reported. This chapter presents
much of the new knowledge that has been gained over the past ten years in the
homogeneous electrochemical reduction of CO,, with the aim of identifying
areas where new research may produce further breakthroughs in our under-
standing and control of the reduction of CO, for its conversion to high-value
chemicals like CO, formate, methanol, and methane.

1.2 Overview of Parameters for Evaluating
Electrocatalysts

This section will give a brief introduction to the parameters commonly used
to describe molecular electrochemical catalysis. A more in-depth discussion of
these parameters can be found in the ‘Catalyst Comparisons’ section of this text.

Catalytic Tafel plots are used to visualize catalyst performance using the
overpotential (1) and turnover frequency (TOF). The overpotential is the
additional potential applied beyond the thermodynamically determined
potential (E°) required for the electrochemical reaction to transpire. The
reaction conditions, such as solvent and pK, of all present proton sources
(i.e. water, phenol, or acetic acid), must be considered to appropriately
determine E° of the redox reaction. Furthermore, the products formed
(i.e. CO, MgCO;, HCO; ) are considered in the determination of E,. Thus,
the calculation of overpotential is not trivial but enables the comparison of
electrocatalysts under different reaction conditions. The TOF is the number
of chemical conversions of the substrate per unit of time (typically in
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seconds). Catalysts that have a high TOF for a selective transformation with
minimal overpotential are ideal.

The catalytic potential for the electron transfer event is reported in several
ways. The potential value at the peak catalytic current (E%,) is typically reported
versus a standard electrode potential such as saturated calomel electrode (SCE),
silver chloride electrode (Ag/AgCl), or normal hydrogen electrode (NHE).
Additionally, this potential may be adjusted based on the redox couple of an
internal standard like ferrocene/ferrocenium (Fc*’). The potential at half the
catalytic current (E2,,) is normally found at the steepest part of the catalytic
wave and may also be reported. The Faradaic efficiency (FE) describes the
amount of product produced per number of electrons transferred to facilitate
the electrochemical reaction. The following sections will provide many of these
parameters for an assortment of electrocatalysts.

1.3 Overview of Metals Utilized in Electrochemical
CO, Reduction

Molecular catalysts can typically be divided into classes based on ligand archi-
tecture. Our research group previously described five main classes of catalysts in
a 2009 tutorial review published in Chem. Soc. Rev.: metals ligated by porphyrins,
cyclams, bipyridyls, polypyridyls, and phosphines.’® This section will briefly
recount the molecular catalysts used for electrocatalytic CO, reduction by
Periodic Group in the literature to date.'™"> Improvements in catalytic activity
via changes to the metal identity and/or ligand structure, including tuning of the
steric and electronic properties, are discussed. The discussion will also describe
new strategies for improving catalytic selectivity (i.e. pendent proton relays,
Lewis acid additives, hydrogen bonding, and others).

1.3.1 Group 6

The Kubiak and Cowan groups have examined electrocatalytic CO, reduction
with bipyridine complexes of Group 6 metals. The metal tetracarbonyl
bipyridyl, [M(R-bpy)(CO),] (M =Mo, W; R=H, tBu), complexes are active for
CO, reduction with quantitative Faradaic efficiency (FE) for CO at —2.3 V
vs. saturated calomel electrode (SCE) [ca. —2.7 V vs. ferrocenium/ferrocene
(Fc™)] in MeCN."® The reaction rates are significantly slower than their
Group 7 counterparts. Density functional theory (DFT) calculations revealed
stronger 7-back bonding into the CO ligands with Group 6 metals compared
to Re, suggesting that CO release from [M(R-bpy)(CO),]*~ limits the CO,
reduction rates of these complexes. The catalytic onset potential of
[M(bpy)(CO),] (M=Mo, W, Cr) was anodically shifted at Au electrodes
compared to glassy carbon (GC) electrodes.'”” Cowan and co-workers used
vibrational sum-frequency generation spectroscopy to show that CO loss is
enabled by strong interactions with the Au surface, providing access to a
lower-energy pathway for generation of the active species [M(bpy)(CO);]*~."*
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This is an example of chemically relevant interactions that the electrode
materials may have in “homogenous” molecular electrocatalysis.

Other Group 6 complexes with modified bidentate ligands'® or [Mo(CO),-
(n’-allyl)(e-diamine)(NCS)J*° also showed modest catalytic current increases
under CO,. The former systems had low FEs for CO and reduction products
were not quantified in the latter. Pyridine monoimine (PMI) analogues [(PMI)-
Mo(CO),] exhibited catalytic behavior under CO, on the first voltammogram
sweep, but diminished substantially on the second scan.”* Chemical reduction
studies implicated the formation of a CO, adduct that interacts across the metal
and imine carbon. This irreversible ligand-based reactivity is responsible for the
inability of the catalyst to turnover. Grice and co-workers showed that Group 6
carbonyl complexes without other ancillary ligands are capable of CO, electro-
reduction.” [Mo(CO)s] was the most active in this series, producing CO at —2.8 V
vs. Fc™’° (up to 95% FEqo) while Group 7 analogues Re,(CO);o and Mn,(CO),,
were not active. The reactivity of related Group 4 — 6 metallocenes [Cp,MCl,] with
CO, were also studied by the same group.*® The niobium, molybdenum, and
tungsten complexes reduce CO, to CO, albeit at very negative potentials (—3 V vs.
Fc /%) with low current efficiencies. Cleary, while bipyridine or other redox-active
ligands are not required for CO, reduction here, the presence of such ancillary
ligands enables significantly milder operating potentials. A radically different
approach was demonstrated by Jayarathne et al. utilizing labile phosphine lig-
ands and chloride ions on a tungsten complex. This complex was able to reduce
CO, to CO via a mechanism involving a tungsten oxo intermediate.**

1.3.2 Group 7

Lehn and co-workers first described the activity of [Re(bpy)(CO);Cl] (Re-bpy, 1)
for electrocatalytic CO, reduction in 1984.° This system, sometimes referred to
as the Lehn catalyst, reduced CO, to CO at —1.49 V vs. SCE (ca. —1.9 Vvs. Fc™?)
in 9:1 N,N-dimethylformamide (DMF)/H,O with very high selectivity for CO
over H, evolution (FEgo = 98%). However, the rate of catalysis, defined by the
turnover frequency (TOF), was reported to be relatively slow (TOF=21.4 h™ ).

Infrared-spectroelectrochemistry (IR-SEC) studies indicate that significant
Re-Re dimer formation occurs following one-electron reduction of 1, which
was later confirmed by comparison to the independently prepared dimer.?”
Additional reduction is then required to break the Re-Re bond to generate
the proposed active catalyst, [Re(bpy)(CO);] . Introduction of t-butyl groups
in the 4,4’ positions (denoted as [Re(¢tBu-bpy)(CO);Cl], 2) dramatically
increased the rate of CO, reduction.?® The steric bulk of these substituents
largely prevents dimerization as shown by IR-SEC (Figure 1.1) and stopped-
flow IR studies.”” Furthermore, the reduced species, [Re(R-bpy)(CO);],
reacts with CO, approximately ten times faster when R=¢Bu versus H,
suggesting an additional effect of the ¢-butyl groups (see Section 1.9).
Replacement of the halide ligand with a chelating phosphazane (PNP) ligand
in [Re(bpy)(PNP)(CO),]OTf is another effective strategy to prevent dimer-
ization as the ligand does not fully dissociate upon reduction.”®
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Figure 1.1 IR-SEC of [Re(¢Bu-bpy)(CO);Cl] (black, 2) under N, in 0.1 M Bu,NPF/
MeCN, showing three major species as the potential is increased
cathodically: Re'(tBu-bpy® )(CO);Cl (red), Re°(tBu-bpy)(CO); (green),
Re’ (tBu-bpy® )(CO)? (blue). IR-SEC cell: Pt working electrode, Pt counter
electrode, Ag pseudo-reference electrode. (B) Cyclic voltammogram of
2 under N, in 0.1 M Bu,NPF¢/MeCN (GC WE, Pt wire CE, Ag/AgCl pseudo-
RE, with Fc added as an internal standard), showing correlation to
species seen in IR-SEC. Y-axis is current density (J) and the x-axis is
potential (V) vs. saturated calomel electrode (SCE).

Reproduced from ref. 29 with permission from American Chemical
Society, Copyright 2014.

DFT calculations predict that the HOMO of the two-electron reduced form
of the Re(bpy)(CO);Cl catalyst has a mixed metal-ligand character.?® It has
been proposed that the delocalized electronic structure of [Re(bpy)(CO)s]~
contributes to the high selectivity of CO, reduction over H, evolution in the
presence of a proton source as formation of a metal hydride requires the
electron density to be localized in the Re dz” orbital. This proposal was
further supported by X-ray absorption studies®" and Raman spectroscopy*”
which indicated that the active doubly-reduced species [Re(bpy)(CO);]  is
best described as [Re(0)(bpy®)(CO)z]~ where one electron has been added to
the bpy n* orbital and the other to the Re d,” orbital. This electronic con-
figuration was posited to enable reaction with CO, through ¢ and & inter-
actions with a lower reorganization energy near the transition state than for
the reaction with a proton, resulting in CO, reduction being kinetically
favored over H, evolution.®* This was further corroborated via DFT calcu-
lations by the Carter group that showed that protonation of the anion to
produce the Re-hydride has a higher activation energy than formation of
the Re-COOH complex.’® Manganese bipyridine catalysts have been studied
as more Earth-abundant and less expensive alternatives to the Re-bpy
systems.>*?*> Johnson et al. originally reported that the doubly reduced
[Mn(bpy)(CO)z] anion (analogous to the active Re catalyst) does not react
with CO,.*® Bourrez et al. discovered that these Mn-bpy compounds are
catalytic in the presence of water, and have lower overpotentials (around
0.40 V) when compared to Re-bpy analogues.®® The overpotential () in this
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case is the potential difference between the thermodynamically determined
reduction potential for aqueous CO, reduction and the experimentally ob-
served reduction potential for Mn-bpy compounds under CO,.

1.3.3 Group 8

Fe porphyrins have been extensively studied for electrocatalytic CO, reduction
for the past three decades, in particular by Savéant and co-workers.*”*® Fe(in)
tetraphenyl porphyrin (FeTPP, 3) undergoes three sequential one-electron
reductions in DMF under Ar. The current increases at the third reduction
(ca. —1.6 Vvs. SCE) under CO,, corresponding to electrocatalytic CO, reduction
to CO (Figure 1.2a). However, electrolysis at —1.8 V vs. SCE (ca. —2.2 Vvs. Fc™?)
revealed that the catalyst rapidly degrades under catalytic conditions, perhaps
from carboxylation and/or hydrogenation of the porphyrin.*®

Ru and Os complexes of the form [M(bpy)(CO),Cl,] undergo polymerization
on the electrode upon reduction to form heterogeneous polymer films that are
active for CO, reduction to CO and formate.*""*> Following earlier reports of
using bulky substituents on the bipyridine ligand to prevent metal-metal di-
merization, it was demonstrated that installation of mesityl (mes) groups in
6,6’ positions prevent polymerization, and this system is an active homo-
geneous catalyst for CO, reduction to CO (95% FE) at —2.2 V vs. F¢'/® in the
presence of phenol.** Interestingly, the yield of CO is potential-dependent: at
—1.7 Vvs. Fe™/°, FEqo decreased to 63% and formate was detected using NMR.
IR-SEC studies support an electron transfer-chemical reaction-electron transfer
(ECE) mechanism where one-electron reduction of Ru(mes-bpy)(CO),Cl, (4)
leads to chloride loss, followed by protonation and another one-electron re-
duction to form a Ru(n)-hydride complex (4b). Complex 4b can react with CO,
to generate a formate complex [Ru-;'-OCHO] (4¢) (Scheme 1.1). Dissociation of
formate from 4c may occur, closing the catalytic cycle for CO, reduction to
formate. However, additional one-electron reduction of 4¢ appears to increase

(a) (b)
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Figure 1.2 (a) Structure of FeTPP (3) and cyclic voltammograms of 3 in 0.1 M Et,NCIO,
dissolved in DMF (b) under Ar, and (c) under CO, with 7.9 mM Mg>".
Reproduced from ref. 40 with permission from American Chemical Society,
Copyright 1996.



Approaches to Controlling Homogeneous Electrochemical Reduction of Carbon Dioxide 7

Cl
~ _
~=No., R| ....... .CO €
HCOZH ~—~Mes
Cl
4
Cl, H*
=
/ L =N, | ..co
u
0 CoH0 & yed
X g
i (lj ) e, H" H*
’Nn ............ “CO |_
u
= Mesl H T+
! N | ucO
o, Ru=™ *
4b _ N/ I ~co
= MesCI
H
~
CO; L_=N. | _____ «CO
= MeslI
4b

Scheme 1.1 Proposed mechanism for CO, reduction to formate (blue path) or CO
(red path) with [Ru(mes-bpy)(CO)Cl,] (4).**

the rate of thermal dehydration of Ru-n"-OCHO, generating CO and water and
shifting the product ratio to favor CO. Min and co-workers made a Ru pincer
compound using bipyridine with an aminophosphine substituent at the 6
position. An increase in current was observed under CO,.** The current further
increased under CO, when 3% H,O was added. Like the M(bpy)(CO),Cl,,
controlled potential electrolysis (CPE) showed that the compound made both
CO (FE=60.7%) and formate (FE=37.3%) with trace H, in 3% H,0O/MeCN.
The compound also showed stability over 24 h, yet the catalyst only achieved
11.2 turnovers during that time.

Meyer and co-workers performed detailed studies of [Ru(tpy)(bpy)X]**
(X=MeCN, Cl") to elucidate the pathway for CO, reduction in MeCN.*’
[Ru(tpy)(bpy)(MeCN)*" (5) and [Ru(tpy)(MebImpy)(MeCN)]** (6) exhibit two
reversible reductive features in cyclic voltammetry under Ar, corresponding to
the reduction of terpyridine (tpy) and bipyridine (bpy) or 3-methyl-1-pyr-
idylbenzimidazol-2-ylidene (MebImpy), respectively. Current enhancement is
observed at the second reduction in the presence of CO,, as well as at more
negative potentials (Figure 1.3a). The catalytic peak current is scan rate
dependent and the wave does not show the typical plateau shape for a rate-
limiting catalytic reaction. The rate of catalysis also exhibits saturation be-
havior with respect to CO, concentration. When considered together, these
observations are consistent with the rate-limiting step being substitution of the
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Figure 1.3 Cyclic voltammograms of (a) [Ru(tpy)(bpy)(MeCN)]** (5), and (b) [Ru(tpy)-
(MebImpy)(MeCN)** (6) under Ar (red trace) or CO, (blue trace) in
0.1 M Bu,NPF; in MeCN. The x-axis is potential vs. Normal Hydrogen
Electrode (NHE).
Adapted from ref. 45 with permission from the Royal Society of Chemistry.
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Scheme 1.2 Proposed mechanism for electrocatalytic CO, reduction to CO with
[Ru(tpy)(bpy)S]>*, where S = solvent, in this case MeCN.

MeCN ligand by CO, in the doubly-reduced species [Ru(tpy )(bpy )(MeCN)[°.
This substitution generates [Ru(tpy )(bpy)(CO,>")]° which undergoes further
reduction leading to overall CO, reduction and disproportionation to CO and
CO;>™ (Scheme 1.2).

Substitution of MeCN by CO, in 5 proceeds via a dissociative mechanism;
therefore, modifications that increase the rate of MeCN dissociation should
increase the rate of catalysis. Meyer and co-workers*> developed the benzi-
midazolylidene analogue 6, where the carbene ligand is more donating than
bipyridine (Figure 1.4). The increased electron density at the metal increases
the lability of MeCN and increases the rate of catalysis from 5.5 to 19 s "
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Figure 1.4 Structures of [Ru(tpy)(Mebim-py)(MeCN)J** (6) and [Ru(tpy)(R-bpy)(MeCN)]**

).
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Scheme 1.3 Accessible EEC and ECE pathways to generate the [Ru-CO,] adduct with
8, where S =solvent, in this case MeCN.

(Figure 1.3b). Notably, 5 is also active for the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER). These reactions have been
coupled with CO, reduction to develop single-catalyst systems capable
of producing pure CO or controlled syngas ratios (CO/H,) at the cathode and
0, at the anode.***® Additional studies by Ott and co-workers*® found a
correlation between the rate of CO, reduction and the rate of monodentate
ligand dissociation, which was varied by systematically changing the
electron-donating character of the bidentate ligand in 5. Increasing the
ligand donating ability promotes MeCN loss and increases the catalytic rate.
Other variations to the original catalysts, [Ru(tpy)(bpy)Cl]" and [Ru(bpy),-
(Co)Cl]", have been explored.’®>* However, in these reports, the new
complexes exhibit similar catalytic behavior as the parent systems and are
proposed to proceed via an analogous mechanism for CO production in-
volving a key [Ru(tpy)(bpy)(CO,>)]° intermediate.

A related Ru complex [CpRu(bpy)(MeCN)]" (8), (Cp = cyclopentadiene),
was recently reported to facilitate rapid electrochemical CO, reduction and
disproportionation to CO and CO,>" triggered by initial one-electron re-
duction at —1.9 V vs. Fc™/°.>* An ECE pathway for initial CO, activation
analogous to that shown in Scheme 1.3 for 5 was proposed. Substitution of
the MeCN ligand by CO, occurs with one-electron reduction, after which
addition of the second electron occurs at a more positive potential than the
first reduction to generate a [CpRu(bpy)(CO,)]” complex. However, this
system is not catalytic at this potential due to the high stability of the re-
sulting [CpRu(bpy)(CO)]" species.
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1.3.4 Group 9

Co porphyrins have also been shown to exhibit excellent activity for electro-
catalytic CO, reduction.>**® Carbon monoxide is the main CO, reduction
product using Co porphyrins but the selectivity over H, evolution varies de-
pending on the solution pH. Hydrogen dominates at pH 1 while up to 60% CO
is produced at pH 3.”* DFT calculations by the Koper group> and by Leung and
co-workers>* supported a mechanism in which a reduced Co(r) complex reacts
with CO, to generate a [Co(1))Por-CO,]| adduct (Por = porphyrin).

The electrochemical conversion of CO, to CO by Co(u) catalysts bearing N,-
tetradentate ligands at a glassy carbon electrode (GCE) was investigated by
Wang and co-workers.”” The most effective catalyst cis-[Co(PDP)Cl,]
(PDP = 1,1’-bis(2-pyridinylmethyl)-2,2’-bipyrrolidine) exhibited FEco=96%
at —1.7 V vs. SCE (ca. —2.1 V vs. Fc*/°) with no concomitant H, evolution.

While phosphine ligands are commonly used for other catalytic processes,
they are rarely utilized in electrocatalytic CO, reduction catalysts. Early ex-
amples for CO, reduction with group 9 metal phosphine complexes date
back to the 1980s. Slater et al. reported electrochemical CO, reduction with
Rh(diphos),, (diphos = 1,2-Bis(diphenylphosphino)ethane) and trinuclear Ni
clusters with phosphine ligands have also been reported as electrocatalysts
of modest activity.”*® CpCo(P,N,) was found to catalyze the reduction of CO,
to formate and is discussed in detail in Section 1.5.”

1.3.5 Group 10

The first report demonstrating electrocatalytic CO, reduction with molecular Ni
and Co catalysts was published by Eisenberg and co-workers in 1980.°
Reasonable FEqo (up to 65%) using Ni(i) cyclam derivatives were achieved in
water/MeCN (2:1) between —1.5 V and —1.6 V vs. SCE (ca. —1.9 to —2.0 V vs.
Fc*/°) at a Hg electrode. Hydrogen made up the remainder of the charge bal-
ance. Furthermore, Sauvage and co-workers showed that [Ni(cyclam)** (9) is
exceptionally selective for CO (96%) in pure water at —1.05 V vs. NHE at a Hg
electrode.>®® As shown in Figure 1.5, a large catalytic wave is observed by cyclic
voltammetry in water under CO,, corresponding to TOF = 32 h™" and making 9
one of the more active molecular catalysts for electrocatalytic CO, reduction to
CO. Ni(u) cyclams substituted with C-alkyl groups were shown to have higher
TOF than 9 in 20% MeCN/H,0.°" Schiff bases have been widely explored as
planar, tetradentate ligands for catalysis, but have only recently been investi-
gated for CO, reduction. A series of Ni(u) and Cu(u) Schiff base complexes
exhibited current enhancement under CO,, but further studies are needed to
quantify their activity.®>®> Mukherjee and co-workers®® prepared cathode
materials of related Ni(n) and Cu(u) salen complexes, which reduced CO, to CO
and C1+ hydrocarbons. The activity of these materials differed from that of
pure metals but since production of hydrocarbons with molecular catalysts is
exceedingly rare, further studies to identify the true active species are warranted.

Moving beyond cyclam and related macrocycles, several research groups have
made efforts to develop new CO, reduction catalysts based on other tetradentate
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Figure 1.5 Cyclic voltammograms of [Ni(cyclam)]** (9) at a Hg electrode in water
(pH 4.5) under N, (curve a) or CO, (curve b).
Adapted from ref. 60 with permission from American Chemical Society,
Copyright 1986.
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Figure 1.6 Structures of other first-row transition metal catalysts containing tetra-
dentate ligands denoted as complexes 10 — 12.

nitrogen ligands (Figure 1.6). A series of Ni(u) complexes (10a-c) with
an N-heterocyclic carbene-pyridine ligand yielded CO as the major product of
CO, reduction at —1.5 V vs. SCE (ca. —1.9 V vs. Fc*/%) at GC in MeCN.*>*
Unfortunately, Faradaic efficiencies were not reported and the catalysts de-
composed over extended times. Further optimization of this ligand architecture
led to improved stability and up to 0.2 V decrease in operating potential for CO,
reduction, but the catalytic rates remained far slower than for 9.%°

Group 10 metal phosphines were studied primarily by the Dubois group in
the 1990s and 2000s."°*®” A library of [Pd(triphosphine)(S)](BF,), complexes
were screened as CO, reduction catalysts.®” It was found that triphosphine
complexes with an additional labile ligand produce CO. In contrast, later
studies with tetraphosphine ligands show that the reactions proceed through
a hydride intermediate to produce formate. Substitution of one or more
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phosphines with heteroatoms resulted in complete loss of activity. One of the
main degradation pathways is the formation of dimers by the reduced state.
Several new derivatives were synthesized, including dimeric catalysts that
showed extraordinary enhancement in catalytic performance.®® The bimetallic
bridged [Pd,(CH3;CN),(eHTP)]|(BF,), (eHTP = bis(bis((diethylphosphino)ethyl)-
phosphino)methane) complex has a very similar structure to the [NiFe] CO
dehydrogenase enzyme and di-metallic cooperativity is proposed to play a
crucial role in catalysis."* The flexible modular synthetic pathways to those
ligands gave rise to a large variety of similar ligands with different functional
groups attached to enhance cooperative catalysis; those catalysts are discussed
in further detail in Section 1.5.*

In recent years, carbene pincer complexes of group 10 metals were shown to
reduce CO, selectively in the presence of acids. In 2014 Wolf et al. reported the
use of tridentate N-heterocyclic carbene (NHC) ligands with Pd to produce CO
with moderate efficiency and selectivity.”” The NHC ligands bind to the metal in
a CNC configuration (two NHC carbon atoms and 1 pyridine nitrogen atom).
Sheng et al. showed that Pd can be substituted by the more abundant Ni.”! In-
dependently, Cope et al. reported a CCC-NHC pincer Ni complex that exhibited
similar behavior.®® “CCC-NHC” denotes the binding of the metal by 3 C atoms of
the ligand. In both cases, the main product was CO with water present as a
proton source. Notably, systematic studies comparing Ni, Pd, and Pt by Wolf et al.
found that a very similar catalyst mainly produces hydrogen in the presence of
CO, and added TFA, and only the Pd catalyst is active for CO production.”” These
findings emphasize the influence of the proton source on the performance of
CO, reduction catalysts. The performance of these catalysts was only slightly
improved, FEco increased to 28% from 23%, by tuning the electronic properties
of the ligand.""”°

While the appropriate combination of metal and ligand is crucial for the de-
sign of an active catalyst for CO, reduction, tuning the electronic and/or steric
properties of the ligands often only leads to an incremental increase in catalytic
performance. Furthermore, simultaneously improving the catalytic rate and
decreasing the overpotential is very challenging with simple ligand optimization.
In evaluating the comprehensive body of work in this field, we conclude that
other factors can have just as much of an effect on improving catalysis, if not
more, than basic changes to the metal and/or ligand. These other factors in-
clude: selection of the appropriate Brgnsted acid source (although water is
preferred), addition of stoichiometric or co-catalytic additives, introduction of
pendent functional groups, and multinuclear metal ensembles. Here, we high-
light the recent literature where these parameters are considered to control the
performance of many of the catalysts presented in Section 1.3.

1.4 Bronsted Acid Source

Savéant and co-workers demonstrated that the rate of CO, reduction and
FeTPP catalyst lifetime are increased by the addition of weak Bronsted acids
(Figure 1.7).”*”* Notably, the product distribution depends on the strength of
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Figure 1.7 Cyclic voltammograms of FeTPP (3) under CO, in DMF with 0.1 M Et,NCIO,
and increasing concentrations of TFE. Y-axis is the measured current
normalized against the peak current for the Fe(1) /Fe(0)>" redox couple.
Adapted from ref. 74 with permission from American Chemical Society,
Copyright 1996.
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Scheme 1.4 Proposed mechanism for CO, reduction by FeTPP (3) in the presence of
a Bronsted acid.
Reproduced from ref. 73 with permission from American Chemical
Society, Copyright 1994.

the Bronsted acid. Specifically, the formic acid (HCOOH) yield is inversely
correlated with the Brgnsted acid strength. For example, the addition of
1-propanol resulted in both CO and formate (FE ~ 60% and 35%, respectively),
while the stronger acid trifluoroethanol (TFE) yielded only CO (FE > 96%). This
counterintuitive behavior arises from the greater hydrogen bonding stabiliza-
tion of catalytic intermediates with stronger acids. In the presence of Brgnsted
acid, water is formed as a co-product as shown in Scheme 1.4, thereby elim-
inating the issue of precipitation of carbonate salts on the electrode.

A more robust ligand, bis-hydroxyphenyl bipyridine, was recently explored
for CO, reduction by Machan and co-workers (Figure 1.8).”” In the absence of
Bronsted acid, the Fe complex, Fe(tBudhbpy)Cl (12) (tBudhbpy = 6,6'-di(3,5-
di-tert-butyl-2-hydroxybenzene)-2,2’-bipyridine) facilitated CO, reduction
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Scheme 1.5 Proposed mechanism for the electrocatalytic reduction of CO, by
Re(R-bpy)(CO);X catalysts.
Reproduced from ref. 27 with permission from the Royal Society of
Chemistry.

and disproportionation to CO and CO,;>~ at —2.5 V vs. Fc'’® in DMF at GC;
however, only a FEco of 1.1% is observed due to strong binding of CO to the
Fe center. This behavior is similar to that of FeTPP (3) at GC electrodes: CO
dissociation from the metal is rate limiting and the high CO binding affinity
eventually leads to catalyst decomposition. However, upon addition of
phenol to 12, an increase in current is seen, and formate is observed as the
main CO, reduction product (FE =68%). IR-SEC supports a mechanism in-
volving a Fe(ur)-hydride species, which upon further reduction is capable of
hydride transfer to CO, to generate formate.

The proposed mechanism for CO, reduction with the Re-bpy catalysts
is shown in Scheme 1.5. Following CO, binding at the active catalyst
[Re(bpy)(CO)s] ", protonation yields a hydroxycarbonyl species that under-
goes further reduction and protonation to generate [Re(bpy)(CO),] via rate-
limiting C-O cleavage.”® The Re(COOH)(bpy)(CO);ClI intermediate for 1 and
the t-butyl analogue 2 have been observed by stopped-flow IR spectroscopy.’”
This proposed mechanism was also supported by DFT calculations from
Carter and co-workers.”® In the absence of Brensted acid, ligand-bound
carboxylate is produced.”” DFT calculations on the Re centered radical
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[‘Re(bpy)(CO);] purported the insertion of CO, into a Re carboxylate dimer
[Re(Me-bpy)(CO)3],(1-CO,).”

To better understand the mechanism of catalyst regeneration, the
tetracarbonyl species, [Re(bpy)(CO),]" and [Re(tBu-bpy)(CO),]", were
synthesized.” IR-SEC and chemical reduction studies revealed that these
complexes undergo substitution at reducing potentials, releasing CO and
generating [Re(R-bpy)(CO);(CH;CN)]" in an electron-transfer catalyzed
process. This reaction occurs at potentials almost 0.5 V more positive than
the catalytic operating potential for 1, which implies that CO elimination
and regeneration of the active catalyst is facile and not rate-limiting in
electrocatalytic CO, reduction.®®

Mn-bpy compounds have important mechanistic differences from their
Re-bpy counterparts. Detailed mechanistic studies of Mn(tBu-bpy)(CO);Br
revealed that one-electron metal-based reduction is followed by immediate
loss of bromide to give a five-coordinate Mn-based radical.*® DFT calcula-
tions indicate that the Mn-based radical is more stable than the six-
coordinate MeCN-coordinated complex, contrary to the Re-bpy analogue.
The dimer [Mn(tBu-bpy)(CO);], is rapidly formed, at a rate 10° times faster
than the analogous Re-Re dimer.>**"** The doubly reduced anionic species
[Mn(R-bpy)(CO);]~ is formed after reductive cleavage of the dimer, and this
is the chemical process that ensues the second reduction observed by cyclic
voltammetry.>>®% A CO, molecule is then added to the nucleophilic metal
center of the anionic species, and subsequent protonation of the bound CO,
ligand leads to a hydroxycarbonyl [Mn(R-bpy)(CO);(C(O)OH]® complex. The
mechanism can proceed via two different pathways: reduction-first or
protonation-first (Scheme 1.6). In the reduction-first pathway, the hydro-
xycarbonyl complex is reduced to give [Mn(bpy-R)(CO);(C(O)OH] , which
undergoes C-OH bond cleavage initiated by protonation of the OH to form
water and CO. In the protonation-first pathway, the hydroxycarbonyl
complex is protonated, leading to C-OH bond cleavage and formation of
water and the tetracarbonyl cationic complex [Mn(bpy-R)(CO),]". The
tetracarbonyl complex generates CO upon further reduction. There was a
considerable discourse about whether the Mn-Mn dimer or the anionic
species is the active species for CO, reduction. While the Mn® — Mn° dimer
has been shown to be catalytically active, photochemically and electro-
chemically reducing CO, to formic acid or CO,*>*"*? the rates for these
catalytic reactions are much slower than the electrocatalytic reduction of
CO, to CO by the anionic [Mn(R-bpy)(CO);]” species.’*** Furthermore, the
experimental catalytic reaction order is first-order in catalyst, suggesting the
catalytic intermediate should be mononuclear, i.e. not dimers.*****>

Electrocatalytic reduction of CO, to CO and water necessarily means a proton
source must be present in the reaction medium, according to eqn (1.1). While
select catalysts are capable of the reduction and disproportionation of CO, to
CO and CO;>" under aprotic conditions (eqn (1.2)), the vast majority of CO,
electrocatalysts require a Brgnsted acid such as water, phenol, or TFE in order
to drive the catalytic cycle to generate CO and water. In the absence of added
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Figure 1.9 Linear sweep voltammograms of [Re(tBu-bpy)(CO);Cl] (2) under Ar
(black) or CO, (red), and under CO, in the presence of different Brensted
acids: acetic acid (blue), phenol (green), and TFE (orange). The return
sweep is omitted.

Adapted from ref. 86 with permission from American Chemical Society,
Copyright 2018.

acid, some catalysts are still active for CO, reduction according to eqn (1.1) and
must therefore scavenge protons from the bulk solution.**® Tetraalk-
ylammonium electrolyte salts, MeCN (solvent), and/or trace water have been
proposed as possible proton sources in these cases, however, the actual proton
source when none is deliberately added remains poorly investigated.

CO,+2H" +2¢ - CO + H,0 (1.1)
2CO, +2e~ —CO +COz>~ (1.2)

The selectivity and activity of CO, reduction typically depend on the
strength of the acid source. For example, while Re tricarbonyl catalysts such
as [Re(¢tBu-bpy)(CO);Cl] (2) are capable of CO, reduction to CO in the absence
of added proton source, it has been well established that weak Brensted
acids such as water increase the rate of catalysis due to more facile formation
of the Re-COOH intermediate, the most stable species in the catalytic
cycle.”>*>®” CO, reduction is observed with quantitative FEco with no H,
production upon addition of phenol or TFE (pK, =29.1 and 35.4 in MeCN,
respectively). The rate of CO, reduction is comparable to that in the absence
of added proton source, but the catalytic potential is shifted positive by
nearly 0.2 V. In the presence of acetic acid (pK,=23.5 in MeCN***%), the
selectivity decreased to FEgo =35% with increased H, evolution (35%). As
shown in Figure 1.9, a larger maximal current enhancement is observed for 2
with acetic acid compared to the weaker Brgnsted acids; likely due to the
additional contributions of competitive H, evolution to the current. Thus, it
is critical to strike a balance between a Bronsted acid that is sufficiently
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acidic to rapidly generate stable hydroxycarbonyl species, but not too strong
as to increase the favorability of H, evolution.

The acid pK, dependence on selectivity can also vary with the electronic
structure of the ligands: increasing the donating ability of the ligands leads
to a more basic metal center, which will be more susceptible to protonation
by weaker Brgnsted acids. This trend is exemplified by comparing the
reactivity of 2 to that of a related Re complex bearing a bidentate pyridyl-N-
heterocyclic carbene ligand.”® This carbene complex is active for electro-
catalytic CO, reduction to CO at high FEco>90% with water present,
similar to the behavior of 2. However, FEco with the carbene catalysts drops
to 43% and 21% for TFE and phenol, respectively, and a significant amount
of H, was also generated with phenol. CO selectivity remained high for
[Re(tBu-bpy)(C0O);Cl] under the same conditions with TFE and phenol.*® The
difference in CO selectivity is attributed to the increased donating ability of
the carbene ligand compared to bipyridine and highlights the importance of
optimizing the relative pK,s of the chosen acid and the reduced form of the
electrocatalyst.

Decreased selectivity for CO, reduction has been observed for the Fe
porphyrin catalyst FeTPP (3) with increasingly stronger acids. Increased H,
evolution is observed for FeTPP when using stronger Brgnsted acids such as
triethylammonium which is well established.”’ The Mn-bpy catalysts re-
quired the addition of weak Brgnsted acids in order to achieve CO, reduction
to CO, and also shows an increase in current density with increasing
acid strength, but no selectivity change.®” Additionally, it was found that
[Mn(tBu-bpy)(CO);(MeCN)] (13) is more active than the Re version when using
water as the proton source, but is less active when using methanol or TFE.

One aspect of proton source selection that is rarely considered is the
resulting conjugate base generated upon deprotonation of the Brgnsted
acid. For the weak O-H acids typically used for electrocatalytic CO, re-
duction, the conjugate bases are alkoxide species, themselves capable of
reacting with CO, to form alkyl carbonates. The trifluoroethoxide (generated
from deprotonation of TFE) was proposed by Gray and co-workers to assist
[Mn(¢Bu-bpy)(CO);]” in electrocatalytic CO, reduction by providing an
additional driving force for protonation of the [Mn-CO,] intermediate
and facilitating the dehydroxylation of the hydroxycarbonyl intermediate.
DFT calculations suggest that this activity is due to the homoconjugation
(trifluoroethoxide H-bonding dimer) and/or carboxylation of the conjugate
base of this dimer.”” While the formation of these alkoxide species from
weak Brgnsted acids may be unavoidable, the consequences of their pres-
ence in solution and their effects on the reaction thermodynamics must be
considered. This is especially important in discussions of overpotential, as
the thermodynamics of CO, reduction coupled to alkyl carbonate formation
is clearly different than for an aqueous system.

Many of the literature reports state that water was chosen as a very weak
Brensted acid source for CO, reduction, having a pK,(H,0)~ 38-40 in MeCN.
However, upon saturation of the reaction solution with CO,, carbonic acid
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will be formed to some degree according to eqn (1.3). Carbonic acid is
relatively acidic in organic solvent (pK, =7.37 in DMF), and therefore will
very likely be the strongest Bronsted acid present in solution. This should be
considered when evaluating the thermodynamics of CO, reduction in mixed
organic/aqueous systems, as described by Savéant and co-workers.”

CO, + H,0 ==H,CO, (1.3)

Fe and Ru catalysts containing the redox- and proton-active
cyclopentadienone ligand have been widely utilized for hydrogenation of
various organic substrates, including CO,. The tricarbonyl Fe complex,
tricarbonyl(n*-2,5-bistrimethylsilylcyclopentadienone)iron (14), originally
reported by Knolker,* exhibited an irreversible reduction at —1.4 V vs. NHE
(ca. —2.0 V vs. Fc ™) followed by a smaller reversible feature at —1.5 V vs.
NHE in MeCN under Ar.”” The introduction of CO, resulted in a dramatic
current enhancement at lower potentials in the absence of added Breonsted
or Lewis acid sources (Figure 1.10). By CPE, CO is selectively produced
(FEco =96%) with no H, evolution. Under these conditions, the over-
potential for CO, reduction to CO is 0.85 V.

Water was produced during CPE in roughly equimolar quantities to CO. The
formation of water suggests that catalysis does not proceed via CO, reduction
and disproportionation, as is often observed in the absence of added acid. In
order to generate water with no added Brgnsted acid, the catalyst must scav-
enge protons from the solvent, residual water, or supporting electrolyte.
However, as the catalyst turns over, more water will be generated which will be
a better proton source for CO, reduction. The reaction will thus become
catalytic in water and a continual increase in water production is not expected.
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Figure 1.10 Cyclic voltammograms of tricarbonyl(n*-2,5-bistrimethylsilylcyclopen-
tadienone)iron (14) in MeCN under Ar (black) or CO, (red dashed).
Adapted from ref. 95 with permission from the Royal Society of
Chemistry.
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Scheme 1.7 Reaction pathways of CO, with tricarbonyl(n®-2,5-bistrimethylsilylcy-
clopentadienone)iron. (a) No reaction is observed between Fe-hydride
15 and CO,. (b) Proposed initial steps for CO, activation with 14.%°

Further studies into the proton source during catalysis may be warranted. An
additional avenue of exploration is the influence of weak Brgnsted acids on the
rate and selectivity of CO, reduction which were not reported. The important
role of the added proton source on CO, reduction with [Re(R-bpy)(CO);X]
catalysts is discussed elsewhere in this section.®

The hydride complex of tricarbonyl(n*-2,5-bistrimethylsilylcyclopenta-
dienone)iron (15) is a key intermediate in the catalytic hydrogenation of
other substrates. Surprisingly, exposure of 15 to CO, does not result in any
reaction (Scheme 1.7a), indicating that this species is not involved in elec-
trocatalytic CO, reduction. DFT calculations predict that CO, reduction
proceeds via two-electron-one-proton reduction of 14 to the hydro-
xycyclopentadienyl complex (14b), from which loss of a CO ligand occurs
readily followed by association of CO, (Scheme 1.7b). The Fe-CO, adduct of
tricarbonyl(n*-2,5-bistrimethylsilylcyclopentadienone)iron (14c¢) is stabilized
by hydrogen bonding between the carboxylate and hydroxyl group. Similar
behavior was noted for FeTPP catalysts bearing O-H groups on the ligand.”*
This hydrogen bond also facilitates cleavage of the carboxylate C-O bond
and lowers the barrier for water loss. Thus, the ability to reduce the cyclo-
pentadienone ligand and the optimal positioning of the resulting hydroxyl
group are both critical for the electrocatalytic activity of 14.

Electrocatalytic reduction of CO, has been extensively explored over the past
three decades with Ru(un) complexes bearing polypyridyl ligands. Since
reduction of Ru(u) is generally inaccessible at potentials relevant to CO, re-
duction, the polypyridyl ligands play a critical role in catalysis by storing re-
ducing equivalents. In a seminal report, Tanaka and co-workers’® showed that
[Ru(bpy),(CO),]*" (16) is an active electrocatalyst for CO, reduction. In 1:1
DMF : H,0, CO, reduction is observed at —1.40 V vs. SCE (ca. —1.78 Vvs. Fc'°),
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producing CO and formate with only trace H,. Notably, a Brensted acid such as
water is required for catalysis, and the solution pH dictates the major product.
Following two-electron reduction of 16 and loss of one CO ligand, a
[Ru(bpy),(CO,)]" adduct is generated under CO, that either favors CO or
formate production under acidic or basic conditions, respectively.

A closely related catalyst [Ru(tpy)(bpy)(CO)J** (17) was later reported by
Tanaka and co-workers to also perform electrocatalytic CO, reduction.”” In
20% DMF/H,0, CO and formate are both produced via CPE at —1.6 V vs.
Ag/Ag”" (ca. —1.73 Vvs. Fc*'°), along with trace methanol. Varying the solvent
and temperature has a significant effect on the products, demonstrating the
importance of solvent effects. In 80% EtOH/H,O at —20 °C, a range of
products were detected including formaldehyde, glyoxylic acid, glycolic acid,
and methanol.”

1.5 Pendent Proton Shuttles

Considering the importance of the proton source for electrocatalytic CO,
reduction, it is not surprising that significant efforts have been undertaken
to incorporate pendent acid or base groups as proton shuttles into known
molecular catalysts. Enzyme active sites are highly optimized to shuttle
multiple protons and electrons to and from the substrate as well as shuttle
the product away from the active site; hence, many bio-inspired molecular
catalysts have been developed with pendent proton shuttles to mimic en-
zymatic behavior and enhance catalytic performance.’® This has been es-
pecially well utilized for H, evolution catalysts but is also becoming more
commonly integrated into CO, reduction catalysts.

A particularly successful example of using pendent acid groups to improve
CO, reduction was reported by Savéant and co-workers.”>® As discussed in
Section 1.4, the addition of weak Brgnsted acids such as phenol to the re-
action solution enhances the rate of CO, reduction by Fe porphyrin catalysts
including FeTPP (3)."””® The installation of phenol substituents at each
ortho position on the phenyl rings in iron 5,10,15,20-tetrakis(2’,6’-dihy-
droxylphenyl)porphyrin (FeTDHPP) (18) resulted in an extremely fast rate of
CO, reduction in DMF with 2 M water, TOF =1.6x10° s~' (Figure 1.11).%?
This rate is equivalent to the activity expected for the binary catalyst system
(i.e. 3 and phenol) at a phenol concentration of 150 M.”* Notably, it is not
physically possible to run this reaction at this phenol concentration. Later
studies revealed that this rate enhancement is not only due to the high local
proton concentration near the reacting center but also due to stabilization of
the [Fe-CO,]*~ intermediate by intramolecular hydrogen bonding between
the carboxylate and the pendent O-H groups (Figure 1.11).%%'°

Since this report, the activities of other CO, reduction catalysts have been
enhanced in a similar fashion. Marinescu and co-workers investigated Co
aminopyridine macrocycles for electrocatalytic CO, reduction.'”'> Com-
plexes containing alkyl substitutions on the pendent amine groups were
compared to cobalt(u) 2,4,6,8-tetraaza-1,3,5,7(2,6)-tetrapyridinacyclooctaphane
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Figure 1.11 Cyclic voltammograms of 0.1 mM FeTDHPP (18) in 0.1 M Bu,NPF;/DMF
with 2 M H,O under (A) an inert atmosphere and (B) CO,. Y-axis is
the measured current normalized against the peak current for the
Fe(1) /Fe(0)>~ redox couple.

Adapted from ref. 93 with permission from AAAS, Copyright 2012.

(a) (b)

Figure 1.12 Structure of the (a) DFT-calculated [Fe-CO,] adduct for FeTDHPP (18),%°
and (b) proposed [Co-CO,] adduct of cobalt(u) 2,4,6,8-tetraaza-
1,3,5,7(2,6)-tetrapyridinacyclooctaphane (19)."**

Adapted from ref. 99 and ref. 101 with permission from American
Chemical Society, Copyright 2014 and 2016.

19 (Figure 1.12). The TON for 19 was 300 times higher than that for the methyl
or allyl substituted analogous Co macrocycles. Furthermore, 19 was highly
selective for CO (FEco = 98%), and the presence of the N-H moieties positively
shifted the reduction potential. In a computational study of Co porphyrin,
Koper and co-workers'® found that the mechanism of the formation of the
neutral hydroxycarbonyl adduct [Co-CO,H] changes from concerted proton-
coupled electron transfer (CPET) to mixed CPET and sequential proton-
electron transfer (SPET) around pH 3.5, the pK, of this intermediate. This
transition mirrors the observed increase in CO production upon increasing the
pH from 1 — 3, indicating the importance of accessing the [Co-CO,]| adductvia
an SPET pathway in order to favor CO, reduction over proton reduction. For
[Mn(R-bpy)(CO);Br]-type complexes, the introduction of a phenol substituent
in close proximity to the metal center provided a local Brgnsted acid source for
enhanced proton transfer to the [Mn-CO,]  adduct intermediate, which
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enabled electrocatalytic CO, reduction to CO to proceed even in anhydrous
MeCN."**'% Analogous complexes without the pendent acid group showed no
catalytic response by cyclic voltammetry under identical aprotic conditions.
Furthermore, a seven-fold increase in the rate of CO, reduction was observed
upon addition of water as a proton source, as compared to the activity of the
parent complex.'®® A series of detailed investigations into hydrogen bonding
interactions for [Re(R-bpy)(CO);X] catalysts containing 4,4’-substituted bipyr-
idine ligands with methylacetamidomethyl (dacbpy)'®” or tyrosine groups
(Tyrdac-tBu) have also been reported.'*'* It was found that dacbpy promotes
the formation of a hydrogen-bonded dimer, enabling access to an alternate
bimolecular mechanism for CO, reduction (see Section 1.8)."”” The phenol
group of Tyrdac-tBu similarly participates in the structural assembly of a bi-
metallic active species, and can additionally function as a local proton source
for catalysis.'*®'*

While the rather weakly acidic phenol group seems to be the pendent acid
of choice for early transition metal catalysts that primarily produce CO, a
stronger protic substituent is required for later transition metal complexes
that produce formate. The prototypical example is the bidentate phosphine
P,N, ligands containing pendent amine groups, which have already been
widely exploited as ligands for H, evolution catalysts."* Hydride complexes
of [M(P,N,),]** systems, where M = Group 10 transition metals, are generally
not sufficiently hydridic to react with CO,."'>*'" Artero and co-workers re-
cently demonstrated that a series of complexes [CpCo(P®,N",)I]* (20) are
active electrocatalysts for CO, reduction to formate.”® These complexes
undergo two sequential one-electron reductions to Co(1) near —0.9 and
—1.2 Vvs. Fc™’° in DMF under Ar. A large current enhancement is observed
around —2 V vs. F¢*’°, upon addition of CO, and various concentrations of
water, which is significantly more negative than the Co(u)/Co(1) couple.
While all three complexes were active catalysts, an impressive maximum
TOF was calculated for the fastest system [CpCo(PY,N®",)I]*, where
TOF >1000 s '. CPE studies confirmed that formate is produced with ex-
cellent FE (up to 98%) at —2.05 to —2.25 V vs. Fc™'°, corresponding to an
overpotential of approximately 0.4 — 0.6 V. Notably, the related complex
[CpCo(dppp)I]I (dppp = diphenylphosphinopropane) exhibited a very small
current increase under identical conditions. The proposed catalytic mech-
anism involves a net three-electron-one-proton reduction of the Co(m)
starting complex to generate a Co(u)-hydride intermediate, which is a strong
hydride donor and is thermodynamically capable of hydride transfer to CO,
(Scheme 1.8). Although some questions regarding the exact details of the
mechanism remain unanswered at this stage, it is evident that the pendent
amine plays a crucial role, not only as a proton shuttle but also to stabilize
the hydride transfer intermediates. However, we note that the pendent
amine group as well as the identity of the amine substituent both have a
significant influence on the electronic properties of the catalyst, which
makes it difficult to independently parse out the influence of the protic
functionality of the amine group on catalysis.
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Scheme 1.8 Proposed mechanism for electrocatalytic CO, reduction by
[CpCo(PR,N®)ITT (20).
Reproduced from ref. 59 with permission from American Chemical
Society, Copyright 2017.

A tetradentate Co complex with an N-H group directly bound to the Co center
was examined for CO, reduction by the Peters’ group.''” In MeCN with water as
a proton source, CO, reduction to CO was observed at —1.88 V vs. Fc'/° with an
FE of 45%. Simultaneously, H, evolution (30%) was observed under these
conditions. The CO, adduct is stabilized through hydrogen bonding to one of
the protons of a coordinated amine, significantly lowering the energy of the
transition state.'™ The identity of the metal was shown to affect selectivity with
a similar pentadentate macrocylic ligand. When Co(u) was used in electro-
chemical CO, reduction, CO production dominated, but when Fe(u) was used,
formic acid selectivity was observed at low overpotentials. It is unclear if
the N-H group’s interaction with the metal plays a role in this selectivity dif-
ference and further mechanistic studies are required."**
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Inspired by Savéant, the Nocera and Chang groups have recently examined
so-called Fe hangman porphyrins."*>''” Fe hangman porphyrins containing
phenol, guanidine, and sulfonic acid groups electrocatalytically reduced CO, to
CO between —2.1 and —2.2 V vs. F¢™/° with FEco>93%. DFT calculations
suggest that the CO, adduct is stabilized by the intramolecular binding with
the pendent group. In this series of results, the complex with the strongest CO,
interaction (i.e. phenol hangman) exhibited the highest apparent rate constant
for CO, reduction. Notably, phenol was the only Brensted acid source used in
this study. The effect of varying acid strength with the different pendent groups
may be worth exploring. The proximity of the proton shuttle to the metal center
was examined by the Chang group. The activity of FeTPP catalysts with an
amide at different positions was compared.''® The ortho-amide pendent
groups both significantly enhanced the rate of catalysis, with the distally placed
amide exhibiting greater enhancement (Figure 1.13).

The nature of the pendent acid must be carefully selected for the particular
catalyst system of interest. If the pK, of the pendent group and the metal center
are not appropriately matched, the activity and/or selectivity for CO, reduction
over H, evolution can decrease substantially.''® This consideration is especially
important for catalysts that produce formate since a metal hydride species is
typically the branching point between CO, reduction to formate versus H" re-
duction to H,.""" The stability of pendent groups should also be considered.
Fujita and co-workers attempted to use redox-active phenol ligands and ob-
served a tendency to deprotonate upon reduction and react with CO,."**'*® Das
and co-workers used the redox activity of a pendent carboxylate to their ad-
vantage. The labile pendent carboxylate acts to stabilize the metal center,
provides a local proton source, and provides a binding site for CO,."*°

There are other consequential factors to consider when pendent proton
shuttles are installed close to the catalytic site. These substituents can sig-
nificantly alter the electronic properties of the ligand and can exert signifi-
cant electronic and Coulombic influence on the metal center. Thus, the
presence of these groups can dramatically change the catalyst activity due to
these other second coordination sphere effects, either in addition to or in-
stead of their protic functionality. Therefore, control experiments with
complexes bearing inactive substituents having similar electronic and steric
properties are highly advised in order to confirm that no other competing
effects from the second coordination sphere functional groups are operative.
For example, addition of a carboxylic acid group to the cyclam ligand in
[Ni(cyclam)]*™ (9) resulted in an increased reaction rate and improved se-
lectivity for aqueous CO, reduction at low pH (2-5)."*' The authors propose
that these improvements may be due to the availability of a local proton
source; however, electronic effects from the electron-withdrawing carboxylic
acid were not specifically ruled out with control experiments.

The pendent group may also have other functions, such as facilitation of
CO dissociation.®® Compain and co-workers synthesized dicarbonyl and
tricarbonyl Mn-terpyridine (tpy) complexes and examined their CO-releasing
properties. The tpy ligand exhibits bidentate binding in the tricarbonyl Mn
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complex and switches to tridentate upon externally triggered CO-release to
generate the dicarbonyl Mn complex. It has also been shown that the tri-
dentate tpy coordinated dicarbonyl Mn complex was active for CO, reduction
but degrades faster than the Mn-bpy catalysts.">* A bipyridine with a pen-
dent NAD-like structure (Nicotinamide adenine dinucleotide) was proposed
to facilitate hydride transfer to metal-bound CO, to explain the observed
enhanced selectivity for formate.'*® The pendent groups function as more
than proton shuttles in each of these cases and further studies should
critically analyze the chemical behavior of these systems. A pendent thiourea
group in the second coordination sphere of the Re-bpy catalyst acts as a
hydrogen bond promoter and proton donor.'** DFT calculations indicated
an N-H bond of the thiourea group stabilizes the Re-carboxylate and acts as
a proton source to form the hydroxycarbonyl species. Pendent groups act as
more than local proton sources and their influence on the CO, reduction
reaction mechanism should be evaluated holistically.

1.6 Through Space Effects

A very different trend is observed using charged substituents to effect
through-space Coulombic interactions, as demonstrated by Savéant and co-
workers."” The incorporation of trimethylammonium groups at the para
positions in iron tetraphenylporphyrin (21) shifted the reduction potentials
in a more positive direction, decreasing the overpotential from 0.6 V for
FeTPP (3) to 0.4 V (Figure 1.14). Most notably, however, the catalytic rate was
not diminished compared to 3. The reduced basicity of the Fe center in 21 is
now counterbalanced by increased stabilization of the [Fe-CO,]*>~ adduct
through coulombic interactions between the positively-charged trimethy-
lammonium groups and the negatively-charged oxygens of the carboxylate.
This effect was even more pronounced in the ortho derivative (22): closer
proximity of the charged substituents led to stronger coulombic attraction
and greater stabilization of [Fe-CO,]*~ resulting in a nearly two-fold increase
in rate and decrease in overpotential to 0.2 V (Figure 1.14). As expected, the
opposite behavior was observed for the sulfonate-substituted version (23):
the anionic substituents shifted the catalytic operating potential to a more
negative value and decreased the rate of CO, reduction. This approach of
using through-space coulombic effects to move beyond typical through-bond
scaling relationships could be applied to other catalyst systems involving
intermediates with a localized charge similar to the [Fe-CO,]*~ adduct.
The para-substituted catalyst 21 was originally developed as a water-
soluble catalyst. Electrocatalytic CO, reduction to CO in neutral water (pH
6.7) was achieved using 21, where the cationic trimethylammonium groups
enable aqueous solubility."”” Under these conditions, an extremely large
maximum TOF of 10" s~ " was estimated, corresponding to a second-order
rate constant of k=2.5x10* M~ ' s~ . Only trace amounts of H, were detected
by CPE at —0.97 V vs. NHE, indicating a significant preference of CO,
reduction over H, evolution. One explanation is that the [Fe-CO,]>~
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Figure 1.14 Linear scan voltammograms of Fe porphyrin catalysts (1 mM) under
CO, in DMF with 0.1 M H,0 and 3 M phenol.
Adapted from ref. 126 with permission from American Chemical Society,
Copyright 2016.

intermediate is stabilized via hydrogen bonding with water and via Cou-
lombic attractions with the cationic trimethylammonium groups. Further
mechanistic studies are required to confirm the origins of the impressive
rate and selectivity of 21 for CO, reduction in water.

The mechanism of CO, reduction with [Ni(cyclam)]** (9) was initially
proposed by Sauvage and co-workers (Scheme 1.9).°° DFT calculations on the
homogeneous activity of 9 by Ye and co-workers™*® further supported this
proposal: following reduction to Ni(i), generation of a Ni-n'-CO, carboxylate
adduct that leads to CO formation is energetically favored by 14 kcal mol
over the Ni-n'-OCO complex, which leads to formate production. Thus, this
initial binding event determines the observed product selectivity. Further
reduction of [Ni(m)-CO,]" to the Ni-hydroxycarbonyl likely occurs via a PCET
pathway, followed by C-O cleavage and loss of CO.

The rate of CO, reduction with [Ni(cyclam)]*" does not exhibit a linear
increase with catalyst concentration and catalysis occurs approximately 0.3 V
more positive than the reversible Ni(u/1) couple, both suggesting the
involvement of adsorbed species.®® Anson and co-workers later showed that
9 is only weakly adsorbed at potentials relevant to catalysis, but the one-
electron reduced species [Ni(cyclam)]* is strongly adsorbed and plays a
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Scheme 1.9 Proposed mechanism for the electrocatalytic reduction of CO, to CO by
[Ni(cyclam)]*™* (9).°%"*®

1 —I \Q\N o OH_l 2
2+ +
(- ?

NH HN NH HN NH HN
eq \ / eq eq \ _/
L ]\ LS ¢ o'
NH HIN NG HN NH HN
ax eq / \
\/ NH HN
C-RRSS-[Nl(HTu\A)]Z* C-RSSR-[Ni(HTIM)]2*
24 25
R=H
R=CF3

Figure 1.15 Structures of modified Ni cyclam catalysts.

crucial role in CO, reduction.'* Computational studies support the role of

the Hg as a promoter by maintaining noncovalent dispersive interactions
with the cyclam N-H groups.'* These interactions favor flattening of the
cyclam ring and destabilize the Ni(1)-CO form of the catalyst, enabling CO
release and suppressing catalyst degradation to Ni(0) carbonyl species.
Further investigations by Fujita and co-workers highlighted the important
role of the cyclam conformation. For example, C-RRSS-[Ni(HTIM)]**
(2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclotetradecane) (24) is a better cata-
lyst than 9 due to the nearly flat geometry of the ligand enforced by the
methyl substituents, which enables closer approach of the catalyst to the Hg
surface (Figure 1.15)."*! The C-RSSR-isomer 25, on the other hand, exhibited
significantly diminished catalytic activity due to the steric bulk of the axial
methyl groups that prohibited close surface interactions.

While 9 is one of the best catalysts for CO, reduction at Hg electrodes, it is
also active at GC and other electrode materials, albeit at much lower
rates.">%"3»1%% The Kubiak group'®? demonstrated that 9 is highly selective
for CO (FEco = 90%) with no H, evolution at GC at —1.30 V vs. NHE, but the
TON (=4) and TOF (=90 s~ ') were both significantly lower than at Hg. DFT
calculations predict that CO, binding to the metal is more favorable in the
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Figure 1.16 Cyclic voltammograms of [Ni(cyclam)]** (9) (1 mM) under CO, with
increasing concentrations of [Ni(TMC)]** in 20% H,O/MeCN.
Adapted from ref. 133 with permission from American Chemical Soci-
ety, Copyright 2015.

SSSS-isomer of the freely-diffusing catalyst, perhaps due to hydrogen
bonding with the N-H groups. In the absence of surface interactions with Hg
to stimulate the loss of CO, [Ni(cyclam)(CO)]" accumulates in solution and
undergoes decomposition to [Ni(CO),], limiting the catalyst lifetime at the
GCE. The addition of [Ni(TMC)]*" (TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane), which itself is not a CO, reduction catalyst at GC
but has a strong affinity for CO after reduction to [Ni(TMC)]", dramatically
increases the rate of CO, reduction with 9 by scavenging CO and inhibiting
catalyst deactivation."** As shown in Figure 1.16, the catalytic current density
is increased by nearly 40 times in the presence of 20 equivalents of
[Ni(TMC)]**.

In the Mn-bpy class of electrocatalysts, Mn-Mn dimer formation nega-
tively shifts the reduction potential of the second reduction, and different
strategies have been adopted to avoid dimerization. Steric bulkiness is a
proven way to avoid dimerization.**"*****> A bulky 6,6'-dimesityl-2,2"-bipyr-
idine (mesbpy) ligand was used to make Mn(mesbpy)(CO);Br (28) and
[Mn(mesbpy)(CO);(MeCN)](OTf) (29).** These Mn complexes exhibit a single,
two-electron reduction wave under a nitrogen atmosphere with no dimer-
ization (Figure 1.17). IR-SEC and chemical reductions with KCg further
confirmed the formation of both the singly reduced and doubly reduced Mn
complexes at the same potential, suggesting that elimination of dimer-
ization lowers the second reduction potential. The active species
[Mn(mesbpy)(CO);]~ binds CO, at —1.6 V vs Fc*’°, but catalysis does not
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Figure 1.17 Comparison of cyclic voltammograms of Mn(mesbpy)-(CO);Br (28) and
Mn(bpy)(CO);Br (29) under identical conditions and IR-SEC spectrum
of Mn(mesbpy)-(CO);Br showing no dimerization upon first and second
reduction. The resting species (black), at approximately —1.6 V vs. F¢™/°
(red) singly reduced species and doubly reduced species are present.
When the voltage of the cell is held at approximately —1.6 V for more
than 1 min, all species are doubly reduced (blue). The reference
electrode used was Ag/AgCl.

Adapted from ref. 84 with permission from American Chemical Society,
Copyright 2014.

occur until more negative potentials are applied. IR-SEC experiments under
CO,/H" indicate that reduction of a Mn(i) — C(O)OH catalytic intermediate
may determine the unusual “over-reduction” required to initiate catalysis.
Moreover, replacing the axial bromide for a pseudohalogen (CN) in
Mn(bpy)(CO);(CN) can also avoid dimerization."*® IR-SEC and cyclic vol-
tammetry indicate a disproportionation mechanism of two one-electron-
reduced species, generating the catalytically active species.

Similar to the modifications to the Re catalyst, many nitrogen-containing
aromatic ligands can be used to replace bipyridines. N-heterocyclic carbene
(NHC) ligands are popular choices since they are versatile for different kinds of
modifications.**'*® However, their enhanced c-donor character compared to
bipyridines results in an increased HOMO-LUMO gap and hence a cathodic
shift (more negative) of the one- and two-electron reduction potentials.’*” Re-
placing the Br~ ligand with NCS™ and CN~ in Mn-NHC compounds shows
similar negative impacts on reduction potentials."** On the other hand, the
increased m acidity of pyrimidine shifts the two-electron reduction to —1.77 Vvs
Fc*/°, 70 mV more positive than that for the Mn-bpy catalyst."*® Similar positive
shifts can be achieved by extending the © network of imidazole ligands."*°
Extension of the bipyridine ligand to a phenylazopyridine positively shifts the
reduction potential to —0.93 V vs. Fc'’°.** Nonetheless, when bipyridines are
replaced with other nitrogen-containing ligands, the catalytic performance is
usually lower than the bulky Mn(mesbpy)(CO);Br catalysts, because these
catalysts do not solve the problem of dimerization and may exhibit stability
issues during catalysis,5*1?>13%140:141
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A

Scheme 1.10 Proposed reaction pathway for electrocatalytic CO, reduction by
[Ru(tpy)(bpy)X]"* catalysts (A) 31 and (B) (30) highlighting the differ-
ences in the order of steps.

Reproduced from ref. 142 with permission from John Wiley and Sons,
Copyright © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

The lability of the monodentate ligand in [Ru(tpy)(bpy)X]"" (5) can also be
increased by altering the steric properties of bipyridine. Ott and
co-workers'** found that introducing an ortho-methyl on bipyridine signifi-
cantly improves the rate of MeCN dissociation in (30) compared to the
4,4'-dimethyl version (31) (Scheme 1.10). The steric bulk of the methyl group
causes bipyridine to tilt towards the MeCN ligand and promotes dissoci-
ation.?® Both 30 and 31 are active for CO, reduction to CO below —2 V vs.
Fc ™' by the typical ECE pathway. However, for 24, catalysis is also observed
at the first reduction potential (—1.82 V vs. Fc™'°). The increased lability of
MeCN enables substitution by CO, to occur after only one-electron re-
duction, forming [Ru(tpy)(mbpy)(CO,* )]" to which the addition of the
second electron is facile and generates the key [Ru(m)-CO,” ] species
(Scheme 1.10). While the TOF at the first potential is low (1.14 s '), the
ability to access this ECE mechanism with 30 lowers the overpotential by
0.4 V without any loss in FEco.

1.7 Lewis Acid and Base Additives

The stability and reaction rates of Fe(ur) tetraphenyl porphyrin FeTPP (3) are
improved by the addition of Lewis acidic cations such as Mg”" (Figure 1.18),
with CO and formate produced in FEs of 60% and 30%, respectively.***°
Although the addition of Lewis acid cations dramatically improved the
catalysis, carbonate is also formed, which precipitates as MgCOj;, and
quickly passivates the electrode.

The mechanism of CO, reduction by Fe porphyrins has been studied in
detail by Savéant and others and is shown in Scheme 1.11.*° Following re-
ductions of FeTPP (3), nucleophilic attack of CO, by [FeTPP]*~ generates an
[Fe — CO,J*~ adduct. This adduct can be stabilized by ion pairing between
the carboxylate group and Mg>*, which weakens the C-O bonds by “pulling”
an electron pair out of CO, and facilitates formation of an [Fe(u)-CO]
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Figure 1.18 Cyclic voltammograms of FeTPP (3) in 0.1 M Et,NCIO,/DMF under CO,
with increasing amounts of Mg”" (a<b<c, 3, 24, and 68 mM) showing
the increase in catalytic current.

Reproduced from ref. 39 with permission from American Chemical
Society, Copyright 1991.
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Scheme 1.11 Proposed mechanism of electrocatalytic CO, reduction to CO with
FeTPP (3) in the presence of Lewis acidic cation (LA, red path) or weak
Bronsted acid (HA, blue path).****

species. Alternatively, weak Brgnsted acids can stabilize the carboxylate ad-
duct via hydrogen bonding and similarly enable C-O cleavage. This behavior
is termed as a two-electron “push-pull” mechanism, where an electron pair
is pushed from the catalyst ([FeTPP]*") into the substrate (CO,) and then
pulled out of [Fe — CO,]~ with the help of an electrophile (Bronsted or Lewis
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acid). The electronic structure of [FeTPP]>~ remains under debate. A recent
study by Neese and co-workers'*® suggested that [FeTPP]*” is an
intermediate-spin Fe(u) center antiferromagnetically coupled to a porphyrin
diradical dianion. Savéant and co-workers proposed an Fe(0) description due
to its reactivity toward alkyl halides."** This question of non-innocent ligand
contributions often arises in electrocatalysis. Highly reduced catalytic
intermediates containing redox-active ligands such as [FeTPP]*~ can have
the charge distributed over both metal-based and ligand-based orbitals.
Despite this important advance being initially reported in 1991, it would
be more than two decades later before the use of Lewis acids to promote CO,
electroreduction with a different catalyst system was published. Inspired by
this early publication, the authors’ group examined the CO, reduction ac-
tivity of [Mn(mesbpy)(CO);(MeCN)] (29) in the presence of Lewis acids."*
Generation of the [Mn(1)-COOH] hydroxycarbonyl species occurs at the two-
electron reduction of 29, under CO, with weak Breonsted acids such as TFE.
The [Mn(1)-hydroxycarbonyl] species must be further reduced in order to
access the “fast catalysis” regime (Figure 1.19)."** However, an alternate
mechanism for CO, reduction is likely operative in the ‘“slow catalysis”
regime. DFT calculations suggest that additional protonation of [Mn(i)-
hydroxycarbonyl] leads to C-O bond cleavage, analogous to the Bronsted
acid-assisted catalysis with FeTPP (3) (Scheme 1.11). Clearly this route with
29 is comparatively slow, and using stronger acids to increase the rate re-
sulted in H, evolution.'** It was shown that the Lewis acidic Mg*" could be
used in place of a Bronsted acid, triggering CO, reduction at a significantly
lower overpotential (roughly 0.3 — 0.45 V) with high selectivity for CO gen-
eration (FEco = 96%).">* However, similar to FeTPP (3) in the presence of
Mg>",® the stoichiometric use of Mg>" and the formation of insoluble
MgCO; that quickly blocks the electrode are major drawbacks of this
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Figure 1.19 (a) Cyclic voltammograms of [Mn(mesbpy)(CO);(MeCN)]”™ (29) under
CO, in 0.1 M Bu,NPF¢/MeCN with TFE (1.3 M) and (b) (29) (1 mM)
under CO, with the addition of Mg”".

Adapted from ref. 134 with permission from American Chemical Soci-
ety, Copyright 2016.
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approach. To overcome this issue, the Kubiak group later developed an
improved catalytic system using [Zn(cyclam)]*" as a soluble Lewis acid
cation in conjunction with 29."*° Here, the equatorial coordination of the
ligand did not block the Lewis acid functionality of the Zn>* center but the
cyclam ligand prevents precipitation of Zn carbonate during catalysis. Thus,
[Zn(cyclam)]** could be used in co-catalytic amounts as opposed to a sac-
rificial additive like Mg>*. The TOF for 29 in the presence of [Zn(cyclam)]**
(30 mM) was estimated to be 105 s, five times greater than that observed in
the presence of Mg>" (120 mM, TOF =20 s~ ') suggesting that [Zn(cyclam)]*"
is indeed functioning as a co-catalyst. Importantly, high selectivity for CO
was maintained with [Zn(cyclam)]*" (FEco = 82% at —1.6 V vs. Fc ™).
Several studies have appeared in recent years exploring the influence
of ionic liquids as additives or as the reaction medium for CO, reduction
with molecular catalysts. The addition of an ionic liquid, 1-butyl-3-
methylimidazolium tetrafluoroborate (BMImBF,), as an additive (0.3 M) to
FeTPP (3) with trifluoroethanol (1 M) in DMF solution resulted in a lower
overpotential (i) for electrocatalytic CO, reduction, n=0.67 V compared to
0.82 V for 3 in the absence of the ionic liquid additive.'*” In this case, the
positively charged ionic liquid interacts with negatively charged reduced
porphyrin, acting as a co-catalyst in the CO, reduction to CO by FeTPP. These
interactions lead to the positive shift in the reduction potential of Fe' to Fe®
and an overall decreased overpotential leading to increased current
densities. Notably, a four-fold increase in TOF was observed under these
conditions, compared to the parent catalyst without an ionic liquid.
Furthermore, the selectivity for CO production over H, evolution remained
high (FEco =93%). Electrocatalytic reduction of CO, to CO by Re-bpy in the
presence of the ionic liquid 1-ethyl-3-methylimidazolium tetracyanoborate
([emim][TCB]) was described by Grills and co-workers."*® The [emim][TCB]
was used as a solvent and an electrolyte and decreased the overpotential for
CO, reduction to CO by 0.45 V, with much faster catalytic rates than in
MeCN. The rapid dissociation of a chloride ligand occurred at the second
electron-reduction potential of fac(Re-(bpy)(CO);Cl in the presence of
[emim]" in comparison to neat MeCN. This resulted in a lower activation
energy and an order of magnitude increased apparent catalytic rate constant
for CO, reduction to CO. Notably, CO, is less soluble in [emim][TCB] than
MeCN/H,O (0.13 Matm ' vs. 0.26 Matm™'). Thermodynamic and mech-
anistic studies of CO, reduction by fac(Re-(bpy)(CO);Cl in the presence of
imidazolium-based ionic liquids were reported by the same group.'*® The
proposed mechanism was supported by DFT calculations, as depicted in
Scheme 1.12. The imidazolium cation interacts with doubly reduced
[Re(bpy)(CO)s]~, followed by protonation and CO, binding to the reduced
metal center to form a metal-carboxylic acid that possesses more positive
reduction potential of the species than in conventional electrolytes. Simi-
larly, the effect of positively charged ammonium groups of a norbornenyl
polymer with attached Re(bpy)(CO);Cl was demonstrated by Kubiak and
Gianneschi.'® The authors found that positively charged polymers with
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Scheme 1.12 Proposed reaction scheme for fac[Re-(bpy)(CO);Cl with [emim]™.
Reproduced from ref. 149 with permission from American Chemical
Society, Copyright 2015.

quaternary ammonium salts exhibit a 300 mV more positive shift in com-
parison to the neutral polymers, while the negatively charged polymers
displayed a negative shift in potential with no reactivity towards CO,. This
observation is analogous to FeTPP catalysts with charged NMe; groups.'*”

In a slightly different approach, Grubbs, Gray, and co-workers developed
brush polymer ion gels for electrocatalytic CO, reduction to CO."*" High
selectivity for CO (FEqo = 90%) and a potential shift of 450 mV was observed
in this case in comparison to the conventional organic solvents, which can
also be attributed to the cation effect of a charged ionic liquid as described
in a previous paper. Nippe and co-workers developed and studied pendent
imidazolium Re-bpy catalysts.'>>">* The synthetic design for these catalysts
was inspired by nature. The protonated imidazolium and amine groups of
histidine and lysine residues of Ni, Fe-carbon monoxide dehydrogenases
stabilize metal carboxylate and hydroxycarbonyl intermediates through
hydrogen bonding interactions. The installation of an imidazolium func-
tional group to the Mn-bpy catalyst sought to mimic the hydrogen bonding
behavior of amino acid residues in enzymes. The Mn-Me(ImMe,)bpy cata-
lysts reduce CO, at —1.5 V vs. Fc*/° with FEco = 77%. This corresponds to
reduction potentials that are 100 mV more positive than the Mn-mesbpy.'**
Electrochemical CO, reduction by similar imidazolium functionalized
Re-bpy complexes also occurs at significantly more positive potentials
(~200 mV) compared to the Re-bpy catalyst."

1.8 Cooperativity in Multinuclear Metal Systems

Nature uses multinuclear ensembles to enable multi-electron transfer pro-
cesses. In one example, the metalloenzyme carbon monoxide dehydrogenase
(CODH) contains a key dinuclear Ni-Fe complex in the active site that co-
operatively facilitates electrochemical CO, reduction to CO at a low over-
potential (n<0.1 V). Thus, the bio-inspired incorporation of multiple
reactive metal centers into a single molecular catalyst has attracted some
attention in recent years in the context of electrocatalytic CO, reduction.
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A series of co-facial Fe porphyrin dimers have been developed by Naruta and
co-workers."”>'*® In their first report, two Fe triphenylporphyrin fragments
were connected via an ortho- or meta-substituted benzene ring (32 and 33 in
Figure 1.20, respectively)."”” The ortho version 32 outperformed 33, as well as
the mononuclear catalyst FeTPP (3), displaying high FEco (=95%) and an
impressive turnover frequency (TOF = 4300 s~ ') at a moderate overpotential
(n=0.66V)in 10% H,O/DMF. For the related Mn-Mn analogue, the two metals
are held apart by a distance of approximately 3.7-6.2 A.">”"*° The authors
propose that a similar Fe-Fe distance exists in 27, which creates a molecular
pocket that may be occupied by CO,. The arrangement of the two Fe centers
appears to enable an intramolecular ‘“push-pull” mechanism to occur. In the
reduced state, one Fe center may act as a Lewis base to push an electron pair
onto CO,, while the second Fe center may act as a Lewis acid to promote C-O
bond cleavage. The same group later studied the effects of electron-
withdrawing or donating substituents on the phenyl rings of these bis-
porphyrin structures.'®® As observed with mononuclear Fe porphyrins,
electron-withdrawing groups lowered the catalytic overpotential by positively
shifting the reduction potentials of the complex; however, the decreased
electron density at the Fe center resulted in a lower TOF for CO production.
Electron-donating groups had the opposite effects. Further investigations
should explore tuning of hetero-dinuclear complexes to overcome this con-
flicting scaling relationship between overpotential and rate.

Machan et al. used two hydrogen bonding acetoamido (dac) functionalized
Re and Mn-bpy electrocatalysts (Re(dacbpy)(CO);Cl (34) and Mn(dacbpy)-
(CO);Br (35)) to make a supramolecular assembly to study the mechanism of
CO, reduction in a heterobimetallic system."® Electrochemical studies showed
that the redox features of the co-catalyst system are different from the overlay of
redox features of the individual catalysts (Figure 1.21). Additional cyclic vol-
tammetric experiments in DMF indicated that metal-metal bond formation
occurs for the co-catalyst mixture under conditions where the respective
homobimetallic analogues (either 34 or 35) are not generated, which is sug-
gestive of a favorable heterobimetallic interaction at reducing potentials
(Scheme 1.13). The increased catalytic current response of the co-catalyst
mixture is also consistent with a cooperative effect. Control experiments with
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Figure 1.20 Structure of Fe porphyrin dimers 32 and 33.
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Figure 1.21 Left: Cyclic voltammograms of the co-catalyst mixture (black),
Re(dacbpy)(CO);Cl (red), and Mn(dacbpy)(CO);Br (blue) taken in DMF
under Ar saturation. Right: responses of Re(dacbpy)(CO);Cl and
Mn(dacbpy)(CO);Br as a co-catalyst mixture under Ar in MeCN (red)
and DMF (black).

Reproduced from ref. 160 with permission from the Royal Society of
Chemistry.

the co-catalyst mixture in DMF and with an equimolar mixture of Re(CH;-bpy)
and Mn(CH;-bpy) in MeCN did not show an increased current response. It
was concluded that Re(dacbpy)(CO);Cl operates via a similar bimolecular
mechanism based on DFT calculations and IR-SEC observations.'”® A
cooperative effect was also observed for a peptide modified Re-bpy catalyst
which was designed to promote hydrogen bonding between complexes, and
homo-dimer formation.'”

Homogeneous transition metal catalysts for electrochemical CO,
reduction primarily produce CO and/or formate, and only in very rare
cases are further reduction products observed. Bouwman and co-workers
reported a Cu(r) thiolate catalyst, inspired by Ni-containing superoxide dis-
mutase, that exists as a dinuclear dimer (36) bridging through a disulfide
bond in the solid state and in solution.'®* Upon exposure to air, 36 prefer-
entially captures CO, rather than O,, resulting in oxidation of Cu(i) to Cu(u)
and concomitant formation of oxalate (Scheme 1.14). A tetranuclear species
(36b) is formed from this reaction, where the Cu(u) centers are bridged by
oxalate anions. Elimination of the product oxalate was achieved chemically
by treatment with hydrochloric acid to generate oxalic acid, or electro-
chemically by CPE in MeCN at —0.03 V vs. NHE (ca. —0.66 V vs. Fc*/°). Under
a CO, atmosphere, oxalate is formed in a near quantitative FE (96%),
demonstrating a successful electrocatalytic system for CO, reduction to ox-
alate. However, the addition of lithium perchlorate is critical to the activity of
this system. Precipitation of lithium oxalate drives product elimination from
36b and enables catalyst turnover. At the same time, the crystallization of
lithium oxalate at the electrode gradually passivates the electrode. Maverick
and co-workers'®” later used a similar approach to generate oxalate from CO,
with a dinuclear Cu(i) complex (37) (Figure 1.22), but no electrocatalytic
studies with this system have been reported. The reactivity of 36 and 37



Scheme 1.13 Proposed mechanism of CO, reduction by the hydrogen-bonded heterobimetallic active species.
Reproduced from ref. 160 with permission from the Royal Society of Chemistry.
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Scheme 1.14 Proposed mechanism for electrocatalytic CO, reduction to lithium
oxalate using dimer (36)."%"
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Figure 1.22 (a) Structure of Cu(r) dinuclear complex (37). (b) Crystal structure of the
resulting oxalate-bridged species. 50% probability level.
Adapted from ref. 162 with permission from Springer Nature, Copyright
2014.

differs from that of previously reported dinuclear Cu complexes, which favor
CO, reductive disproportionation to CO and CO;>"."%*

It should be noted that the use of a binuclear complex does not guarantee
cooperative behavior between metal centers. For example, a dinuclear ver-
sion of [Ru(tpy)(bpy)(MeCN)]*" (5) was developed by Oshio and co-workers,
where two Ru complexes were connected via a long alkyl bridge."®* Due
to the flexibility of the bridging ligand, the catalytic behavior of the
dinuclear species was essentially identical to that of the parent mononuclear
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complex (5). Indeed, careful design of the ligand structure is critical in order
to promote close approach between the metal centers in the correct geom-
etry for catalysis, either through rigid bridging structures, as in the co-facial
Fe porphyrin dimer (32), or through soft hydrogen bonding interactions as
in Re(dacbpy)(CO);Cl (34). Jurss and co-workers used rigid anthracene
bridged Re(bpy)(CO);Cl to show that the orientation of the active Re sites
dictates the reaction mechanism.'® When the Re active sites adopt a
cis confirmation a cooperative bimetallic reaction pathway is observed in the
electrochemical studies. When the Re active sites adopt a ¢trans confirmation
a predominantly monometallic reaction pathway is observed. Constrictive
ligand structures have also been utilized in the design of bimetallic Ni and
Co complexes."®*'¢”

1.9 Overpotential — Activity Relationship

The introduction of different ligand substituents in FeTPP provides a means
to tune the catalyst properties in order to improve the overpotential and rate
of CO, reduction. Aromatic substituents (biphenyl, pyrene, and phenyl-
pyrene) on the porphyrin periphery had a negligible effect on the three re-
duction potentials of the complexes under Ar, but resulted in enhanced
catalytic rates for CO production compared to (3).'°® The authors suggested
that this rate improvement may be due to local accumulation of CO, in the
hydrophobic space created by the m-conjugated groups; however, no evi-
dence was presented to support this proposal, and this hypothesis seems
unlikely given the known properties of CO,. Savéant and co-workers showed
that replacement of the phenyl groups in 3 with electron-withdrawing
perfluorophenyl groups in FeF5TPP, FeF10TPP, and FeF20TPP (38 — 40,
Figure 1.23) successively shifts the catalytic operating potential to a more
positive value, thereby decreasing the overpotential.">” However, these
electron-deficient ligands also decrease the basicity of the reduced forms of
the catalyst, which negatively affects formation of the [Fe-CO,]*~ adduct and
cleavage of the C-O bond and therefore decreases the catalytic rate. This is a
general trend observed for many electrocatalytic systems: improving the
overpotential often comes at the cost of reduced catalytic rates, and vice
versa. For 38 — 40, the substituent inductive effects follow the linear free
energy relationship shown in Figure 1.23 between the maximum turnover
frequency TOF .« and the catalytic operating potential Ecy;.

The electronic influence of ligand substituents also depends on the pos-
ition of the functional group, as shown by Duan, Sun, and co-workers.'®® In
this report, a methoxy group was installed at the ortho, meta, or para position
on each phenyl ring in FeTPP (3). The potential of the Fe(1/0) couple shifted
positively in the order Fe-ortho-COOCH; < FeTPP < Fe-meta-COOCH; < Fe-
para-COOCH3;, indicating that the ortho complex is the most electron-rich
system, likely due to the dipole effect. Thus, Fe-ortho-COOCHj is expected to
be the fastest CO, reduction catalyst with the largest overpotential in this
series, which was confirmed experimentally in DMF.'®® Again, tuning the
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Figure 1.23 Linear correlation between TOF . (given by ke, and Eg,, for electro-
catalytic CO, reduction with Fe porphyrin catalysts (38-40) in 0.1 M
Bu,NPF¢/DMF and phenol (3 M).

Adapted from ref. 127 with permission from American Chemical Soci-
ety, Copyright 2016.

electronic properties of the ligand led to an improvement in one parameter
(i.e. rate) at the expense of the other (i.e. overpotential). The linear correl-
ation in Figure 1.23 clearly depicts the limitations of using through-bond
inductive effects to improve catalysis.

Several substituent changes on the original Re-bpy catalyst have been made
in attempts to increase the catalytic activity.*® The introduction of various
electron-donating or withdrawing substituents on bipyridine has been sys-
tematically studied by the Kubiak group.'””'”" A series of 4,4'-substituted
[Re(R-bpy)(CO);Cl] complexes were prepared (where R =OCHj3, CHj, tBu, CFj,
CN) and compared to the parent catalyst 2.°>"”° The first reduction potentials
of these complexes range from —1.2 V to —1.9 Vvs. F¢/° and exhibit an almost
linear correlation with the para-substituted Hammett parameter, consistent
with this reduction occurring at the bpy ligand (Figure 1.24). While ¢tBu and
CH; have appropriate electron-donating powers for better catalytic perform-
ance than the unsubstituted catalyst, stronger donors like OCH; not only have
higher overpotentials, but have unstable reduced states that lead to degrad-
ation of the catalyst over time. The electron-withdrawing groups CF; and CN
were substituted onto the bipyridine to lower the overpotential. However, these
groups change the electronic structure of the catalyst, shifting the site of the
second reduction from the metal to the ligand, and thus making them only
active at the third reduction. A similar study'’* showed that the 5,5'- substi-
tuted catalysts have higher catalytic activity (ica/fp =29.6) than the 3,3'-sub-
stituted catalysts (ica/ip = 17.0), where i, is the catalytic current and i, is the
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Figure 1.24 Trend between the electron-donating character of the 4,4’-bpy substitu-
ent and the first reduction potential of the corresponding Re complex.
Reproduced from ref. 86 with permission from American Chemical
Society, Copyright 2018.
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Figure 1.25 Summary of cyclic voltammetry data obtained from 5,5'- and 3,3’-
substituted catalysts.
Adapted from ref. 171 with permission from American Chemical Soci-
ety, Copyright 2014.

peak current for the redox couple of the catalyst (Figure 1.25). The authors
suggested that the steric hindrance from the 3,3’-substituents distorts the
planarity of the bipyridines thus destabilizing the reduced intermediate.
Several n-delocalizing groups have been added to the bipyridines to im-
prove electrocatalysis or photocatalysis. In general, the withdrawing nature
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of these ligands caused a positive shift in the reduction potentials of the
complexes when compared to Re-bpy but they also tended to have lower
Faradaic efficiencies. For example, Qiao and co-workers'’> reported that
nanographene Re catalysts have up to an 800 mV positive shift of
onset potential for CO, reduction compared to Re-bpy in a tetrahydrofuran
(THF)/methanol mixture. DFT calculations by Franco and co-workers'”?
suggested that this trend comes from the fact that n-conjugation lowers
the SOMO-LUMO gap as compared to the Re-bpy catalyst and moves the
LUMO + 1 onto the ligand. When the extended n system is not co-planar, as
shown in the Re(bis-pyridine anthracene)(CO);Cl catalyst,"”* the system
shows a negative shift of reduction potential as well as lower FEco = 20%.

Ligands with similar electronic structures are used as a substitute for bi-
pyridines to lower the overpotential of catalysis. There are detailed studies of Re
catalysts with imines which show a similar mechanism to the Re(bpy) com-
pound but generally have lower FE¢o.>*"”>™""” For example, Re with diazabu-
tadiene (DAB) ligands show a similar mechanism to bpy-based compounds
under CO, in electron paramagnetic resonance (EPR) and IR-SEC studies.
Under CO, they undergo a two-electron disproportionation reaction during
catalysis to form CO (FE¢o < 10%) and CO;>."”® The authors used IR-SEC data
to propose that product inhibition was due to the weaker electron donation by
DAB ligands to the metal center in the reduced state. Additionally, the CO;*~
formed during disproportionation requires a more negative potential for
dissociation.'”” When more donating diamine compounds are used, like
Re-pytacompounds (pyta = 2-pyridyl-1,2,3-triazole),'”® the selectivity for CO
production increases. Despite the high selectivity for CO production, they have
a higher overpotential and lower TON than the Re-bpy catalyst under the same
conditions. Nganga and coworkers found that Re(pyridine-oxazoline)(CO);Cl
complexes have faster catalysis than the Re-bpy catalyst. The authors argue that
this is due to the superior ¢ donation of the oxazoline ligand compared with
bipyridine.'”® Dinuclear Re o-diimine complexes,"®® and Re imidazole
complexes'®! with extended © networks have positive shifts of reductions but
lower FE or turnovers for CO than Re-bpy catalysts. Overall, diimine and other
di-nitrogen ligands are less selective or slower than the Re-bpy catalyst.

NHC containing ligands provide an accommodating framework for elec-
tronic and steric tuning. The Agarwal group'®* focused on tuning Re-NHC
complexes. They substituted the atoms next to the carbene with sulfur or
oxygen for steric and electronic tuning. While tuning changed the product
distribution slightly, the trend is that these catalysts have significant H,
production and minor formate formation in addition to CO formation
(FEco =60%). Liyanage and co-workers studied the electronic factors with
four electron-deficient Re-pyNHC complexes. The best catalyst Re(PyNHC-
PhCF;)(CO);Br shows 4.5 times higher TONgo than Re(bpy)(CO);Br while
maintaining a high FE¢o>90% over 1 h in a 2 M H,O/MeCN mixture. Im-
portantly, this catalyst also showed a lower FE, when weaker acids, such as
TFE and PhOH, were used.’® Their stability was not tested for longer than an
hour. Re-Pyridyl-NHCs catalysts undergo the reductive disproportionation
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reaction with two equivalents of CO, to give CO and CO5*". Overall, NHC
ligands tend to shift the product distribution compared to the Re-bpy system
and have yet to show efficient, long term stability.

To summarize, catalytic rates and selectivity of Re-bpy complexes can be
improved by adding moderately electron-donating groups, but at the cost of
increasing the overpotential for catalysis. Modifications to lower the over-
potential by using a n-conjugated network to bipyridines, replacing bipyridines
with imines, NHCs, diazine and pyridine-oxazoline usually lead to a lower FEco.

1.10 Selective Formate Production

The reaction of CO, with Ir(u)-hydrides such as iridium(m) 2,6-bis((diiso-
propylphosphaneyl)methyl)pyridine trihydride[Ir(PNP)(H);] (41) was initially
explored for CO, hydrogenation. Nozaki and co-workers'®® demonstrated
that CO, insertion into one of the hydride bonds in 41 occurs readily under
ambient conditions in THF, yielding an equilibrium mixture of the hydride
and formate complexes (Figure 1.26a). Similar reactivity was later shown by
Meyer, Brookhart and co-workers'®* with the five-coordinate [Ir(PCP)(H),]
(42), where the favorability of CO, insertion is increased by k*>-formate co-
ordination.'®® This result was applied to develop the first example of se-
lective electrocatalytic CO, reduction to formate.

The cyclic voltammogram of [Ir(PCP)(H),] (42) in 5% H,0/MeCN under Ar
does not exhibit any reduction features within the solvent window, but
current enhancement is observed under CO, at —1.4 Vvs. NHE (ca. —2.0 V vs.

Fc'’%), as shown in Figure 1.26b."** The origin of this current increase was
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Figure 1.26 (a) Reactions of CO, with Ir hydride complexes 41, 42, and 43 in 5%
H,O/THF. (b) Cyclic voltammograms of 42 under Ar (black trace) or CO,
(red) in 5% H,0/MeCN, and under CO, in 5% H,O/THF (blue). Sup-
porting electrolyte was 0.1 M Bu,NPF.
Adapted from ref. 184 with permission from American Chemical Soci-
ety, Copyright 2012.



Approaches to Controlling Homogeneous Electrochemical Reduction of Carbon Dioxide 47

confirmed by CPE where formate was generated with 85% FE. The methylene
version is also an active catalyst for formate production but requires more
negative potentials (—1.8 V vs. NHE, ca. —2.4 V vs. Fc*/°). Additionally,
Bernskoetter, Hazari, Palmore and co-workers'®® demonstrated that a re-
lated complex [Ir(PN"'P)(H),] (43) can catalyze CO, reduction to formate.
While the operating potential is less negative than that of 42, lower current
densities are achieved due to a slow loss of formate which interacts with the
ligand N-H group through hydrogen bonding (Figure 1.26a). Addition of
NaPF¢ increases the catalytic current perhaps by facilitating formate re-
lease.'®” However, precipitation of a solid on the electrode rapidly shuts
down catalysis.

The oxidized form of [Ir(PCP)(H),], [Irf(PCP)(MeCN),H]" (44), displays a
similar current enhancement to that of 42 under CO, in 5% H,0O/MeCN with
a catalytic TOF of ~20 s~ ". The rate of catalysis increases upon addition of
water up to ca. 4%, indicating the important role of water in the mechanism.
Furthermore, NMR studies show that MeCN coordinates [Ir(PCP)(H),] to give
[Ir(PCP)(MeCN)(H),] (45) in anhydrous MeCN and does not react with CO,,
but the addition of 5% water triggers CO, insertion and release of formate.
Water is proposed to stabilize the formate anion via hydrogen bonding,
increasing the favorability of the CO, insertion equilibrium and facilitating
CO, reduction. The reactivity of 45 is consistent with the proposed mech-
anism (Scheme 1.15) which is supported by DFT studies."®® The rate-limiting
CO, insertion step involves direct hydride transfer via an [Ir — H---CO,]
intermediate, and this step has a lower calculated transition state barrier in
water than MeCN. DFT calculations also support that formate release is
promoted by hydrogen bonding between formate and water.

While the original catalyst [Ir(PCP)(H),] (42) is insoluble in aqueous so-
lution, introduction of quaternary amine groups on the ligand renders these
complexes water soluble."® The electrochemical behavior of 46 in water is

CO,
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Scheme 1.15 Proposed mechanism for electrocatalytic CO, reduction to formate
with [Ir(PCP)(MeCN),H]" (44)."%*
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directly analogous to that of 44 in 5% H,0/MeCN. The TOF under these
conditions is 7.3 s~ ', corresponding to a second-order rate constant of
kcor =220 M~ 's~" for the reaction of 46 with CO,. The relationship between
TOF and kco, is discussed in the ‘Catalyst Comparisons’ section. This rate
constant is ~3.5 times faster compared to [Ir(PCP)(H),] in 5% H,O/MeCN.
However, the observed TOF, also denoted k., by the authors, is nearly three-
fold slower due to the poor solubility of CO, in water (0.033 M). CPE con-
firms formate production with FEycoo. of up to 93% in 0.1 M NaHCO; with
1% MeCN (pH 7). Notably, 1% MeCN is critical for sustaining catalysis by
facilitating loss of a k*-formate ligand from Ir and regenerating the starting
complex (46) to close the catalytic cycle (Scheme 1.15, Figure 1.27).

Further DFT calculations by Ahlquist and co-workers'®® confirmed that the
mechanism shown in Scheme 1.15 is feasible in water, with an activation barrier
of 16.6 keal mol~*. However, an alternate pathway was found involving a square-
planar Ir(1)-hydride, which likely forms via reduction of [Ir(PCP)(MeCN),H]"
(44). The calculated barrier for CO, insertion into [Ir(PCP)H] (only 12.3 kcal
mol ) is less than that for 45, suggesting that an Ir(i) mechanism is more
energetically accessible than an Ir(m) pathway. Computational studies from
Nielsen and co-workers corroborate that both pathways may be operative.'*

Nielsen and co-workers calculated the energetics of H, evolution via proto-
nation of an Ir(m) or Ir(1) hydride.'®" In all cases, the activation barrier for HER
is prohibitively large, consistent with the high selectivities for CO, reduction.
Notably, both H, evolution from water and CO, insertion to formate are ther-
modynamically favorable reactions based on the calculated hydricities of the Ir
hydrides. While not a kinetic parameter, hydricity (AGy ) does provide some
useful guidance in catalyst design. Hydricity is the hydride donor ability of a
molecule. From their computational results, the authors conclude that using
metal hydride catalysts just sufficiently hydridic to reduce CO, coupled with
weak Brgnsted acids is critical for achieving selective formate production. This
conclusion is in line with a recent report from the Kubiak lab,"'! where similar
limitations are outlined for the reaction conditions as a function of catalyst
hydricity that are necessary for selective CO, reduction to formate.
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Figure 1.27 Loss of k>-formate ligand to generate [Ir(qaPCP)(MeCN),H]*" (46) in the
presence of MeCN."®’
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A series of Fe carbonyl clusters have been explored by Berben and
co-workers'®? for electrocatalytic CO, reduction in the presence of weak acids.
The butterfly-shaped monoanionic cluster (Bu,N){Fe,;N(CO);,] (47), exhibits a
reversible one-electron reduction at —1.23 V vs. SCE (ca. —1.61 V vs. F¢'’%) in
MeCN (Figure 1.28). The addition of acids such as tosylic acid leads to H,
evolution at this potential. Further electrochemical studies revealed that the
rate of H, evolution depends on the acid strength, and the use of weaker organic
acids enables the electrochemical generation of the hydride cluster
[HFe,;N(CO)1,]~ (47b) by one-electron-one-proton reduction of 47 without sub-
sequent protonation to H,. These observations were used to select conditions
where the reaction of [HFe,N(CO),,] with CO, was favored over H, evolution.
Indeed, CO, reduction to formate is observed at the [HFe,N(CO),,] ’° couple in
the presence of benzoic acid (Figure 1.24), albeit only in trace quantities.

The [(diglyme),Na] " salt of [Fe,N(CO),,]  is water soluble and allowed for
electrochemical studies in aqueous solution. In the absence of CO,, 47 is an
active catalyst for H, evolution at —1.25 V vs. SCE (—1.01 V vs. NHE, pH 5)."%?
Introduction of CO, results in a complete change in selectivity at this
potential, with formate generated at high FE (up to 96%) between
pH 5-13."% The best results were obtained at pH 7, which corresponds to an
overpotential of 0.44 V for CO, reduction to formate. This work represents a
remarkable advance for homogeneous CO, reduction catalysis: selective
generation of formate is achieved with a first-row transition metal catalyst in
water near-neutral pH at mild overpotentials.

Further studies by cyclic voltammetry and IR-SEC were performed to gain
insight into the operative mechanism in MeCN or water. In both solvents,
the reaction is first order in [Fe,N(CO),,] and CO,. One-electron reduction
of Fe,N(CO);,] in 5% H,O/MeCN under N, leads to quantitative generation
of the hydride (42b) as seen using IR-SEC. A crystal structure of
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Figure 1.28 Cyclic voltammograms of [Fe,N(CO),,] (47) in 0.1 M Bu,;NPFs/MeCN
with one equivalent of benzoic acid under N, (black trace) or CO, (red
trace).

Adapted from ref. 194 with permission from American Chemical Soci-
ety, Copyright 2015.
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HCO, co,

Scheme 1.16 Proposed mechanism for electrocatalytic CO, reduction to formate
with the iron cluster 47."*

[HFe,N(CO),,] was also obtained, indicating that the hydride is bridged
across an edge of the butterfly cluster. Exposure of [HFe,N(CO),,] , prepared
independently or generated in situ by IR-SEC, to CO, results in formate
production, suggesting that (42b) is the key species that reacts with CO,.
These results are consistent with the mechanism shown in Scheme 1.16.

The high selectivity of [Fe,N(CO),,] for CO, reduction over H, evolution in
aqueous solution is notable. Additionally, the reaction rate and formate
selectivity in MeCN is greatly improved by addition of 5% water.'** Here, it is
important to recognize how the solvent affects the properties of (47b). The hy-
dricity of this complex in MeCN is 49 kcal mol " and 15.5 keal mol ™' in aqueous
solution.’® The hydricity of formate decreases significantly less, going from
44 keal mol " in MeCN to 24.1 keal mol " in water. Therefore, hydride transfer
from 47b to CO, is unfavorable by 5 kcal mol ' in MeCN, but favorable in water
by 8.6 kcalmol '. These energies are consistent with the improvement in
catalytic rate and formate selectivity observed with increasing water concen-
tration. Furthermore, it is a general trend that the hydricities of metal hydrides
decrease much more in aqueous solution than that of formate due to the greater
stabilization of the formate anion from hydrogen bonding with water.'*® This
suggests that the development of new metal hydride catalysts capable of hydride
transfer to CO, should be easier in water than in organic solvents.

The related carbide cluster [Fe,C(CO);,] (48) is a better hydride donor
than 47 (Figure 1.29) with hydricities of 44 and <15 kcal mol ™" in MeCN and
water, respectively.'®> These stronger hydricities increase the favorability of
hydride transfer to CO, but also increase the driving force for HER, and the
rate of H, evolution is greater than C-H bond formation. Berben concludes
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Figure 1.29 Structures of related Fe clusters 48 — 50.

that catalysts with modest hydricities within a narrow range (the “formate
window”) are critical to favoring CO, reduction over competitive hydrogen
evolution, which is in agreement with the findings of Nielsen and co-
workers'”" and Kubiak and co-workers."' "%

Inspired by previous reports on the beneficial role of proton relays (Sec-
tion 1.5), one carbonyl in [Fe,N(CO);,] was replaced with a phosphine
bearing a pendent hydroxyl group (Figure 1.29)."*” Reduction of 50 occurred
at more negative potentials compared to 49 due to the greater donating
nature of phosphine. Notably, no current increase is observed at the
[HFe,N(CO),,]'° couple under CO,, and CPE at —1.4 V vs. SCE (ca. —1.78 V
vs. Fc™'%) confirmed that only H, is produced (FE = 97%). On the other hand,
when L =PPh;, electrocatalytic CO, reduction occurs under otherwise
identical conditions, generating formate with 61% FE (background re-
duction of water produces 36% H,). This sharp change in selectivity arises
from the close proximity of the hydroxyl group to the metal hydride, which
facilitates rapid H, evolution. This report highlights the potential pitfalls of
installing pendent acidic groups for CO, reduction, and emphasizes the
need to balance the kinetics and thermodynamics of CO, reduction versus
HER to obtain selective formate production from metal hydride catalysts.

1.11 Catalyst Comparison

This section offers a brief description of the best practices when comparing
electrocatalysts. Savéant and co-workers pioneered the development of these
techniques and we direct the reader to several references which describe
them more comprehensively."”* % The text, Elements of Molecular and Bio-
molecular Electrochemistry: An Electrochemical Approach to Electron Transfer
Chemistry, serves as a thorough guide to electrochemical catalysis.***
Catalytic Tafel plots are an effective way to visualize the difference between
catalysts in the context of turnover frequency (TOF) and overpotential (7). An
optimal electrocatalyst undergoes many selective molecular reactions
per second, ie. has a high TOF. An ideal electrocatalytic system also operates
with minimal additional potential exceeding the thermodynamically deter-
mined reduction potential (EQ,) for the redox event. The calculated Eg, for
proton-coupled electron transfer CO, reduction to CO in MeCN (eqn (1.1)) is
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—0.54 V vs. F¢'”° considering standard states for CO, and CO as 1 M. The
calculated EZ, for CO, disproportionation to CO and CO;>~ (eqn (1.2)) was es-
timated to be —1.15 V to —1.3 V vs. Fc'’® based on the standard reduction
potential for aqueous CO, disproportionation and the free energy of formation
for MgCO; by Sampson et al.'** 1t is important to bear in mind that these cal-
culated standard potentials are sensitive to the proton source used (i.e. water vs.
phenol) and the products made (i.e. MgCO; vs. HCO; ). Determination of the
overpotential is not trivial and reaction conditions should be considered when
calculating E2,.. Nonetheless, Tafel plots can enable catalyst benchmarking for
different experimental conditions. The most optimal catalyst will have an
“elbow” in the top left corner of the plot (low overpotential and high TOF).

Kinetically limited conditions are steady-state conditions in catalyst
consumption. A cyclic voltammogram of a kinetically limited process, where
the substrate consumption in the diffusion layer is negligible, yields an
S-shaped wave that is independent of scan rate where the forward scan (to
more negative potential) is overlaid with the backward scan (to less negative
potential). The catalytic rate constant (k.,) is calculated using the plateau
current obtained from the S-shaped wave (i...) and the peak current for the
reversible redox potential of the wave (i,). The equations shown are for
purposes of illustration and refer specifically for the catalytic reduction of
CO, by Re-bpy. The relationship between the peak catalytic current observed
and the catalytic rate constant for a reversible electron transfer-fast catalytic
reaction (EC’) mechanism is shown in eqn (1.4). All electron transfers are
assumed to occur at the electrode surface.

fcat = NeatFA[cat] |/ (Dkeac[CO,J) (1.4)

In this equation, the number of electrons transferred (7., in the reaction
(2 e~ for CO, reduction of CO), the amount of charge carried by one mole of
electrons (F, Faraday’s constant), the electrode surface area (A), the catalyst
concentration ([cat]), the diffusion coefficient for the catalytically-active species
(D), the rate constant of the catalytic reaction (k.a), and the substrate con-
centration ([CO,]) is related to the peak catalytic current (i ). This relationship
assumes the reaction is first order in the catalyst and substrate (y=1) and the
substrate is in large excess of the catalyst (pseudo-first-order conditions).

The Randles-Sevcik equation (eqn (1.5)) describes the relationship
between the peak current for a reversible electron transfer event and the
potential scan rate. In this equation, the universal gas constant (R), tem-
perature (7), Faraday’s constant (F), the diffusion coefficient for the
catalytically-active species (D), the electrode surface area (A), and the scan
rate (v) are related to peak current (7).

FD
iy = 0.446FA[cat]y/— (1.5)
P RT

Normalization of the observed catalytic current to the peak current for the
reversible wave (ica/f,) circumvents the need to accurately determine the
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electrode surface area and catalyst diffusion coefficient (eqn (1.6)). This
derivation of the equation is fora 2 e~ CO, reductionand a 1 e reversible redox
couple. The catalyst diffusion coefficient can change between resting and
activated states. For example, the Re-bpy catalyst is anionic after reduction
and could be better solvated than its neutral resting state. This difference is
assumed to be negligible under ideal conditions. The k., also represents
the theoretical maximum number of catalyst turnovers per unit time (TOF ).

i [2RTE,
R Ry i (1.6)
Ip Fv

The catalytic Tafel plot is created by determining TOF at each # value using
eqn (1.7). For this relationship the standard potential for the reduction of
CO, (Egoz) under the specific catalytic conditions must be known. A plot of
log (TOF) vs. overpotential generates the elbow plots shown below and
enables catalyst benchmarking independent of reaction conditions.

TOF max
F 0 0 F
1+ €exp R_T (ECOZ — Ecat) exp —R—TV]

While catalytic Tafel plots are critical quantitative benchmarks, accurate
determination of catalytic values (TOF and 7) requires catalysts that are well
behaved. Many catalyst systems are not ideal, and side phenomena such as
product inhibition of the catalyst or catalyst degradation occur. These side-
phenomena greatly influence the quality of the catalytic kinetic data as they
can affect the shape of the wave and the observed peak potential of catalysis.
When the scan rate is increased, the amount of charge passed is decreased
and the influence of side-phenomena on wave shape are diminished.
Typical S-shaped curves are not obtained, and the catalytic wave may exhibit
scan-rate dependence. A scan-rate dependent catalytic current cannot be
reliably used to calculate a catalytic rate constant. Savéant and co-workers
developed the foot-of-the-wave analysis (FOWA) to derive catalytic rates from
non-ideal catalytic waves where a plateau current is not achieved.'”* % The
onset potential of a catalytic wave is an approximation for the least negative
electrode potential required for a reductive catalytic process. FOWA is an
examination of the current response observed for the voltammetric wave at
this onset potential (halfway up the wave), where side-phenomena have only
minor contributions. Eqn (1.8) is applied to determine the observed
rate constant (k) which is the slope of the linear region of the plot of i/ij vs.
1/(1 + exp[(F/RT)(E — E°.,)]- This is the relationship between the current (i)
that corresponds to the potential (E) and the reaction rate constant (kca)-

[RT
; 2.24 T 2k[CO,)
= v (1.8)

F
g exp [ﬁ (E— Egat)]

TOF =

(1.7)
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Figure 1.30 Catalytic Tafel plot for the catalyst with Brensted acid added. WSCAT (21)
with 1 M PhOH in 0.1 M BuyNPFs/DMF. Re(tBu-bpy)(CO);Cl (2),
[Ni(cyclam)]*" (9), and Mn(mesbpy)(CO);Br (28) with 1 M PhOH in 0.1 M
BuyNPF/MeCN. Mn(mesbpy)(CO);Br with 0.1 M Mg>™ in 0.1 M Bu,NPF,/
MeCN.

Figure 1.30 shows a comparison of the log TOF vs. 1 for Re(tBu-bpy)(CO);Cl,
FeTPP with four paraphenyl trimetylammonium groups (WSCAT; 21),
[Ni(cyclam)]*"; 9, Mn(mes-bpy)(CO);Br; 28, and 28 with Mg>" added. The
addition of Mg>", as Mg(OTf),, significantly increases the reaction rate for
CO, reduction by the Mn(mes-bpy)(CO);Br catalyst at low overpotentials. The
Mg?" enhances catalysis at the CO, binding potential (—1.5 V vs. Fc*’°) for
Mn(mes-bpy)(CO);Br by enabling a reduction and the reductive dis-
proportionation mechanism. The beneficial effects of Lewis acids added to
FeTPP were previously reported by Savéant and co-workers (as described in
Section 1.7). The addition of Lewis acids to catalytic systems which show CO,
binding and “slow catalysis” at lower overpotentials is currently an under-
utilized strategy for improving catalysis.

Rhenium is less abundant in the Earth’s crust than platinum, thus cata-
lysts which use manganese are more attractive from a sustainability per-
spective. This has stimulated research in the development of Mn-based
catalysts with catalytic performance on par with their 2nd row counterparts.
Figure 1.31 shows a comparison of the log TOF vs. 5 for Group 7 metal
catalysts. Notably, Mn-tBubpy operates at a lower overpotential compared to
Re-tBubpy. The Re-bpy can operate without an added acid since the CO,
adduct is so strongly basic it can deprotonate MeCN.”®

Fontecave and co-workers recently prepared a series of bis-terpyridine
complexes of first-row transition metals.?*> Of the metals examined, Co, Ni,
and Zn exhibit CO, reduction behavior by cyclic voltammetry in 5%
H,O/DMF. However, low Faradaic efficiencies are observed for [Co(tpy),]**
and [Ni(tpy),]** (12% CO and 5% H, for Co at —2.03 Vvs. Fc™’°, and 20% CO
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Figure 1.31 Catalytic Tafel plot for various Re-bpy and Mn-bpy catalysts in 0.1 M
Bu,NPFs/MeCN with added Bronsted acid. Re(bpy-CCH) and Re(bpy) with
1.5 M TFE. Mn(tBubpy) with 1.4 M TFE. Mn(mesbpy) with 0.3 M TFE.

for Ni at —1.72 V) and no productive catalysis is seen with [Zn(tpy),]* ", which
is likely due to reductive degradation of the terpyridine ligands. Using
mixtures of terpyridine and CoCl, led to improved activity, with a 76%
Faradaic efficiency for CO obtained using a 1:1 Co:ligand ratio, suggesting
that only one terpyridine is present in the active species. Further studies with
[Co(R-tpy),]*" showed that by tuning the ligand substituents the rate of
competitive H, evolution could be significantly decreased, effectively ‘“‘turning
off” H, production while still enabling CO, reduction.>*® This approach of
tuning the catalyst to disfavor competing reactions in order to indirectly im-
prove CO, selectivity may be a useful approach for other catalysts.

1.12 Future Outlook and Recommendations

To provide a useful guide for further improvement of different catalysts, we
compared catalytic performances of different catalysts with their turnover
numbers and frequencies, Faradaic efficiencies, ica/ip, keae and other
properties. Tafel plots, which are less commonly reported, are recommended
as they give direct visual measurement of catalytic performances, while
eliminating the unfairness brought by different experimental conditions.
Bearing in mind the significance of direct and fair comparisons among
different catalysts, we have several recommendations as protocols for opti-
mization of catalytic conditions.
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Different acids with a range of pK, should be tested in addition to an-
hydrous conditions under catalytic conditions. Many catalysts, such as
porphyrins and Mn bipyridine compounds, are highly catalytic only in the
presence of weak Bronsted acids or Lewis acids. In the case of Re bipyridine
catalysts, while much effort has been devoted to new ligand designs to en-
hance catalysis, the use of appropriate weak Brensted acids or Lewis acid for
the best performance has been underestimated, and often provides more
leverage. The acidity also affects the selectivity towards CO, reduction over
hydrogen evolution. Generally, TFE, PhOH, MeOH, and water are common
choices of weak acids in MeCN and DMF, and stronger acids such as acetic
acid often result in significant hydrogen production.

Careful CPE studies are the most important evaluation of long-term catalytic
performance. Although i../i, and k. obtained in cyclic voltammetry are
convenient measurements of catalytic performance, the calculated efficiencies
are usually higher than those obtained in CPE due to the imperfect curve shape
in cyclic voltammetry, and catalyst degradation over time. Since the long term
stability of a catalyst is vital for applications on an industrial scale, CPE studies
with different weak acids should be done with at least 3 —4 turnovers for
catalysis. These results can reveal the selectivity for CO, reduction, which is not
measurable by cyclic voltammetry. In addition, gas leakage is one of the biggest
concerns in CPE studies with gaseous products, therefore, standard con-
ditions, e.g. Re(tBu-bpy) with 1 M TFE in MeCN, should be tested and reported
for fair comparison of catalytic performance of new catalytic systems. Turnover
numbers or turnover frequencies should be reported together with Faradaic
efficiencies for clearer understanding of catalysts.

Mechanistic investigations are the key to understanding catalytic cycles and
effects of catalyst modifications. Apart from electrochemistry, common tools
like DFT calculations, IR and UV-vis measurements, NMR and EPR studies,
and laser investigations have been used frequently for many catalysts. For
example, IR-SEC has been used to great advantage the in Re-bpy and Mn-bpy
systems as their three carbonyl groups show significant shifts in the IR over
the range of ~2100 and 1800 cm ', reflecting electron density on metal
centers by back-bonding in different redox states. One point in DFT compu-
tations that must be included in the model is the role of solvent molecules.

Design strategies for obtaining higher catalytic rates at a lower over-
potential need to address more than the electronic structural changes that
attend various ligand modifications. Through space substituent effects may
play an equally important role in the continued development of homo-
geneous electrochemical CO, reduction catalysts. The design strategies
discussed in this chapter were selected to provide some examples of real
solutions to the challenges at hand, but also to stimulate further thinking on
how to move off the trade-offs of linear scaling relationships. By now, it is
quite clear that the secondary coordination sphere can be tuned in much the
same way that the primary coordination sphere has been tuned over the last
forty years.
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2.1 Introduction

The electrochemical CO, reduction reaction (CO,RR) represents an import-
ant process with prospective applications in the storage of renewable elec-
tricity," as well as in the chemical industry.>® The most common reduction
products are CO, HCOOH, CH;0H, C,HsOH, CH,, and C,H,. Unfortunately,
the activation barrier associated with CO,RR is high, because bonds are
broken and geometries changed along the reaction pathway. This brings
challenges for the CO,RR at an electrode due to the necessity of applying a
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high overpotential. To overcome the activation barrier and reduce the ap-
plied overpotential, various molecular catalysts have been considered. The
most studied include metal-porphyrin*® and metal-polypyridine® > com-
plexes because of their well-defined structure and the tunable coordination
environment making it relatively straightforward to improve the catalyst
performance through functionalizations.”"*°

Homogeneous electrocatalysis involving molecular catalysts constitutes
an indirect pathway by which CO,RR can be accomplished efficiently
(Figure 2.1)." At the same time, it offers an opportunity of gaining valuable
insight into the reaction mechanism. In recent years, tremendous efforts
have been dedicated to benchmarking the catalytic performance of numer-
ous electrocatalysts.'*'® Nevertheless, distinct challenges persist for the
homogeneous approach.'® Firstly, the catalyst stability and recyclability are,
in general, not sufficiently good enough for long-term use and scale-up.
Secondly, for fast catalytic reactions only a small fraction of catalyst mol-
ecules in the reaction layer participates, with the remaining ones being in-
active bystanders. Thirdly, low solubility of the catalyst can put severe
limitations on the choice of electrolyte. Fourthly, product separation is often
not straightforward. To solve these issues, considerable efforts have been
directed towards the immobilization of molecular catalysts on electrode
surfaces for supported catalysis (Figure 2.1)."”

From an electrochemical point of view, the catalytic activity relies on a
number of important metrics, i.e. the overpotential () featuring the cells
voltage efficiency, the current density featuring the rate constant of the
overall electrochemical reaction, the faradaic efficiency (FE) featuring the
process selectivity, the turnover frequency (TOF) featuring the catalytic effi-
ciency, and the maximal turnover number (TON,,,,) featuring the catalyst
stability. The performance of the supported CO,RR involving molecular
electrocatalysts is, in addition to the intrinsic activity of the catalysts, highly
dependent on the exact way they are immobilized on the electrode surface.'®

Homogeneous

K’@ product
'@ e

Supported

Electrode

. product

Electrode (- -
e co,

Figure 2.1 The principle of homogeneous and supported catalysis for the electro-
chemical CO,RR, where cat®™ and cat™? denote the oxidized and reduced
form of the mediator couple, respectively.
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Key parameters to consider when designing the electrochemical process
for the supported case are catalyst loading and accessibility, conductivity,
electron transfer kinetics, mass transport effects, and catalyst/electrode
stability. In this context, it becomes of paramount importance to consider
carefully both the nature of the support and the immobilization mode. In
fact, the different results obtained when using different supports are at-
tributed to specific support-catalyst interactions.’® An unresolved issue
pertains to the substantial solvation energy changes coming from intro-
ducing a porous support material, which to a high extent may impact the
catalyst activity.>® Below we cover various modes of immobilization of mo-
lecular catalysts and give a description of single metal atoms dispersed in
carbon materials.

2.2 Immobilization of Molecular Catalysts and
Creation of Single-atom Catalysts

2.2.1 Support Material

Before describing the various immobilization modes, a discussion of the
support material seems appropriate. Along with metal oxides, carbon sup-
ports such as carbon powder, carbon nanotubes (CNTs), graphene, or gra-
phene oxides are the most popular, usually used in combination with a
binder such as Nafion.>"** In general, the high porosity of the support will
allow increased loading and improved mass transport. Likewise, high elec-
trical conductivity of the support will facilitate electron transfer processes.
This means that the use of more porous® and conductive®® materials is
greatly advantageous for CO,RR, although the exact location and configur-
ation of the immobilized catalyst (in the strong interfacial electric field close
to the electrode surface) will still exert a strong impact on catalyst per-
formance.?” The supported catalyst systems are complex and still not fully
understood (i.e. how the catalyst molecule resides on the surface of a sup-
port), but from an experimental point of view it is, nevertheless, encouraging
that the CO,RR activity can be tuned using specific functional group
modification of the support.>*>**’

2.2.2 Methods for Immobilization of Molecular Catalysts

Three main strategies are widely applied for the immobilization of catalysts
on electrode surfaces, ie. physical adsorption (which is non-covalent),
chemical bonding, and integration into three-dimensional (3-D) porous
frameworks as described below.

Physical adsorption. By exploiting n-r (Figure 2.2a) and/or other electro-
static interactions (Figure 2.2b) molecular catalysts can be physisorbed on
electrodes with'*?*?%2 or without®* > additional support. A profound ad-
vantage of using this approach is its simplicity; it can be carried out using
simple dipping procedures. In addition, it requires no special
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cat cat
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Figure 2.2 (a) Physisorption of a catalyst exploiting n-n stacking between a pyrene-
appended catalyst and a CNT support. (b) Physisorption of a catalyst
exploiting the electroctrostatic interaction between a positively charged
catalyst [e.g. a pendant -N(CH,);* group] and a negatively charged
support material consisting of e.g. graphene or graphite.

functionalization of either the catalyst or electrode, while giving, in general,
a good electronic communication between the catalyst and conductive
support. On the other hand, physically adsorbed molecular catalysts easily
suffer from electrode surface detachment due to the weakness of the inter-
action forces.*

The selectivity observed for homogeneous catalysts is usually retained
once heterogenized®>** but exemptions are found. For example, among a
series of metal porphyrin (MTPP) and metal phthalocyanine (MPc) catalysts
(see Figure 2.5 in Section 2.3), the activity was observed to be strongly in-
fluenced by the identity of the metal (M =Fe, Ni, or Co). While in the
homogeneous case, Fe-centered catalysts were better reductants than their
Ni and Co counterparts,®>>° the order was reversed once the catalysts were
immobilized in the supported case with the Co complexes being the better
ones.***” This finding of opposite activity orders for the same catalyst series
suggests that the interaction between the immobilized catalyst and its
support may override the intrinsic activity order. In fact, it may even change
the mechanism as seen in a study of CoTPP (Co4, Figure 2.5) where the active
species changed from Co° in the homogeneous CO,RR to Co' in the sup-
ported case.>

A great advantage of using the physisorption approach is the ease by
which catalyst loading can be tuned to span a range from a few to hundreds
of nmol cm>.*® Furthermore, its effect on catalysis metrics can be tenta-
tively rationalized.'®”® Yet, a precise control of the catalyst dispersion is
difficult to accomplish due to the non-covalent nature of electrostatic
interactions which certainly are less specific than chemical bonding would
be. In particular, catalyst stacking can become a serious issue by hindering
the mass transport of CO, to the covered catalysts. As such, this com-
promises the performance of the immobilized catalysts for CO,RR, in that
high catalyst loadings can give a high current density with a low TOF and low
loadings can give a low current density with a high TOF.****?° Furthermore,
the description of the reaction system becomes much more complicated,
especially at high catalyst loadings, making it difficult to extract reliable
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kinetic parameters.*” In some instances, it may even affect the product se-
lectivity as seen for physically adsorbed Mn-bipyridine complexes.*® While
CO was found to be the dominant product at high catalyst loading because
of the formation of dimeric Mn° species, formate became the primary
product at low loading due to a preferential generation of the monomeric
Mn-hydride (see the further discussion of this example in Section 2.4).

Cyclic voltammetry is an excellent technique for determining the surface
concentration of immobilized molecular catalysts, at least if the voltam-
metric response is easily discernible from the background signal. In one such
example, a pyrene-appended iron triphenyl porphyrin bearing six pendant
OH groups on the phenyl rings (Fe3, Figure 2.5) was immobilized on CNTs
and further deposited on a glassy carbon electrode.”® In voltammetric
experiments, the amount of electroactive surface catalyst was assessed by
integrating the charge at the level of the Fe'"'/Fe"" wave. Electroactive surface
concentration varied from ~2.5x10°% to ~10~° molem ™ ?, depending on
the initial concentration of the porphyrin solution used when preparing
the electrode. The film remained active over a long electrolysis time, i.e. after
12 h, and TON = 813 was obtained (TOF = 0.02 s ') with a catalytic selectivity
of 85% for the CO,-to-CO conversion.

In another work, a simple and facile self-assembly method was demon-
strated by n-n stacking/electrostatic interaction for the fabrication of a
porphyrin/graphene framework (FePGF) composed of iron 5,10,15,20-
tetra(4’-N,N,N-trimethylanilinium)porphyrin (Fe2, Figure 2.5) and reduced
liquid crystalline graphene oxide. This framework was utilized for the elec-
trocatalytic reduction of CO, to CO on a glassy carbon electrode in an
aqueous electrolyte.>* In addition, a high surface area carbon fiber paper
was used as the substrate for the FePGF catalyst, resulting in an enhanced
current density of 1.68 mAcm > with 98.7% CO faradaic efficiency at
7 =430 mV for 10 h, corresponding to TOF =2.9 s ' and TON = 104 400. In
this case, the redox peaks were somewhat ill-defined and accompanied by
large capacitive currents. Moreover, the TOF and TON numbers were derived
on the basis that only 3.5% of the catalyst molecules were assessed to be
active. Nevertheless, the huge difference in TOFs of the above two systems
using a similar molecular catalyst underlines the crucial role of the immo-
bilization strategy. Note also in this context that the electrochemically active
surface area, i.e. the area accessible to the electrolyte, can be obtained from a
measurement of the capacitive current as a function of scan rate.*”

Chemical bonding. Molecular catalysts can be covalently bonded to elec-
trodes if the catalyst and/or the electrode are modified with specific func-
tional groups, such as aryldiazonium,*®*" amine,*" alkynyl,*>** sulfonyl
fluoride,***> phosphonic acid,*>*” or thiol (Figure 2.3).>> A profound ad-
vantage of the direct chemical bonding created in surface reactions is the
robust linkage that it imparts between the catalyst and the electrode.>**°
Unfortunately, the catalyst loading on the surface usually becomes low
(0.005-0.5 nmolcm >) because most surface modifications provide a
monolayer of catalyst.***>*>%® However, the aryldiazonium electrografting
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Figure 2.3 Various ways of functionalizing surfaces using (a) aryldiazonium salts,
(b) alkyl amines, (c) click chemistry involving alkynes on already azide-
modified surfaces, (d) sulfur-fluoride exchange reaction, (e) phosphonic
acid in a hydrolysis process, and (f) self-assembly of thiols on gold.



Homogeneous Supported Electroreduction of CO, 73

approach can be wused to generate a multilayered -catalyst film
(>10 nmol cm?),*" although a substantial fraction of the catalyst molecules
will appear electrochemically inactive because of the insulating character of
the obtained film. For these reasons, directly bonded catalysts usually show
low activity,*>*>*® low selectivity,*>** and/or poor stability* for CO,RR.

A valuable approach to significantly increase the current density and the
selectivity for CO,RR is to use a high-surface (porous) conductive material to
bind the molecular catalyst."” In this way, catalyst loading can be increased
by as much as 10-100 times, while facilitating the transport of both CO, and
electrolyte to the catalytic sites to enhance the overall electron transfer rate.
Similarly to what is observed for physically adsorbed catalysts, catalyst
stacking may occur at high loading to make some of the immobilized
catalysts electrochemically inactive for CO,RR.*® Thus, a too high catalyst
loading can result in a lower TOF, even if the current density becomes larger
(e.g. FeTPP/SnO, vs. FeTPP).*® One solution to alleviate catalyst stacking is to
adhere the molecular catalysts to the electrode through the metal center via
chemical bonds,** instead of the usual ligand site.***® In this way, a loading
of COTPP as high as 84.8 nmolem > with good dispersion could be ac-
complished, while seeing an increase in both the current density and TOF.>*
Obviously, the electron transfer process is facilitated by the shortened
distance from the support to the metal center. In addition, both the catalyst
stability and product selectivity were improved compared with the ligand-
bound*® and physically adsorbed CoTPP.*> A good catalyst stability is
imperative for long-term electrolyses and for accomplishing a successful
scale-up at a later point. One particularly interesting idea in this respect is to
exploit catalyst self-healing to achieve high TONs.*’

Along these lines, transparent porous conductive or semi-conductive
supports have been developed to build up devices with photoelectrodes, or
to couple electrochemical measurements to spectroscopy. Meso-nanoporous
indium-tin oxide (ITO) is the most used material. Anchoring molecular
catalysts relies on physisorption®® or chemisorption taking advantage of
phosphoryl groups®"** but may also be obtained via covalent attachment
through diazonium chemistry.”* In situ IR has been used in homogeneous
CO, reduction to reveal the nature of the intermediates. Until now, in situ
Raman spectroscopy was not considered for immobilized molecular cata-
lysts, although it has been used for other heterogeneous catalysts.”*

3-D frameworks. Electropolymerisation has proven to be a useful strategy
to deposit polymer films of high surface densities.’>”° The fact that the film
is directly grown on the electrode surface ensures, at the same time, a
close electrochemical contact between the film and electrode.”’
Electropolymerization of metal porphyrins and phthalocyanines from their
amine-containing analogues are thought to be formed via an oxidative,
polyaniline-type mechanism.’®*® Heterogenized CuPc monomers and poly-
mers were found to produce methyl formate and CO when using methanol
as the solvent.® It is unknown to what extent demetallation of CuPc to form
Cu nanoparticles®® has occurred. Electropolymerized films of cobalt
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tetrakis(4-aminophenyl)porphyrin were reported to reduce CO, to CO with
65% FE in ionic liquids.®” Similarly, electropolymerized films of cobalt
tetraaminophthalocyanine produced exclusively formic acid in perchloric
acid electrolytes.®

In another study, an iron-porphyrin catalyst was immobilised inside a 3D
microporous CO, absorbing material.®* Specifically, this was done by
carrying out an oxidative electropolymerisation on glassy carbon or ITO
electrodes of pendant carbazole substituents chemically linked to the iron
porphyrin. The iron-porphyrin unit served as the electrocatalyst as well as
the mediator for the electron hopping process occurring across the polymer
film. The prepared films showed electrocatalytic activity for CO,RR, but the
stability of the as-anchored electrocatalyst was not sufficiently good enough
for long-term use.

Other important members of 3-D structured frameworks include covalent
organic and metal-organic frameworks (COFs or MOFs, respectively).®®™"*
Beneficial features of these systems include the lack of requirement for an
additional support material, the excellent exposure of active sites to the
electrolyte and CO, (because of the high porosity), and the possibility of
structurally modifying the catalyst and/or the organic linker to tune the
electronic character of the active sites. In general, COF materials exhibit
relatively high activity for CO,RR with improved electron transfer and mass
transport characteristics. This is due to the fact that catalyst molecules are
integrated into an extended porous conjugated lattice,’”’*®> although the
rather low conductivity measured in the case of a CoTPP based COF
(~107° Sem ™) should be noted.”” In comparison, the FeTPP and CoTPP
based MOF materials show moderate catalytic activity and selectivity®>®® due
to the poor efficiency of the electron hopping between neighboring metal
sites of the non-conjugated material.®® Most MOFs have a conductivity as
low as that of the COFs, unless specifically designed chemical structures are
used to alleviate this shortcoming.”> An alternative approach to achieve a
better catalytic performance consists of mixing the MOF-based catalysts with
conductive carbon materials.”>”® For regular polymers the conditions are
very much the same.”»”> A promising strategy to improve conductivity
consists of post-synthetic carbonization of COFs.”® However, the integrity of
the molecular catalyst moiety and its electronic coupling with the conductive
phase may be questioned and in this sense the obtained material is not a
true molecularly supported film.

Finally, from an analysis point of view, it may be noted that fluorine-doped
tin oxide (FTO) is a widely used substrate to deposit electrocatalyst-
containing frameworks on top to record in situ UV-vis spectra while vary-
ing the applied potential.®>®° In this manner, it was possible to observe the
reduction of Co" to Co' under reductive polarization to substantiate that Co"
is the active species during CO,RR. In situ X-ray absorption measurements
could also probe the oxidation state change of Co" to Co'.”” More generally,
coupling X-ray absorption techniques to electrochemical catalytic systems,
including supported molecular catalysts, holds great promise for in situ and
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in operando studies. This not only achieves insight into the catalytic pro-
cesses but also insight into the degradation processes. In fact, this is an
overlooked, yet essential aspect of mechanistic studies, and there is little
doubt that such studies will attain much more focus in upcoming years.

2.2.3 Single-atom Catalysts: Bridging Molecular Supported
Catalysis and Electrocatalysis

An emerging topic related to supported molecular catalysis is single-atom
catalysts (SACs), with the catalysis originating from single metal atoms
dispersed in usually carbon materials (Figure 2.4).”” SACs are able to show
maximum atom-utilization efficiency (ideally 100%)”’ with an enhanced
activity’® compared to their bulk or nanoscale counterparts. These typically
mimic the metal porphyrin structure and exhibit distinct activity and im-
proved stability for CO,RR due to the specific interaction between the metal
center and a conductive porous material.>”””*"*® In principle, these atoms are
expected to behave as single catalytic sites with a well-defined coordination
environment, yet the strong electronic coupling of the dispersed atoms with
the material electronic states prevents defining a standard potential. At least,
this is so, unless a charge can be localized on the SAC thanks to strong
interaction of the resulting species with an ion crossing the double layer for
charge neutralization.®' Thus, exploring the links (similarities, differences,
borderline cases) between supported molecular catalysts and SACs would be
beneficial for the progress of both fields.*

The enormous potential of using SACs, supported on nitrogen-doped
carbon materials, for electrochemical CO,RR has sparked a huge interest
in this area.”®*>®** From a product selectivity point of view, the SACs?”"7%8384
all mainly show high selectivity for the conversion of CO, to CO. In spite of
the progress, many challenges exist in the study of SACs for CO, reduction.

Figure 2.4 SAC with M-N, structure in a carbon scaffold achievable from high-
temperature synthesis (M, N, and C shown as red, blue and grey balls,
respectively).



76 Chapter 2

From a synthesis and structural point of view, the SACs supported on carbon
materials have all been prepared by high-temperature synthesis
(800-1000 °C), featuring structures with the metal atom coordinated with
varying numbers of nitrogen/carbon atoms.®> The high-temperature syn-
thesis makes it possible to modify the structure of the SACs, by introducing
dopants to improve the catalytic activity. However, the precise control of the
coordination environment of the central metal atoms is highly chal-
lenging,®® as little knowledge has been acquired on how the atoms of the
carbon scaffold are reorganized at high temperature. Furthermore, the
complexity of the SAC structures (no selectivity to a specific type of structure
during high-temperature synthesis) makes the understanding of the real
active sites and the catalytic process for CO, reduction challenging. In that
regard, investigation of model systems such as graphite-phenazine modified
electrodes is useful.®*” A further discussion of several aspects regarding
both supported molecular catalysts and SACs is given in Section 2.3.

2.3 Characterization and Performance of Assemblies

Most of these supported systems have been characterized from electrolysis
experiments in H-cell configuration with CO, simply dissolved in the elec-
trolyte solution, and very few detailed analyses of the current responses
using cyclic voltammetry or rotating ring disk voltammetry techniques have
been done. Such detailed mechanistic analyses that would lead to intrinsic
properties of the supported catalysts are thoroughly described in Section 2.4.
Therefore, and in that sense, the reported performances are empirical, and
even the most active systems are typically limited by diffusion of the sub-
strate and not by intrinsic catalytic activity, with recent exceptions related to
the insertion of supported molecular catalysts in flow cells.®**

An additional difficulty lies in the fact that determining the exact elec-
trocatalytically active fraction of the molecules in the film is a difficult task,
leading to underestimated values of turnover numbers and turnover fre-
quencies in many cases (in favorable practical cases, a non-catalytic redox
wave of the catalyst allows one to determine the electrochemically active
concentration which is often significantly smaller than the total catalyst
concentration added in the film).>® Moreover, very few analyses of the deg-
radation over time of the catalytic systems have been performed, leaving
unanswered the question of rationally tuning the catalyst structure to im-
prove performances. Even in the most stable systems reported to date, sta-
bility does not last for more than one day. It should also be noted that a last
pitfall arises from possible structural change of the supported catalysts,
which then turns out to be a pre-catalyst leading, for example, to nano-
particle formation in the deposited film, as is the case with Cu porphyrin
deposited at carbon paper. Upon electrolysis, copper particles are formed
and convert CO, to various products including methane and ethylene, a
degradation process that was not identified in the original publication.®?
These limits being identified, many interesting systems have since been
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characterized, with the use of the classical metrics described in Section 2.1,
including current densities j (relatively to the geometric surface of the sup-
porting electrode), TON and TOF at a given overpotential 5, and the apparent
energy efficiency [faradaic efficiency x (AE°'/AE..), where AE®' is the
apparent standard potential difference between the anodic and cathodic
reactions and AE.y is the actual cell overall voltage]. These data allow for
some comparison between systems even if meaningful benchmarking would
require detailed mechanistic studies.

An exhaustive description of the recent catalyst performances is beyond
the scope of this chapter; reviews may be consulted for further infor-
mation.”” Among the emblematic examples that have been alluded to in
Section 2.2 and that will be discussed in detail in Section 2.4, Co phthalo-
cyanines (Co1-Co3, Figure 2.5) have been thoroughly investigated since the
70s,°* and immobilized at carbon surfaces for CO,RR in water since the
80s.”> These catalysts can efficiently convert CO, to CO in close to neutral
aqueous solutions, with selectivity ranging from 90-98%. Immobilization
strategies at carbon materials such as nanotubes or particles, and based
on either non-covalent (electrostatic, m-n interactions) linkage, covalent
or periodic immobilization (porous organic polymers, metal-organic
frameworks) have been investigated for variously substituted catalysts
(e.g. Col-Co3, Figure 2.5). Partial current density joo up to 18 mAcm >
(maximum TOF 6.8 s ') was obtained with typical electrolysis
potentials ranging from —0.61 to —0.68 vs. RHE (which corresponds to
overpotential values ranging from 475 to 540 mV, respectively), where
E (Vvs. RHE)=E (V vs. SCE)+ 0.244 + 0.059xpH, and the pH value is be-
tween 6.8 and 7.3. The most efficient system was obtained with Co3 simply
absorbed to carbon nanotubes at a low loading of 14.4 nmolem™>.°° Once
deposited at a gas diffusion electrode (GDE, carbon paper) inserted into a
flow cell, this catalyst led to ajco up to 165 mAcm ™~ (94% FE) at 7 = 810 mV
in basic conditions (pH 14).°° Note that post-electrolysis examination of the
GDE upon X-ray absorption technique [Co K-edge XANES (X-ray Absorption
Near Edge Structure) spectroscopy| showed no degradation of the catalyst.

This later example illustrates that results obtained in H-cell configuration,
even with the most efficient molecular catalysts, are limited by mass trans-
port phenomena. But it also opens a broad range of opportunities to use
molecular catalysts at an industrially relevant rate for CO production. Other
typical cobalt catalysts include porphyrins (e.g. Co4 and Co5, Figure 2.5).
Protoporphyrin Co5 showed particularly interesting features once covalently
grafted to carbon nanotubes by a substitution reaction at the metal center,
leading to joo =25 mAcm > (FE 98.3%) at an overpotential of 490 mV
(pH 7.3) with TOF =1.9 s '.°° Another state-of-the art cobalt catalyst is the
quaterpyridine complex Co6 (Figure 2.6) which, in similar pH conditions
than Co5, gave joo =20 mAcm > (FE 100%) at an overpotential of 440 mV
and a TOF=12 s '.*® Regarding iron catalysts, 5,10,15,20-tetra(4’-N,N,N-
trimethylanilinium)porphyrin Fe2 (Figure 2.5) immobilized at a graphene-
based hydrogel electrode led to a partial current density ca. 2 mAcm™ > for
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Figure 2.5 Typical Co and Fe substituted phthalocyanines, porphyrins, and quater-
pyridine complexes that have been inserted into thin films as molecular
supported catalysts for CO,RR in water.

CO production (FE 95%) at n =430 mV, with a TOF of 2.5 s~ '.>** When the
catalyst was mixed with carbon black, deposited at a carbon paper electrode
(GDE) and further included in a flow cell, the performances significantly
increased providing jco = 152 mA cm > (>98% selectivity) at an overpotential
of 470 mV in basic solution (pH 14).°" In the same conditions, a current
density of 27 mA cm ™2 could be sustained for 24 h at an overpotential of only
50 mV and with close to perfect 99.7% selectivity. At close to neutral pH (7.3),
a maximum current density of 83.7 mAcm > was obtained (FE 98%).

All these examples exclusively gave CO as a reaction product. Very few
examples led to the formation of formate with high selectivity. An Ir based
pincer complex has been recently reported with FE 93% and a relatively large
current density of 3.3 mAcm > (TOF=7.4 s '), although at a large over-
potential (790 mV) in a 0.1 M NaHCO; solution (pH 6.8).%”
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Finally, there is only a rare example where CO, could be reduced with
more than 2 electrons and 2 protons with convincing evidence that the
product indeed originates from carbon dioxide. A recent example concerns
the simple phthalocyanine Co4 which was absorbed in multi-wall carbon
nanotubes (MWCNT) and then deposited onto carbon paper.”® The elec-
trochemical reduction of both CO, and CO affords MeOH with a maximum
FE efficiency of 14% (pH 13) and jyeon =0.68 mAcm > (E=—0.64 V vs.
RHE). Formaldehyde was clearly identified as an intermediate in this pro-
cess, and labeled experiments showed that both CO, formaldehyde and
CH,;OH originate from CO,.”®°° The molecular nature of the catalysis was
further demonstrated by XANES (X-ray Absorption Near-Edge Structure)
spectroscopy. Shortly after, the use of highly dispersed Co4 at MWCNT was
shown to improve the catalytic activity for methanol, with FE up to 44% at
—0.94 V vs. RHE (pH 6.8)."°° These remarkable examples clearly indicate
that molecular catalysts are not restricted to the formation of either CO or
formate. Therefore, it calls for thorough mechanistic investigation to
understand the observed reactivity and improve the structure of the catalyst
on a rational basis. The fact that no such reactivity has been observed
with any of the numerous homogeneous catalysts transforming CO, into
CO suggests an important role of the support as already mentioned in
Section 2.2.

2.4 Toward Kinetic and Mechanistic
Characterization of Supported Systems

2.4.1 Introduction

The mechanistic information on molecular catalysis of CO, electroreduction
has been so far mainly obtained in organic solvents with the catalyst dis-
solved in the solution (homogeneous systems, see Chapter 1). This infor-
mation has been gathered from electrochemical measurements in well-
defined hydrodynamics conditions as well as via spectro-electrochemical
measurements and sometimes with the help of theoretical calculations or
spectroscopic studies (including the use of Raman, IR, and X-ray techni-
ques). Moving to supported systems, extraction of mechanistic information
from kinetic measurements (current densities, FE as a function of electrode
potential, electron transfer, mass transport, etc.) may become more
difficult because various situations can be met depending on the catalyst
immobilization mode, on the support structure as well as on the cell
configuration (H-cell vs. flow cell). It is obviously not tractable to provide an
exhaustive description of actual experimental systems which would result in
multiple unknown adjustable parameters. The strategy to gain insights into
mechanism and kinetic control of the systems is to consider a simplified
description enabling one to pull out the main factors controlling the
catalytic response. An H-cell configuration where the substrate (CO,) is
dissolved in the bulk solution is considered as it is the most common set-up
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Figure 2.6 Coated electrode scheme showing the bulk solution, the diffusion layer
and the coating layer where catalysis takes place.

in reported studies so far.'”" Specificities related to flow cell reactors

more suitable for practical applications are discussed in Section 2.4.4. Prior
to the review of the existing CO, electroreduction systems in Section 2.4.3,
we present some general considerations regarding kinetic control of
catalysis of electrochemical reactions by a supported molecular catalyst
(Section 2.4.2).

2.4.2 General Considerations for Kinetic Analysis of
Supported Systems

We consider the electrode configuration depicted in Figure 2.6, ie. an
underlying conductive electrode coated by a porous support with a mo-
lecular catalyst attached to it, and a solution with a dissolved substrate (CO,)
of which the concentration in the bulk is constant. Putting aside selectivity
and assuming a monomolecular catalytic mechanism, which is likely for a
supported catalyst, the reactivity of the system is characterized by an
apparent limiting rate constant k., (s~ ') for the reduction of CO, by the
reduced catalyst. It includes the effects of possible co-substrates assumed to
be in large excess so that k. is a function of substrate concentration
[CO,Jpurk and co-substrate concentrations. Mechanistic investigations seem
to be only relevant if the molecular catalyst is ‘“good” enough so that the
corresponding apparent limiting rate constant is large, meaning that, in the
context of cyclic voltammetry, kc../(FV/RT)> 1. The maximal current density
at a large overpotential is given by eqn (2.1)

= nFrcat kcat (2 1)

Inax =
geom

where 7 is the stoichiometric factor of transferred electrons (n=2 for CO,
conversion to CO or formate) and I', = d¢X C.y is the surface concentration
of catalyst (d; is the film thickness and C., is the volumic concentration of
catalyst in the electrode coating). Measurement of this maximal current
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while knowing I'.,c and n should, in principle, be a way to get access to kcac
and to extract mechanistic information via evaluation of co-substrate
reaction orders. Note that we have assumed the reaction to be first-order
in CO,.

However, reaching this maximal current density is not an easy task due
to several possible limitations. Among those we do not discuss here are
electrode inhibition and catalyst deactivation although these are import-
ant issues in practice. As already mentioned, we also do not consider in
this general discussion limitation by co-substrates, although it has to be
kept in mind that co-substrates can play an important role.'°> Hence
the remaining reasons for the maximal current not to be reached are
(i) a catalyst standard potential being too negative so that, according
to Nernst law, all catalyst molecules cannot be activated within the
accessible potential window, (ii) slow charge transport within the support,
(iii) substrate (CO,) mass transport limitation within the coated catalytic
film and/or within the solution. We will now successively discuss these
various effects.

(i) It is trivial but important to recall that molecular catalysts are char-
acterized by a standard potential E° that pins the onset of the catalytic
current. The value of this standard potential may be different from the
homogeneous counterpart and hence should be determined to enable
mechanistic investigation.? In the absence of concurrent reactions (hydro-
gen evolution reaction for example), running cyclic voltammetry in the ab-
sence of CO, allows one to obtain several pieces of key information: the total
catalyst loading I'.., the catalyst standard potential and the kinetics for
electron transfer between the catalyst and the conductive support.*>®” If the
latter is fast, then according to Nernst law, the active (reduced) form of the
catalyst is given by eqn (2.2):

A ) (2.2

The maximal activity can only be reached when I'yeqr T o at E<E°. At
lower overpotential, extraction of the apparent rate constant from the
measured current requires deconvolution from the applied potential effect.

(ii) The main difference between homogeneous catalysis and supported
catalysis is that in the latter case, molecular catalysts are immobile. Hence,
activation of the catalyst via its reduction enabling its reaction with CO,
requires either the catalyst to be in direct contact with the conductive sup-
port, or a hopping electron transfer process to be at work to transport
charges. This hopping process can occur between catalyst molecules them-
selves or via an additional redox species.

Two limiting behaviors depicted in Figure 2.7 can be delineated to ap-
preciate the effect of charge transport on the catalytic response, noting that
in real systems an intermediate situation can be encountered. The first case
corresponds to a non-conductive film support, e.g. a porous polymeric
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Figure 2.7 Charge transport in catalytic films. Left: electron transport via hopping
between molecular catalytic sites. Right: ohmic electron transport via a
conductive support.

framework permeated by the electrolyte, where charge transport is carried
out via hopping between adjacent catalytic redox sites.®® It has been shown
that it is equivalent to a diffusional transport of charges characterized by an
apparent diffusion coefficient D.. Therefore, in the framework of fast cata-
lysis and no substrate or co-substrate mass transport limitation, the current-
potential response of the catalytic system is governed by the dimensionless

parameter dt/\/De/kear.'®> For small values of this parameter, charge trans-
port has no effect and all molecular catalysts are active at a large over-
potential leading to the maximal current density. Alternatively, for large
values of this parameter, thick films, and/or a slow hopping process, a
diffusion-reaction thickness develops in the film and only a fraction of the
catalyst molecules can be activated. This leads to a maximal current density
which is jointly controlled by the catalytic rate and charge transport. In such
a situation, the current density is independent of film thickness. Knowing D,
is required to extract the catalytic rate constant from electrochemical
measurements and gain mechanistic information.

The second limiting situation corresponds to an electronically conductive
support with all molecular catalysts in electronic connection with that
support via chemical or physical immobilization.* Although conductive, the
film support may present a substantial resistivity and therefore all catalysts
do not experience the same electrical potential. Such a situation may be
modeled as a transmission line with molecular catalysts distributed along
the pores.'” This leads to an ohmic drop effect on the rising (potential
dependent) part of the catalytic response (no effect on the plateau current). It
has been shown that it ultimately corresponds to an apparent slow electron
transfer kinetic control (Tafel plot slope of 120 mV per decade). Unfortu-
nately, ohmic drop correction is not an easy task due to the transmission line
type configuration. Consequently, to avoid misinterpretation of current-
potential data, a careful characterization of conduction properties of the
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film, both electronic conduction in the support and ionic conduction in the
pores is thus a safe precaution prior to any mechanistic investigation of
catalytic films.

(iii) As CO, solubility in solvent is limited, in particular in water, substrate
mass transport interference in the kinetic control of the current density is
difficult to avoid experimentally as the apparent rate constant might be in
most cases first-order in substrate, i.e. ko= k[CO;Jpu- Due to the cell
configuration considered here, usually referred to as H-cell configuration
(Figure 2.6), mass transport in both the film pores and the solution have to
be envisioned. Therefore, current-potential data have to be gathered in
well-defined hydrodynamics conditions. This is readily achieved in cyclic
voltammetry or rotating disk electrode voltammetry. Steady-state measure-
ments can also be obtained via constant stirring of the solution and kinetic
information can be extracted if the corresponding constant diffusion layer
thickness has been duly determined. In the framework of fast electron
transport in the catalytic film, fast catalysis and no mass transport limitation
by co-substrates, the influence of substrate mass transport can be analyzed
in cyclic voltammetry by considering two dimensionless parameters
according to eqn (2.3)

di\/DoutFv/RT/Diy  and  Din/(df k Cea) (2.3)

where Cou =T caexds and Dy, and D;, are the substrate diffusion co-
efficients in the solution and in the film respectively.'® A zone diagram can
thus be drawn (Figure 2.8) showing that in the right part [zones R®“"°",
(R4 S)™" and SR"] S-shaped cyclic voltammograms (CVs) are expected
due to the absence of mass transport in the solution. The distinct
characteristics of the three zones [R, (R + S) and SR] arise from interference
of mass transport in the film or not as sketched by representation of
substrate concentration profiles in Figure 2.8. Slow mass transport in the
film induces a thin diffusion-reaction layer (SR zones) making only the
catalysts close to the film/solution interface active. Maximal solution mass
transport limitation is observed in the left lower part of the diagram [zones
R, (R +S)“ and SR*™"] where peaked CVs are expected corresponding to
total catalysis situations. Kinetic information can thus be gathered from
the peak position rather than from the peak current. Similar analysis has
been provided in the framework of steady-state techniques but interference
of solution mass transport is less eye-catching as S-shaped CVs are
expected in all situations.

The development of a diffusion-reaction layer in the right side of the
film (close to the film/solution interface) due to mass transport limitation in
the film is symmetrical from the development of a diffusion-reaction layer
in the left side of the film (close to the underlying electrode/film interface)
in the case of slow charge transport via a hooping process. In both cases
increasing the film thickness does not improve catalysis as additional
molecular catalysts are not activated. If both phenomena occur, then an
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Figure 2.8 Zone diagram showing the various cyclic voltammetry behaviors for a
heterogeneous catalytic system in pure kinetics conditions and fast
electron transport. In the transition zones (R, R+S and SR), the con-
centration profile of the substrate (CO,) is sketched in blue.

increase of the film thickness can be counterproductive as shown in a formal
description.'®®

Finally, the above description considers that heterogenized catalysts
behave as molecular catalysts meaning that they are characterized by a well-
defined standard potential, i.e. they have orbitals not conjugated with the
electronic states of the conductive material (Figure 2.9, right). Another
situation might be encountered when the catalyst orbitals are part of the
conductive material electronic states'” and hence the hybrid catalyst
behaves as a catalytic site (such as the SACs described in Section 2.2) as on a
metallic electrocatalytic electrode. Redox features can then only be observed
in the presence of a species (e.g. CO,) able to bind to the site in concert with
electron localization (Figure 2.9, left). As a consequence, in this situation the
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catalytic site molecular catalyst
M+e M+e = M~
\+CS2 ¢+ C02
( M.CO, ( M.COp)”

Figure 2.9 CO, initial reduction on a surface catalytic site (M) (left) or by a
molecular reduced catalyst (M) (right).

initial steps of the catalytic process cannot be an EC type sequence as con-
sidered for a molecular catalyst and the relevant standard potential includes
the substrate chemical potential.

2.4.3 Insights into Mechanisms for CO, Reduction

The general considerations discussed in the previous section are the im-
portant physico-chemical phenomena to consider when analyzing current-
potential data for CO, electroreduction with supported molecular catalysts.
However, these considerations do not take into account specific character-
istics of CO, reduction. First of all, CO, electroreduction can lead to several
products and be in competition with other reactions such as hydrogen
evolution. As a consequence, the current density does not necessarily rep-
resent CO, reduction and product analysis is an indispensable complement
to current-potential measurements. Besides it has to be kept in mind that
product selectivity may be partially governed by mass transport. Hence the
hydrodynamic regime used in quantitative product detection experiments
should match the hydrodynamic regime used in the mechanistic analysis
unless the FE toward a single product is very high which is a common
situation for molecular catalysts.

Among the reasons to move from homogeneous molecular catalysts to
supported catalysis is that practical applications are best envisioned in an
aqueous environment, either via an aqueous catholyte or humidified gas-
eous CO,, where solubility of molecular catalysts is problematic. As a
consequence of running CO, electroreduction in an aqueous environment
some specific characteristics of CO, aqueous system have to be considered
when extracting kinetic data and obtaining mechanistic insight. We first
note that, although solubility of CO, in water is limited (~34 mM), it does
not govern the position of the system in the zone diagram (Figure 2.8).
However, it sets the maximal current density reachable for a given cell
hydrodynamic configuration. Apparition of a peak shaped CV is probably
indicative of current limitation by CO, mass transport as observed with a
hybrid Co quaterpyridine (Co6, Figure 2.5) complex/carbon nanotube
assembly.”® Nonetheless, the framework used for the establishment of the
zone diagram in Figure 2.8 corresponds to a simplified situation that does
not take into account homogeneous reactions involving CO,. A thorough
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description should include the various reactions at play summarized in
Table 2.1. CO, hydration produces quite a strong acid H,CO; (pK,=3.6)
which may serve as a substrate for a competitive HER reaction as most
molecular catalysts are competent for both CO,RR and HER."'* However,
this hydration reaction is kinetically slow, hence limiting this deleterious
competing reaction. More importantly, CO, electroreduction requires
protons, except for oxalate formation, therefore producing conjugated
bases (H,0, HCO;~, CO5>~ or HO ™) which eventually makes the local en-
vironment more basic and favors homogeneous CO, consumption in a
non-productive way: the more so the higher the current density.'""
This phenomenon can be described as a weak buffering effect of the
CO,/carbonic acid/bicarbonate/carbonate system. Introduction of an
additional buffer, typically phosphate at pH~ 7, to moderate local pH in-
crease may unfortunately trigger competitive HER. This was shown via the
investigation of one of the scarce molecular catalyst soluble in water,
namely iron 5,10,15,20-tetra(4’-N,N,N-trimethylanilinium)porphyrin'*?
(Fe2, Figure 2.5) that was subsequently physically immobilized in a
Nafion film in the presence of carbon powder.""

Only a handful of molecular catalysts has been studied in the framework
of supported catalysis for CO, reduction. We will review here the mech-
anistic information gathered on a few of them, namely cobalt porphyrin
(CoTPP: Co4, Figure 2.5), iron porphyrin (FeTPP: Fel, Figure 2.5), cobalt
phthalocyanine (CoPc: Col, Figure 2.5), manganese bipyridine (Mnbpy,
Figure 2.10) and cobalt quaterpyridine (Cogpy: Co6, Figure 2.5), and we will
try to obtain information from existing experimental data.

In the early studies of immobilization of cobalt porphyrin on electrodes in
the 90s to convert CO, into CO""*'"™ it was recognized that aggregation of

Table 2.1 CO, aqueous system homogeneous reactions.

Reaction K ke
hydration reactions®

CO, + H,0=H,CO, 1.7x107° 0.03%¢
CO, +HO =HCO;"~ 4.27x107 2.2x10° %¢
acid-base reactions®

H,CO; 4+ H,0=H;0" + HCO; 2.51x10* 2.51x10° ®
HCO; +H,0=H;0" + CO;*" 4.8x10™ M 0.48°
HCO;™ + HCO;~ =H,CO; + CO;>~ 1.9x1077 1.9x10% ¢
H,CO; + OH™ =HCO,;™ +H,0 2.5%x10%° 10t 4
HCO; +OH =CO0;* +H,0 4.8x10° 10 ¢

2 H,O0=H;0" +OH" 10~ 10744

“Bulk concentrations of species in 0.1 M NaHCO; solution under a CO, atmosphere:
[CO,] = 0.038 M; [H,CO;3]=6.5x10 " M; [HCO; | =0.1 M; [CO5* ]=2.9x10 > M.

Ins .

‘Ref. 108.

M ts7h

‘Ref. 109.
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Figure 2.10 Mechanisms of CO, reduction by a Mn(bpy)(CO);Br catalyst. Adapted
from ref. 125, 127 and 128.
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the catalyst via n-n stacking was an issue maybe limiting transport of CO,
within the catalyst film (i.e. very small D;, in the framework of the zone
diagram in Figure 2.8)."'® It is thus suggested that isolation of catalyst
centers is required to get insights into intrinsic reactivity. This drawback of
physically adsorbed catalyst aggregation is confirmed by the saturation of
CO production rate upon increasing surface coverage I'.,, of CoTPP on
carbon material.*> Nonetheless, it is shown that physically adsorbed CoTPP
seems to exhibit a different reactivity than CoTPP in solution as it is pro-
posed that the active form of the catalyst is Co(1)TPP rather than Co(0)TPP.
The very highly reported Tafel plot slope (255 mV per decade) is difficult to
interpret. In another study,’® it is postulated that the peculiar reactivity of
physically adsorbed CoTPP is due to specific interactions with the con-
ductive support. This hypothesis is supported by experimental results
showing that nitrogen atoms embedded in graphene increase the activity of
a deposited CoTPP via an increase of the electron density of cobalt atoms.
This strong electronic interaction between the catalyst and the conductive
support then opens the question on whether this type of assembly should be
viewed as molecular catalysis or electrocatalysis, i.e. description of the
catalytic process via molecular catalyst vs. catalytic site (Figure 2.9). A more
detailed mechanistic investigation of similar assemblies (CoTPP physically
adsorbed on carbon) reveals at low overpotential and low loading (to avoid
aggregation) a 120 mV per decade Tafel plot slope together with a first
kinetic order in CO, and zero order in bicarbonate.''” Taken together these
results suggest that the rate determining step is a reduction of the catalyst
(Co(u)TPP/Co(1)TPP couple) concerted with adsorption of the substrate (CO,)
on the catalyst. It is an indication that physically adsorbed CoTPP behaves
as a catalyst site electronically embedded in the support conductive
material and not as a molecular catalyst (Figure 2.9; concerted pathway as
the rate determining step). However, we note that the ohmic drop due
to uncompensated resistance in the film porosity might also result in a
120 mV per decade Tafel slope and a first order in CO,."** Such an ambiguity
does not exist when the same molecular catalyst, CoOTPP, is chemically
bound to the conductive support via a linker breaking the electronic com-
munication between the catalyst orbitals and the support electronic states.
With a phenylene linker, a peak is clearly observed in cyclic voltammetry
suggesting interference of mass transport, presumably of CO,; in steady
state conditions a large Tafel plot slope (455 mV per decade) is measured
and interpreted as a chemical step kinetic limitation while interference of
mass transport cannot be excluded as hydrodynamic conditions are un-
known.''® Using a different bonding strategy, via oxygen atoms on carbon
nanotubes (CNTs) allowing binding a cobalt protoporphyrin (Co5,
Figure 2.5), a monolayer of catalyst is obtained and interestingly results
similar to physically adsorbed catalysts are obtained (127 mV per decade
Tafel slope, first order in CO,, zero order in bicarbonate).”® The same con-
clusion can thus be made: kinetic control is either due to a concerted inner-
sphere electron transfer or due to ohmic drop convoluted molecular type
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catalysis. This reveals that in depth knowledge of both charge transport in
the film and electronic communication between CNT and the catalyst are
required to get a definitive conclusion on the mechanism at work for CoTPP
catalysts supported on conductive materials.

The same molecular catalyst has also been immobilized as part of three-
dimensional assemblies: COF,”” MOF,® or polyoxometalate-metal organic
framework (PMOF).”® These assemblies allow one to avoid slow diffusion in
the film. However, small electronic conductivity (D. =2x10""?cm?s™ ") is a
serious limitation probably as the source of the large Tafel plot slope with
COF and MOF and even the linear current density-potential plot with
PMOF. The same observation was made when iron porphyrins are part of
three-dimensional assemblies: D, =5x10""*cm?®s™" and 188 or 175 mV per
decade Tafel plot slope (from ref. 66, 119 and 75, respectively). Iron por-
phyrins have also been immobilized on carbon supports either via covalent
bonding®* or physical adsorption via an appended pyrene group® but so
far no mechanistic information is available, except that catalysis seems to
be triggered at the Fe(1)TPP/Fe(0)TPP couple as in homogeneous catalysis.
It is interesting to note that it is at variance with CoTPP where physically
adsorbed CoTPP behaves differently from homogeneous CoTPP. As de-
scribed above, such a discrepancy might be due to the specific electronic
interaction between the catalyst and the conductive support when the
catalyst is physically adsorbed via the orbitals of the reactive site and thus
induce a behavior similar to M-N-C SACs.?”"%?

Whereas homogeneous CoPc is a poor molecular catalyst for CO, elec-
troreduction, it was shown that deposited onto pyrolytic graphite or carbon
cloth it can produce CO upon electrode polarization together with a large
amount of hydrogen.'*® With no surprise, as in the case of cobalt porphy-
rins, the nature of the support and its interaction with the catalyst molecule
has to be considered to discuss and categorize catalytic properties of CoPc in
the CO,-to-CO conversion. When immobilized on a poly-vinylpyridine poly-
meric film, CoPc behaves as a molecular catalyst but it is observed that the
selectivity (CO vs. H,) is improved.”” The polymeric structure prevents
aggregation of the CoPc catalyst and electron transport, presumably via
hopping, which appears to be fast as a surface wave is observed for the
CoPc"/CoPc couple. The presence of pyridine is proposed to bolster the
nucleophilic properties of the cobalt atom and the polymeric environment
was shown to influence proton transport which occurs through proton relays
rather than via diffusion in the film.'*?

CoPc has also been dispersed on oxygen-functionalized carbon paper and
produces almost exclusively CO.*> Upon increasing the catalyst loading
(from 5x10~** —10~7 mol em™?), the TOF calculated assuming a canonical
behavior (i.e. no interference of electron transport or substrate/cosubstrate
transport, R“"°" zone in Figure 2.8) is decreasing. It might be a consequence
of catalyst aggregation equivalent to decreasing D;,. However, focusing on
low catalyst coverage, it is reported that the current density is first order in
CO,, zero order in bicarbonate and exhibits a Tafel plot slope of 120 mV per
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decade. Hence, we can question the molecular behavior and rather consider
it to be site behavior. The reaction orders change at high bicarbonate con-
centrations (from 1 to 0.6 for CO, and from zero to 1.4 for bicarbonate).
Interpretation of these effects requires carefully taking into account homo-
geneous equilibria (Table 2.1) that set the concentrations in solution. As an
illustration, electrolysis of a highly concentrated bicarbonate solution under
a nitrogen atmosphere can produce CO, as equilibrium allows a substantial
CO, concentration to be reached.*?

A quasi-hybrid system was designed by making a conformal polymerized
CoPc layer on CNT while avoiding catalyst aggregation.”* The measured
120 mV per decade Tafel plot slope suggests an electron transfer
rate-determining step but the hybrid character of the system cannot be
formally confirmed as the CO, reaction order was not determined. Direct
sonication of CoPc in the presence of CNT leads to a hybrid system via
presumably strong n-m interaction between catalyst molecules and CNT."
The hybrid character of the system is in part revealed via modification of
either the support (carbon black or reduced graphene oxide instead of CNT)
or the catalyst (cobalt cyanophthalocyanine instead of cobalt phthalocya-
nine) inducing a change in reactivity. Using a similar architecture a steric
modification of the catalyst macrocycle was shown to reduce aggregation
and enhance catalytic activity via a decrease of substrate limitation through
the catalytic film.'** It is important to note here that aggregation of the
molecular catalyst might induce a change of a site-type catalyst (only catalyst
molecules hybridized with the conductive support) to a mixed situation
where both site-type and molecular catalysts are operating, the latter being
activated via a hopping charge transport.

Aside from macrocycle ligand type, other transition metal complexes have
been investigated as the catalyst for CO, electroreduction and immobilized
at the electrode. One of the most studied is a manganese bypiridine com-
plex, Mn(bpy)(CO);Br which selectively reduces CO, into CO via a well-
established mechanism when used homogeneously in an organic solvent
(Figure 2.10A)."*® Upon immobilization on a TiO, electrode via phosphonate
groups, the mechanism via a dimer was first proposed to be retained for CO,
electroreduction in acetonitrile based on spectroscopic evidence.'”® Later
on, the mechanism was further investigated and this dimer mechanism was
confirmed (Figure 2.10B) but was shown not to be the sole catalytic path-
way."”” Mn(bpy)(CO);Br was also immobilized on CNT either via direct
physical adsorption of the complex'*® or through an appended pyrene
moiety’® and studied as the catalyst for CO, electroreduction in water.
Interestingly it was shown that the surface loading changes the selectivity
from CO, being the product at high loading via a dimeric mechanism in-
volving a desorption/re-adsorption process, to formate being the product via
formation of a hybrid at low loading (Figure 2.10C). It is, however, puzzling
to observe that, once covalently immobilized via diazonium reduction-type
grafting the selected product is CO, and not formate, although a mechanism
involving a desorption/re-adsorption process is not possible."”®
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As with other catalysts, the role of the interaction of molecular catalyst and
the support is questionable and it has been reported that surface adsorbed
K" ions provide a favorable environment when a Mn-complex catalyst was
physically adsorbed on MWCNTs."*° This emphasizes that mechanistic in-
vestigation of CO, electroreduction with supported catalysts should also
include the role of the supporting electrolyte which sets the double-layer
structure within which catalysis may take place if the system behaves as a
site-type catalyst.

Cobalt polypyridine complexes have also been immobilized on electrode
surfaces. Whereas cobalt terpyridine covalently attached to carbon surfaces
leading to poor reactivity toward CO, reduction,*® cobalt quaterpyridine
immobilized in a Nafion film together with MWCNT is a selective and
durable catalyst.?® A 120 mV per decade Tafel plot slope indicates an electron
transfer rate-limiting step at low overpotentials with the caveat that it is not
known whether the catalyst is of molecular-type or site-type. At larger over-
potentials a peak is observed in a cyclic voltammogram at a low scan rate
indicating interference of mass transport but at a high scan rate an S-shaped
type voltammogram is obtained indicating a limitation by a chemical step
and/or a mixed control by a chemical step and substrate mass transport
within the catalytic film.

2.4.4 Toward Improved Efficiency

From the above short overview of current data on CO, reduction with im-
mobilized molecular catalysts, it appears that several parameters are critical
in governing the current density, the overpotential and the faradaic effi-
ciency. The first parameter is probably the control of the interaction between
the conductive support and the catalyst, i.e. molecular catalysis vs. catalytic
sites. The second one is the control of catalyst aggregation or dispersion
which might induce mass transport limitation or change of selectivity.'*
Another parameter is the electronic conductivity of the catalytic coating
(hopping vs. ohmic) which can be analyzed via deposition of the coating on
interdigitated electrodes arrays'*"'*? or using cyclic voltammetry.'** Finally,
mass transport and homogeneous reactions are prime factors in H-cell
configuration if high current densities are targeted.'*® We note, however,
that HER vs. CO,RR competition is less critical with molecular catalysts as
compared to metallic electrocatalysts as molecular catalysts are often in-
trinsically selective toward CO,RR.

In an effort to circumvent mass transport limitation in H-cell configur-
ation inherent to low CO, solubility in water, gas diffusion electrodes
have been proposed for a long time™* and have recently been re-
investigated*>'*® together with flow cell configurations,"” as briefly de-
scribed in Section 2.2. Nonetheless it has to be noted that increasing the CO,
reduction rate induces increased production of hydroxide ions and hence
sequestration of CO, via bicarbonate and carbonate formation (Table 2.1),
thus decreasing the efficiency of CO, conversion.'**
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3.1 Introduction

Extensive use of fossil fuels over the past century has led to the progressive
accumulation of carbon dioxide (CO,) in the atmosphere with significant
consequences for the environment."” This situation can be mitigated by
developing technologies that utilize renewable energy sources, such as wind
and solar energies, to produce chemicals and fuels by recycling CO,.** One
approach to do this is the electrochemical reduction of CO,. However, the
amount of renewable electricity required to replace all carbon-based fossil
fuels would significantly exceed that currently used for the production of
grid power. Therefore, it is more reasonable to think that the electro-
chemical reduction of CO, would most likely be used first for the production
of chemicals and subsequently for the production of carbon-based fuels for
transportation modes that cannot be electrified, such as aviation and marine
transport. However, the first step towards commercializing the electro-
chemical reduction of CO, is to understand the fundamentals of the process.

CO, reduction electrolyzers consist of an anode, a cathode, and an elec-
trolyte, as shown in Figure 3.1. The oxygen (O,) evolution reaction
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Ancde Membrane Cathode

Figure 3.1 Simplified schematic of a CO, reduction electrolyzer.

(E°=1.23 V vs. SHE) is typically performed over the anode electrocatalyst
(eqn (3.1) and (3.2))

Acid: 2H,0-0,+4H" +4e” (3.1)
Base: 40H —O,+2H,0+4e” (3.2)

Other oxidation reactions can also be conducted, such as chloride oxidation
as shown in eqn (3.3) (E°=1.36 V vs. SHE) or wastewater (glucose) oxidation
(E°=—0.01 V vs. SHE) as shown in eqn (3.4)

2C1" > Cl, +2e (3.3)
CeH1,0¢ + 6H,0—6CO, +24H " +24e” (3.4)

The advantage of these alternative oxidation processes is that they produce
more economically valuable products and require lower oxidizing potentials
than the O, evolution reaction. An external power supply, such as a photo-
voltaic device, is used to increase the electrochemical potential of the electrons
liberated from the reducing agent so that they are sufficiently energetic to re-
duce CO, over the cathode electrocatalyst. A myriad of CO, reduction reactions
can occur over the cathode electrocatalyst according to eqn (3.5)—(3.14).

Acid: CO,+H" +2e” -»HCOO™ (3.5
CO,+2H" +2e~ —CO +H,0 (3.6

)
)
CO,+8H" +8e~ —CH, +2H,0 (3.7)
2C0,+12H" 4 12¢~ - C,H;OH + 3H,0 (3.8)

)

2C0,+12H" +12e - C,H, + 4H,0 (3.9
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Base: CO,+ H,0+2e” —»HCOO +OH"~ (3.10)
CO, +H,0 +2e~ —CO+20H " (3.11)
CO, + 6H,0 + 8¢~ — CH, + 8OH ™ (3.12)
2C0, 4+ 9H,0 +12¢ - C,H;OH+120H~  (3.13)
2C0, + 8H,0 + 12¢ - C,H, + 120H " (3.14)

To be effective, CO, reduction must also compete with the relatively facile H,
evolution reaction (eqn (3.15) and (3.16)).

Acid: 2H" +2e —H, (3.15)
Base: 2H,0-+2e —H,+20H~ (3.16)

Aqueous electrolytes are used in most contemporary studies of CO, reduction.
The pH of the aqueous electrolyte determines whether protons derived from
water or water itself acts as the H source for CO, reduction over the cathode. As
discussed below, there are also instances in which protons may derive from
buffering anions (e.g.,, HCO; ). If O, and CH, are evolved at the anode and
cathode, respectively, the overall reaction can be written according to eqn (3.17).

CO, + 2H,0==CH, + 20, (3.17)

The free energy of this reaction is 800.6 k] mol !, which corresponds to a
thermodynamic voltage requirement of 1.037 V.

Heterogeneously catalyzed CO, reduction involves both the cathode elec-
trocatalyst and the electrolyte in the immediate vicinity of its surface. As a
result, the properties of both the electrocatalyst and the electrolyte contribute
to the activity and selectivity of heterogeneously catalyzed CO, reduction.
This chapter illustrates how electrocatalyst composition and structure, elec-
trolyte composition, and reaction conditions influence the activity and se-
lectivity of heterogeneously catalyzed CO, reduction. We also discuss how
these factors can be used to achieve optimal activity and product selectivity.
Since a comprehensive review of the literature is not one of our objectives, we
refer the reader to recent reviews and the references cited therein.”™®

3.2 Electrocatalyst
3.2.1 Aqueous CO, Chemistry

An electrolyte in equilibrium with dissolved CO, contains bicarbonate
(HCO; ") and carbonate (CO;>") anions produced by the reactions given in
eqn (3.18) and (3.19).

CO, +H,0>HCO;  +H" (3.18)
HCO;™ —»CO;*" +H" (3.19)

The acid-dissociation constants and the rate coefficients for these re-
actions are summarized in Table 3.1. While the conversion of CO, to HCO;
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Table 3.1 Acid-dissociation and kinetic rate constants for the
formation of bicarbonate and carbonate anions.

Reaction pKa k(s™)
CO,+H,0->HCO; +H" 6.37 0.0371
HCO; —CO;*> +H" 10.25 59.44

Concentration (M)

Coy Saturated CO S Sub-saturated CCI2

0 2 4 6 8 10 12 14
pH

Figure 3.2 Speciation of an aqueous solution in equilibrium with 1 atm of CO, at
25 °C with an unbounded cation concentration.
Reproduced from ref. 19 with permission from the PCCP Owner Societies.

is a relatively slow reaction, the conversion of HCO;~ into CO;>~ rapidly
equilibrates. Due to these reactions, the speciation of an aqueous solution in
equilibrium with CO, depends on the bulk pH, as shown in Figure 3.2."° As
the bulk pH of the solution increases, it becomes increasingly saline since a
greater fraction of the dissolved carbon is present as HCO;  and CO;*~
anions. The increased salinity of the solution reduces the concentration of
dissolved CO, due to the “salting out” effect.'” Furthermore, the bulk CO,
concentration decreases precipitously above pH=10.6 due to the precipi-
tation of alkali carbonates. However, since the conversion of CO, into
HCO;" is relatively slow, dissolved CO, can momentarily exist in relatively
alkaline conditions.

Since an electrolyte in equilibrium with CO, contains several forms of
dissolved carbon it is important to identify which of these species serves as
the reactant during electrochemical CO, reduction. Experimental studies
have concluded that only H, is evolved in carbonate and bicarbonate-based
electrolytes saturated with an inert gas.*®*' Conversely, a myriad of
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“carbon”-containing products are evolved when the same electrolytes are
saturated with CO,. Thus, dissolved CO, serves as the reactant during
electrochemical CO, reduction. Since CO, will react with hydroxide ions to
form electrochemically inert HCO;~ and CO;>~, CO, reduction cannot be
performed continuously in highly alkaline electrolytes. Despite their ir-
reducibility, HCO;~ and CO;>" play critical roles during CO, reduction as
both charge carriers and buffering species, as discussed later in the chapter.

3.2.2 Selectivity Trends

The CO, reduction activity of many transition and post-transition metals
have been measured experimentally.”*>* The selectivity trends observed in
these studies are summarized in Figure 3.3. The majority of transition me-
tals exhibit negligible activity for CO, reduction and only evolve hydrogen
(H,) in the presence of CO,. However, H, evolution over these transition
metals is significantly inhibited by the presence of CO,, suggesting that they
are poisoned by irreversibly bound CO,-derived species. Late- and post-
transition metals have exceptionally low H binding energies, which make
them among the worst monometallic electrocatalysts for H, evolution.” As a
result, most contemporary studies of CO, reduction have investigated elec-
trocatalysts consisting of these elements. Several late-transition metals ex-
hibit high selectivity for CO evolution while the post-transition metals
exhibit high selectivity for HCOO™ evolution. Most notably, Cu is the only

Hydrogen Carbon Monoxide
Formate Hydrocarbons and Alcohols
27 28 29 30 31
Co ([ Ni || Cu || Zn || Ga
58933194 58.6934 63.546 6538 69,723
Cobalt Nickel Copper Zinc Gallium
45 46 47 48 49 50
Rh ([ Pd || Ag||Cd | In || Sn
102.90550 106.42 1076682 112414 114818 118,710
Rhodium Palladium Silver Cadmium Indium Tin
77 78 79 80 81 82
Ir || Pt [[ Au|l|Hg || Tl || Pb
192217 195.084 196.966569 200592 204.38 207.2
Iridium Platinum Gold Mercury Thallium Lead

Figure 3.3 Periodic selectivity trends observed during CO, reduction over late- and
post-transition monometallic electrocatalysts.
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monometallic electrocatalyst that exhibits significant selectivity for hydro-
carbon and alcohol evolution. The material properties that dictate these
selectivity trends will be examined in the following sections.

3.2.3 Activating Carbon Dioxide

The simplest products of electrochemical CO, reduction are HCOO™ and CO.
As shown in Figure 3.4A, the CO evolution activity observed over monometallic
electrocatalysts exhibits a volcano relationship when the *COOH adsorption
energy is utilized as the activity descriptor.”® *COOH binds to the electrocatalyst
surface through the C atom. The plot exhibits a maximum since the formation
energy of all reaction intermediates that bind to the electrocatalyst surface
through the C atom will scale with the *COOH adsorption energy. At low
*COOH adsorption energies the activation of CO, through the C atom is the
rate-determining step (RDS), whereas at high *COOH adsorption energies the
desorption of CO is the RDS. This relationship suggests that the relative car-
bophobicity of late-transition metals is responsible for their CO evolution ac-
tivity. Interestingly, vibrational modes attributed to *COOH have been observed
spectroscopically during CO, reduction over Ag,”” giving credence to the validity
of this empirical relationship. In contrast, Figure 3.4B demonstrates that the
HCOO™ evolution activity observed over the same monometallic electro-
catalysts exhibits a volcano relationship when the *OCHO binding energy is
utilized as the activity descriptor. *OCHO binds to the electrocatalyst surface in
a bidentate fashion through the O atoms. The plot exhibits a maximum because
the formation energy of all reaction intermediates that bind to the electro-
catalyst surface through the O atom scale with the *OCHO adsorption energy.
At low *OCHO adsorption energies, the activation of CO, through the O atoms
is the RDS, whereas at high *OCHO adsorption energies the desorption of
HCOO™ is the RDS. This relationship suggests that the oxophillicity of the
post-transition metals is responsible for their HCOO™ evolution activity. Thus,
the carbo- and oxophillicity of a transition metal electrocatalyst determines the
orientation in which CO, interacts with the catalyst surface, which in turn
determines the initial reaction pathways of CO, reduction.

3.2.4 Carbon Monoxide Evolution Over Silver and Gold

Polycrystalline Ag and Au are the most widely studied monometallic electro-
catalysts for CO evolution. Both metals exhibit an exponential increase in CO
partial current density at low overpotentials, as shown in Figure 3.5.>**° Fur-
thermore, their low intrinsic activity for H, evolution enables them to achieve a
faradaic efficiency (FE) for CO production approaching 100%. However, Au
exhibits superior CO evolution activity than Ag due to its slightly higher car-
bophillicity, as shown in Figure 3.4. At more cathodic potentials, the FE for H,
observed over both metals begins to increase at the expense of the FE for CO.
This phenomenon is accompanied by a suppression of the CO evolution ac-
tivity that would be expected based on an extrapolation of the initial Tafel
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Figure 3.4 Activity volcano plots for (A) CO evolution using *COOH as the activity
descriptor and (B) HCOO ™ evolution using *OCHO as the activity de-
scriptor. Electrocatalytic activity data was measured over planar metal
foils at —0.9 V vs. RHE in 0.1 M KHCO; (pH =6.8).

Reproduced from ref. 26 with permission from American Chemical
Society, Copyright 2017.

kinetics. The suppression of the CO partial current density occurs due to CO,
mass transfer limitations, as discussed later in this chapter.

The surface atomic structure of Ag and Au has a significant influence on
their activity and selectivity for CO evolution. The dependence of the CO



Heterogeneous Electrochemical CO, Reduction 105

A Polycrystalline Silver B Polycrystalline Gold
1E+2
> 1E+1 e
] - . .
@ L | g
QS TEHR Ly + B \
EE e 1, WY
£3 B ) AN
3 E g1 o 1
s \“‘13\
; o “ R .
o €2 ¥ wco \\.\ .\‘ ] ““xm_:
L] ._“ ™ '\H.
#HCOO- .\ =S
1E3 . - - - — e
100% . {,‘ °
oo ” i
_, 80% J ‘e 9’ kL %
o \ f / \ 4 e b
c L ] f \ / \ S
2 \" / ‘-.. / \e »
E 60% 1 \y @ \ I,"I A 4
w e/ \/ \ e
2 b Ae X
m AN /) /\
o 0%+ fe\ /% T A\
TR i\ /5
£ F 0\ [*\ Ao\
20% + \ » 'S \
L] /’r N \
toe g p L el
0% e S =-U—w" oo gn o B g
45 43 11 08 07 05 -12 40 08 08 04 02
Potential (vs RHE) Potential (vs RHE)

Figure 3.5 Partial current densities and product Faradaic efficiencies observed during
CO, reduction over (A) polycrystalline Ag foil and (B) polycrystalline Au foil
in 0.1 M KHCO; (pH=6.8).

Adapted from ref. 28 and 29 with permission from the PCCP Owner
Societies.

evolution activity of these metals on their surface atomic structure has been
established through investigations of both single crystal and epitaxial thin
film electrocatalysts. In the case of Ag, the (111) and (100) basal planes
exhibit roughly equivalent CO evolution activity, whereas stepped (110)
surfaces exhibit superior activity, as shown in Figure 3.6A.>>*! In the case of
Au, (111) basal planes exhibit superior activity to (100) basal planes.***?
However, stepped (110) and (211) surfaces exhibit nearly equivalent activities
that are roughly an order of magnitude higher than that observed over (111)
basal planes, as shown in Figure 3.6B. These activity differences are attrib-
uted to variations in the *COOH binding energy, which is stabilized over
more undercoordinated surface sites.>**! Interestingly, the H, evolution
activity observed over both Ag and Au is independent of surface atomic
structure, since the H binding energy does not exhibit a significant facet
dependance.®!
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Figure 3.6 Partial current densities observed during CO, reduction over (A) epitaxial
Ag thin films and (B) Au single crystal electrodes in 0.1 M KHCO;
(pH=6.8).
Epitaxial Ag thin film data adapted from ref. 31 with permission from
American Chemical Society, Copyright 2019. Au single crystal data
reproduced from ref. 33 with permission from John Wiley and Sons,
Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Single crystal electrodes cannot be assumed to be free of surface defects
since they are typically miscut by ~0.5°, which corresponds to a step edge
defect density of ~1%.%>* As a result, the activity observed over single crystal
electrodes is a convolution of the activities of both the predominate facet and
these surface defects. Underpotential deposition preferentially occurs at un-
dercoordinated surface atoms, such as those found at step edge defects.*® As a
result, selective titration of undercoordinated surface sites (defects) can be
accomplished by underpotential deposition, as shown in Figure 3.7.** The true
activity of a basal plane surface can be measured after titrating these surface
sites, which is accomplished by depositing a fraction of a monolayer corres-
ponding to the surface defect density. Interestingly, titrating only 3% of the
most undercoordinated surface sites on a Au(111) single-crystal reduces the CO
evolution activity by >50%.>* Furthermore, titrating 15% of the surface sites
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Figure 3.7 (A) Cyclic voltammetry of Pb underpotential deposition onto Au(111) in
0.1 M KCIO,; +1 mM Pb(ClO,),. (B) Partial current densities observed
over Au(111) with 0%, 3% and 15% Pb coverage at —0.7 V vs. RHE in
0.1 M KHCO; (pH =6.8).

Reproduced from ref. 33 with permission from John Wiley and Sons,
Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

reduces the CO evolution activity by an order of magnitude. These observations
suggest that a small fraction of surface defects is responsible for the majority of
the CO evolution activity observed over basal plane single crystal electrodes. In
support of this conclusion, a theoretical study has shown that the CO evolution
activity of stepped Ag surfaces is superior to that of more fully coordinated
basal planes.*’ Furthermore, the CO evolution activity of these step surfaces
was found to be independent of the atomic structure of the step, suggesting
that the CO evolution activity of all undercoordinated sites is roughly equiva-
lent. By comparing the reaction thermodynamics over different surface sites it
was concluded that step edge defects dominate the activity observed over
single-crystal electrodes, in agreement with experimental observations.*'

3.2.5 Enhancing Carbon Monoxide Evolution Activity

Many experimental studies have sought to improve the intrinsic CO evolution
activity of Ag and Au-based electrocatalysts by increasing the abundance of
undercoordinated surface atoms. This has typically been accomplished by
nanostructuring induced by thermal oxidation,>®*” dealloying,*® electro-
chemical cycling,*>*® or plasma oxidation.*' Unfortunately, many of these
studies do not report surface area normalized activity data, which makes it
difficult to determine whether the observed activity enhancements are a result
of intrinsically superior electrocatalytic activity or merely an increased number
of active sites.*> However, in the cases where the surface area normalized ac-
tivity has been measured, it has been found to be roughly an order of mag-
nitude higher than the corresponding planar surfaces.>® Perhaps the most
straightforward method of synthesizing defective Ag electrocatalysts involves
electrochemical oxidation and reduction in the presence of chloride ions, as
shown in Figure 3.8A.*° Oxidation of Ag in the presence of chloride ions pro-
duces a AgCl precursor phase, which yields nanostructured Ag upon electro-
chemical reduction, as shown in Figure 3.8B. This highly nanostructured Ag
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Figure 3.9 (A) Activity volcano plot for CO evolution over (211) metal surfaces.
Reproduced from ref. 44 with permission from American Chemical
Society, Copyright 2013. (B) CO evolution activity observed over Au,Cu;
nanoparticles in 0.1 M KHCO; (pH = 6.8). Reproduced from ref. 49 with
permission from Springer Nature, Copyright 2014.

exhibits both enhanced electrocatalytic activity and superior FE for CO com-
pared to planar polycrystalline Ag foil, as shown in Figure 3.7C.

Theoretical studies have concluded that the reduction of CO, to *COOH is
the last elementary step in the mechanism of CO evolution to become exergonic
as the applied potential is reduced over Ag and Au.***° This suggests that the
formation of *COOH is the RDS of CO evolution over Ag and Au electrocatalysts.
Thus, enhancing the stability of *COOH should yield superior CO evolution
activity over these metals. However, since *COOH and *CO both bind to the
electrode surface through the C atom, increasing the stability of *COOH also
increases the stability of *CO.** As a result of this linear scaling relationship,
metals that bind *COOH more strongly than Au exhibit inferior CO evolution
activity since the desorption of *CO becomes the RDS. Therefore, the linear
scaling relation between the adsorption energies of *COOH and *CO needs to
be broken to obtain electrocatalysts with significantly superior CO evolution
activity, as shown in Figure 3.9A.** Interestingly, some enzymes exhibit almost
reversible CO evolution activity since their active sites break the linear scaling
relationship through bidentate bonding to both the C and O atoms of
*COOH.***” A similar effect can be accomplished by introducing a small con-
centration of an oxophillic element, such as Cu, into the Au surface, as shown in
Figure 3.9B."**° The superior CO evolution activity observed over Cu-promoted
Au has been hypothesized to be the result of bidentate bonding of *COOH
through both the C and O atoms to co-located Au and Cu atoms, respectively.*’

3.2.6 Distribution of Products Formed Over Polycrystalline
Copper

Polycrystalline Cu can produce up to 16 different reaction products during
CO, reduction, as shown in Figure 3.10A.°" Besides HCOO~ and CO, Cu
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produces a mixture of more reduced products: CH,, C,H,, C, 3 primary al-
cohols, and C,_; carbonyl-containing species (aldehydes and the conjugate
bases of carboxylic acids). It is important to recognize that the carbonyl-
containing products can be present in the electrolyte in several different
forms, as shown in Figure 3.10B.°" While all carbonyl-containing products
will be present in aqueous solutions in either their keto or hydrated diol
form, they may exist in their enol form when adsorbed to the electrocatalyst.
Such adsorption-induced tautomerization may have important mechanistic
ramifications.

The partial current densities and product FEs observed over polycrystal-
line Cu during CO, reduction are shown in Figure 3.11.°" The product dis-
tribution varies substantially with the applied potential.>’~>* A mixture of H,,
HCOO™, and CO is produced at a low overpotential. However, at more
cathodic potentials (roughly —0.75 V vs. RHE) the evolution of CH,, C,H,,
and a myriad of liquid-phase products are also observed. It is important to
realize that the onset potential of hydrocarbon and alcohol detection is not a
meaningful metric of electrocatalytic activity since it is more significantly
influenced by the design of the experimental setup utilized to study the
electrocatalyst than the intrinsic properties of the electrocatalyst itself.*?
While a wide distribution of reduced products is observed over polycrystal-
line Cu, only CH,, C,H,, and ethanol (EtOH) are produced with FEs ex-
ceeding 10%. As the FEs of the hydrocarbons and alcohols increase, the FEs
of HCOO™ and CO decrease. This observation suggests that either HCOO ™ or
CO is an intermediate to more reduced products. Interestingly, the multi-
carbon product partial current densities all plateau and decline simul-
taneously as the applied overpotential increases, suggesting that these
products all share a common intermediate. The plateau and decline of the
multi-carbon product partial current densities is accompanied by an in-
crease in the H, and CH, partial current densities. This behavior is the result
of insufficient CO, mass transfer and is not intrinsic to polycrystalline Cu, as
discussed later in this chapter.*?

3.2.7 CO as the Intermediate to Hydrocarbons and Alcohols

HCOO™ is cathodically inert since its negative charge results in Coulombic
repulsion from the Helmholtz layer of the negatively charged cathode.”®
Conversely, the reduction of CO over Cu produces an identical mixture of
reaction products to those in the reduction of CO,, as shown in
Figure 3.12.°>°°7% Thus, CO is an intermediate in the reduction of CO, to
hydrocarbons and alcohols over Cu. CO reduction is often conducted in
alkaline electrolytes since it does not react chemically with OH™ to produce
electrochemically inert HCO;~ and CO;”", as is the case for CO,. It would
appear that CO reduction requires a lower overpotential than CO, reduction
when comparing the activity data in Figures 3.11 and 3.12. However, this
discrepancy is the result of a Nernstian potential shift arising from the
difference in the bulk pH of the electrolytes utilized to measure the activity
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Figure 3.12 (A) Partial current densities and (B) product Faradaic efficiencies ob-
served during CO reduction over polycrystalline Cu foil in 0.1 M KOH
(pH=13).
Reproduced from ref. 58 with permission from American Chemical
Society, Copyright 2018.

Table 3.2 Comparison of the CO and CO, reduction activities observed over poly-
crystalline Cu during chronopotentiometry at —5 mA cm > in a phosphate
buffer solution (pH =6 — 6.5). Adapted from ref. 52 with permission from
the Royal Society of Chemistry.

Reactant Potential (V vs. RHE) H, CH, C,H, EtOH
CO —0.86 75.4% 16.8% 1.7% 0.0%
CO, —0.85 72.4% 17.0% 1.8% 0.7%

data, as explained later in the chapter. In fact, the production of hydro-
carbons and alcohols requires the same overpotential when both reactions
are reduced in electrolytes with the same bulk pH, as shown in Table 3.2.°>%°
The overpotentials required to drive CO and CO, reduction can only be ac-
curately compared in a phosphate buffer since it is the only electrolyte in
which both species can be reduced at the same bulk pH, albeit with different
buffering capacities. The observation that CO and CO, reduction requires
the same overpotential to produce hydrocarbons and alcohols supports the
hypothesis that the RDS in the reduction of CO, to hydrocarbons and al-
cohols over Cu occurs after the formation of an adsorbed CO intermediate.
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Figure 3.13 (A) Impact of the presence of CO on the H, evolution activity of transition
metal electrocatalysts in 0.1 M KHCO; (pH = 10). Reproduced from ref. 67
with permission from the Chemical Society of Japan. (B) Reversibility of
the CO poisoning observed over Cu and Pt in a phosphate buffer
(pH=6.8). Numbers denote measurements conducted in electrolytes

saturated with: (1) Ar, (2) CO, and (3) CO and then Ar sequentially.
Reproduced from ref. 52 with permission from the Royal Society of

Chemistry.

In agreement with this conclusion, several in situ spectroscopic investi-
60-66

gations have observed adsorbed CO during CO, reduction over Cu.

3.2.8 Reversibly Adsorbed CO
Since adsorbed CO is an intermediate in the reduction of CO, to hydro-
carbons and alcohols over Cu, it is likely that the CO adsorption energy of Cu
is responsible for its unique reactivity. Indeed, Cu has an intermediate CO
binding energy compared to other transition metals. The importance of the
CO binding energy can be illustrated by comparing the impact that CO has on
the H, evolution activity of transition metal electrocatalysts. The presence of
CO does not inhibit the H, evolution activity of transition metals that evolve
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CO during CO, reduction, such as Au, because they bind CO weakly enough to
prevent significant surface poisoning, as shown in Figure 3.13A.%” Since these
metals are also exceptionally poor electrocatalysts for H, evolution,* they can
achieve high CO FEs during CO, reduction. Conversely, the presence of CO
significantly inhibits the H, evolution activity of transition metals that
strongly bind CO, such as platinum. This occurs because CO is irreversibly
bound to such transition metals and does not desorb from their surface even
if CO is stripped from the electrolyte, as shown in Figure 3.13B.”* As a result,
these metals quickly deactivate during CO, reduction due to the formation of
irreversibly bound CO and only evolve H, at a steady state.®®”* Interestingly,
Cu is the only transition metal with an intermediate CO adsorption, which
enables a significant coverage of reversibly adsorbed CO to populate the Cu
surface during CO, reduction.”>®*”* The ability of Cu to catalyze the reduction
of CO has been attributed to this unique CO adsorption energy.>****%’

3.2.9 Dependence of Methane and Ethene Evolution Activity
on Surface Atomic Structure

The surface atomic structure of Cu significantly influences its activity and
selectivity for hydrocarbon and alcohol evolution. Systematic studies over Cu
single crystal electrodes have been conducted in order to establish relation-
ships between the surface atomic structure of the Cu electrocatalyst and its
activity and selectivity for CO reduction.**”*””® Cu single crystal electrodes are
known to be susceptible to surface reconstruction under electrochemical
conditions.”**" However, Cu(111) and Cu(100) have been verified to be stable
under CO reduction conditions.®" Cu(100) exhibits superior activity and multi-
carbon product selectivity compared to Cu(111) during both CO and CO,
reduction, as shown in Table 3.3.”* The higher multi-carbon product
selectivity observed over Cu(100) is hypothesized to be the result of a superior
CO adsorption energy,*” which increases the probability of C-C coupling by
elevating the coverage of adsorbed CO at a steady state.

The CH, and C,H, evolution activities observed over Cu(111) and (100)
single-crystal electrodes during CO reduction has been monitored qualita-
tively during linear sweep voltammetry, as shown in Figure 3.14.%* Both CH,
and C,H, were evolved over Cu(111) at a relatively high overpotential
(—0.75 V vs. RHE). However, C,H, was exclusively evolved over Cu(100) at a

Table 3.3 Comparison of the CO and CO, reduction activities observed over Cu(111)
and Cu(100) single crystal electrodes during chronopotentiometry at —5
mAcm > in 0.1 M KHCO; (pH = 6.8 for CO, and 10 for CO). Adapted from
ref. 74 with permission from Elsevier, Copyright 1995.

Cu(hkl)  Reactant  Potential (Vvs. RHE) H, CH, C,H, EtOH
(111) CO, —1.16 56.5% 38.9% 4.7% 0.9%

CO —0.82 67.3% 21.8% 10.2% 2.0%
(100) CO, —1.02 23.3% 25.0% 31.7% 9.8%

CO —0.76 69.8% 8.6% 23.3% 0.8%
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Figure 3.14 Mass-ion currents associated with H,, CH,, and C,H, evolved during
CO reduction over (A) Cu(111) and (B) Cu(100) single crystal electrodes
in both a phosphate buffer (pH=7) and 0.1 M NaOH (pH = 13).
Reproduced from ref. 83 with permission from American Chemical
Society, Copyright 2012.

relatively low overpotential (—0.5 V vs. RHE). As the overpotential was in-
creased, the rate of C,H, evolution over Cu(100) deceased before increasing
again at more cathodic potentials with concomitant CH, evolution (—0.75 V
vs. RHE). The complex C,H, partial current potential dependence observed
over Cu(100) led to the hypothesis that there are two distinct mechanisms of
C-C bond formation: a low overpotential mechanism that bypasses the re-
duction of CO, and a higher overpotential mechanism in which a CO-derived
intermediate shared with the CH, evolution pathway undergoes C-C coup-
ling. Since the low overpotential pathway bypasses the reduction of CO it was
hypothesized to occur via the dimerization of neighboring CO molecules.®*

The impact of adding step sites with different orientations on the elec-
trocatalytic activity and selectivity of Cu(111) and Cu(100) single crystal
electrodes has also been investigated.>*”>”® The activity and selectivity ob-
served over these surfaces vary systematically with the step site density, as
shown in Figure 3.15. Interestingly, Cu surfaces with higher activity also
exhibit superior selectivity for C,H, relative to CH,. The optimal Cu surfaces
were found to be those with an angle of ~10° relative to the (100) plane,
which corresponds to a (100) surface with a step site density of ~20%.
Interestingly, the activity of these stepped surfaces was dependent only on
the step site density and were independent of the atomic structure of the
step site. This observation suggests that the morphology of the step site does
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Figure 3.15 Potential required to maintain a current density of —5 mAcm™? and the
Faradaic efficiency for C,H, relative to CH, observed during CO, reduction
over Cu single crystal electrodes as a function of the angle of the surface
plane relative to the (100) plane.

Reproduced from ref. 76 with permission from Elsevier, Copyright 2003.

not significantly alter its intrinsic activity, as is the case for the monometallic
electrocatalysts that are active for CO evolution. In agreement with these
conclusions, the integrated band intensity of adsorbed CO observed using IR
spectroscopy was found to scale linearly with the step site density regardless
of the atomic structure of the step site.®> However, a theoretical under-
standing of why a step site density of ~20% yields optimal activity and multi-
carbon product selectivity is currently lacking.

3.2.10 Dependence of Methane and Ethene Evolution
Activity on Electrolyte pH

The CH, and C,H, evolution activities observed over Cu exhibit different
dependences on the electrolyte pH, as shown in Figure 3.16.°°%’7 Specif-
ically, the CH, partial current density decreases, whereas the C,H, partial
current density remains constant, as the electrolyte pH is increased when
comparing activity data on the pH-independent SHE scale.’*>®”” Conversely,
the CH, partial current density remains constant, whereas the C,H, partial
current density increases, as the electrolyte pH increases when comparing
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Figure 3.17 Mass-ion currents associated with CH, and C,H, evolved during CO
reduction over Cu(100) at pH=7 and 13.
Reproduced from ref. 77 with permission from John Wiley and Sons,
Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

activity data on the pH-dependent RHE scale, as shown in Figure 3.17. Thus,
conducting CO reduction at high pH improves both the activity and multi-
carbon product selectivity observed over Cu. These observations suggest that
the RDS of CH, formation is the electrochemical hydrogenation of CO or a
CO-derived intermediate due to the independence of the CH, evolution ac-
tivity on pH when comparing activity data on the RHE scale. Conversely,
observations suggest that the RDS of multi-carbon product formation does
not involve the hydrogenation of CO or a CO-derived intermediate due to the
independence of the C,H, evolution activity on pH when comparing activity
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data on the SHE scale. The subsequent sections will explore these reaction
mechanisms in further detail.

3.2.11 Mechanism of CO Methanation

Almost all theoretical investigations have concluded that the last elementary
step to become exergonic in the mechanism of CO, methanation over Cu as the
applied potential is reduced is the reduction of CO.**"®” This suggests that the
reduction of CO is the RDS for CH, evolution over Cu. The reduction of CO via
proton coupled electron transfer (PCET) can produce either *COH or *CHO.
However, the reduction of CO to *CHO has been found to be energetically
favored, as shown in Figure 3.18.%”*® Early studies concluded that formalde-
hyde was an intermediate in the reduction of *CHO to CH,.*> However, this
hypothesis was inconsistent with the experimental observation that for-
maldehyde reduction over Cu produces methanol, which is not a product of
CO, reduction over Cu.”® This discrepancy between theory and experiment was
later rectified by recognizing that formaldehyde is entirely present as methane-
1,1-diol in aqueous solutions. Subsequent theoretical analysis demonstrated
that the reduction of this hydrated form of formaldehyde to methanol over Cu
is energetically favored.® Despite this, most contemporary studies have con-
cluded that the reduction of *CHO yields *CHOH and ultimately *CH.%"**®
The reduction of *CO to *CHO is the RDS in the reduction of CO, to CH,
since it has the highest activation barrier of any PCET step in the reaction
mechanism, as shown in Figure 3.18.%® Thus, this activation barrier must be
reduced to enhance the CH, evolution activity. The activation barrier for
*CHO formation scales with the CO adsorption energy since both species

Cu(211)

CHO* CHOH*

3 co*
G [ +H,0(g)
4
o |
-6+ —— 0V versus RHE CHi(9)
-0.5 V versus RHE
-8 p p i

0 1 2 3 4 3 6 7 8
(H* + ") transferred
Figure 3.18 Free energy diagram for the reduction of CO, to CH, over Cu(211) at 0
and —0.5 V vs. RHE.
Reproduced from ref. 88, https://doi.org/10.1038/ncomms15438, under

the terms of the CC BY 4.0 license, http://creativecommons.org/licenses/
by/4.0/.
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bind to the electrode surface through the C atom.®® As a result, the stability
of the *CHO intermediate cannot be increased relative to *CO. Thus, a
method of decoupling the binding energies of *CO and *CHO must be
discovered in order to develop superior electrocatalysts for CH, evolution, as
shown in Figure 3.19.%® One method of accomplishing this goal is to stabilize
the *CHO intermediate though bidentate bonding to the electrocatalyst
surface through both the C and O atoms.** However, this approach has yet to
be demonstrated experimentally.

3.2.12 Mechanisms of C-C Coupling

Potential routes for C-C coupling over Cu(100) have been explored using
periodic Kohn-Sham density functional theory (DFT) in which the solvent was
included as a continuum dielectric and the electrolyte was described using a
linearized Poisson-Boltzmann model.”® The authors concluded that the
mechanism of C-C coupling over Cu(100) depends on the applied potential, as
shown in Figure 3.20.°° At low overpotentials, C-C coupling occuring via CO
dimerization is favored, in agreement with the conclusions drawn from ex-
perimental studies.®>°° However, as the applied overpotential increases, the
surface dipole of adsorbed CO increases, due to the enhanced electron back
donation from the Cu surface into the 2n* orbitals of the adsorbed CO. As a
result, this pathway becomes increasingly unfavorable as the applied over-
potential increases due to elevated dipole-dipole repulsion between neigh-
boring CO molecules. Instead, C-C coupling between *CHO and *CO becomes
more favorable. As discussed previously, *CHO is also envisioned to be an
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Reproduced from ref. 90 with permission from American Chemical
Society, Copyright 2016.

intermediate in the mechanism of CH, evolution. Thus, the theoretical study
concluded that there are two mechanisms of C-C coupling: a low overpotential
mechanism that bypasses the direct reduction of CO and a higher over-
potential mechanism in which an intermediate that is shared with the
mechanism of CH, evolution undergoes C-C coupling. Thus, the conclusions
drawn are in agreement with the experimental observations.

The electric field across the electrochemical double layer significantly in-
fluences the stability of many potential CO, reduction intermediates, as shown
in Figure 3.21.°"°> However, the stability of the critical intermediates involved
in C-C coupling (*CO-CO and *CO-CHO) are significantly more sensitive to
the magnitude of the double layer field than other potential intermediates of
CO, reduction due to their large dipole moments. The surface charge density of
the cathode determines the strength of the double layer field. Furthermore, the
difference between the applied potential on a SHE scale and the potential of
zero charge of the cathode determines the surface charge. As a result, the
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Figure 3.21 Adsorption energies of potential CO, reduction intermediates to Cu(111)
as a function of the magnitude of a uniform electric field oriented
perpendicular to the surface. Solid lines denote adsorbates that experi-
ence significant field stabilization due to their high dipole moment.
Reproduced from ref. 92 with permission from American Chemical
Society, Copyright 2017.

applied potential on the pH-independent SHE scale determines the stability of
the critical intermediates involved in C-C coupling.” This is why the partial
current densities of C,H, and the other multi-carbon products remain con-
stant on a SHE scale, as previously discussed.

The coverage of adsorbed CO should increase systematically with the ap-
plied potential on the pH-independent SHE scale since it is also field sta-
bilized. To illustrate this, Figure 3.22 shows a plot of the integrated CO band
intensities observed during CO reduction over polycrystalline Cu as a func-
tion of the applied potential in electrolytes of varying pH.** Interestingly, the
normalized CO band intensity is independent of the electrolyte pH at a given
potential on the pH-independent SHE scale. This means that the CO ad-
sorption energy increases with the applied potential on the pH-independent
SHE scale, or alternatively, the CO adsorption energy increases at a fixed
potential on the pH-dependent RHE scale as the electrolyte pH increases.

3.2.13 Aldehydes as Intermediates to Primary Alcohols

A notable feature of the product distribution observed over polycrystalline Cu is
that the relative abundance of a given liquid-phase product increases with its
extent of reduction. This observation suggests that less reduced liquid-phase
products (carbonyl containing species) serve as intermediates to more reduced
liquid-phase products (alcohols) and that these intermediate liquid-phase
products are relatively easy to reduce. In support of this hypothesis, several
studies have demonstrated that acetaldehyde (MeCHO) can be reduced to
EtOH over Cu.”***% Additionally, propionaldehyde (EtCHO) can be reduced to
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Figure 3.22 (A) Integrated CO band intensities observed during CO reduction over
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the anodic sweep. (B) Normalized integrated CO band intensities
observed during the cathodic sweep as a function of the applied
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Reproduced from ref. 63 with permission from American Chemical
Society, Copyright 2016.

n-propanol (n-PrOH) over Cu.’® In another study, the electrochemical reduction
of glyoxal and glycolaldehyde were investigated.” Glyoxal is a notable species
because it is the simplest multi-carbon product of CO and CO, reduction over
Cu.”" The reduction of glyoxal over Cu produced MeCHO at low overpotentials
and EtOH at higher overpotentials, as shown in Figure 3.23. Glycolaldehyde
reduction yielded identical results, suggesting that it is an intermediate in the
reduction of glyoxal to MeCHO and ultimately EtOH over Cu. The inability
to observe the transiently produced glycolaldehyde during glyoxal reduction is
unsurprising since the analytical instruments utilized in the study could only
observe volatile reaction products and glycolaldehyde is only present in
aqueous solutions as a hydrated germinal diol with a low vapor pressure.
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Figure 3.23 Mass-ion currents associated with H,, acetaldehyde, and ethanol dur-
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While these studies confirm that primary aldehydes are potential inter-
mediates to the corresponding primary alcohols, they do not preclude the ex-
istence of other reaction mechanisms responsible for the generation of these
products. However, the existence of alternative mechanisms of primary alcohol
formation are unlikely based on the results of several other experimental
studies. The first study monitored the transient liquid-phase product gener-
ation rates during CO reduction over Cu by repeatedly sampling the catholyte of
a closed electrochemical cell.”” While the MeCHO concentration initially in-
creased more rapidly than EtOH, it quickly plateaued after the first few minutes
of electrolysis. This observation suggests that MeCHO is reversibly adsorbed to
Cu and can be reduced further to yield more reduced products. In the initial
moments of CO, reduction, transiently produced MeCHO preferentially de-
sorbs from the cathode surface since it is in equilibrium with an electrolyte that
is completely devoid of MeCHO. However, after the MeCHO concentration in
the electrolyte increases it remains adsorbed to the Cu surface and it is reduced
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to EtOH. In the second study, C'°0 reduction was conducted in the presence of
a H,'®0-based electrolyte and the isotopic composition of the resulting liquid-
phase products were measured using GC-MS.”° A substantial fraction of the
primary alcohols produced were found to contain oxygen derived from solvent
water. The incorporation of oxygen derived from solvent water into the primary
alcohols produced during CO reduction occurs by isotopic scrambling of al-
dehyde intermediates with solvent water via reversible hydration.”” In support
of this hypothesis, a theoretical study concluded that the reversible hydration of
MeCHO (CH;CH'°0 + H,"®0 <> CH;CH"®0 + H,"'°0) occurs rapidly at ambient
conditions since it is catalyzed by OH ™, which is present in abundance in the
vicinity of the cathode.’” In the final study, the relative abundance of the liquid-
phase products in the vicinity of the Cu surface were measured during CO,
reduction using a DEMS cell with a Cu-coated pervaporation membrane as the
cathode, as shown in Figure 3.24.>" The relative abundance of the multi-carbon
aldehydes was found to exceed that of the corresponding primary alcohols near
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Figure 3.24 Relative abundance of the liquid-phase products in the vicinity of the
polycrystalline Cu cathode during CO, reduction in 0.1 M CsHCO;
(pH = 6.8). The solid lines represent the relative abundance observed in
the bulk electrolyte when conducting CO, reduction over polycrystalline
Cu at —1 V vs. RHE.
Reproduced from ref. 21 with permission from American Chemical
Society, Copyright 2018.
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Reproduced from ref. 98 with permission from American Chemical
Society, Copyright 2018.

the cathode surface, contrary to what is typically observed in the bulk electro-
lyte. These observations support the notion that carbonyl-containing species
are abundantly produced during CO, reduction over Cu but are typically re-
duced further to yield the corresponding primary alcohols.

A theoretical investigation of the reaction pathways responsible for the for-
mation of the C, products of CO, reduction over Cu concluded that there are
two dominate reaction pathways by which *CO-CHO can be reduced to
hydrocarbons and alcohols, as shown in Figure 3.25.°% In the first pathway,
*CO-CHO is reduced to *CO-CHOH, which undergoes tautomerization to form
CO-CH,0 before being reduced further to C,H,O and ultimately C,H,. In
support of this mechanism, the reduction of C,H,O over Cu yields C,H,.>® In
the second pathway, *CO-CHO is reduced to glyoxal. Glyoxal can then undergo
a series of reduction steps to yield glycolaldehyde, MeCHO, and ultimately
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EtOH. Furthermore, the reduction steps beyond *CO-CHO formation were
found to be more exergonic than the reduction of CO. Thus, the proposed
mechanism is in complete agreement with the experimental observations.

3.2.14 Aldehydes as Intermediates to the Conjugate Bases of
Carboxylic Acids

The formation of acetate anions during CO and CO, reduction is difficult to
explain since few experimental or theoretical studies have investigated the
pathways leading to the formation of this product. The formation of acetate
anions during CO reduction is particularly interesting since it necessitates
the formation of C-O bonds under reducing conditions. Interestingly, the
rate of acetate formation scales with that of MeCHO, suggesting that the
formation of these products are related.”® Furthermore, the electrochemical
reduction of primary aldehydes yield the conjugate bases of the corres-
ponding carboxylic acids in addition to the corresponding primary alcohols,
as shown in Figure 3.26.°° A “Cannizzaro-like” disproportionation of the
reacting aldehydes within the relatively alkaline environment present near
the cathode surface has been hypothesized to be responsible for the for-
mation of these conjugate bases (eqn (3.20)).

2(R-CHO) + OH~ —R-CH,OH 4 R-COO (3.20)

In fact, the formate concentration observed during formaldehyde reduction
increased as the buffer capacity of the near-neutral electrolyte decreased,
validating the role of the alkaline environment near the cathode in the
mechanism of formate formation.”” It is notable, however, that a higher

04" 04" £
o M A i
5 -24 -2 i
< .
£ 31 : A 3] B ] ] . ]
- 44 + Formaldehyde | * Acetaldehyde ‘Propionaldehyde
+  reduction -4 4 . reduction 4 44 ! reduction  J
544 ——+ + + 07 fi—t + t } 1 + + + }
= 0.144 +—— Formic acid ] DIE ] : ——apceticacid | 0.3 =— Propionic acid S’
E 0.12] i . y ~s— Ethanol 0.24 —s— 1-Propanal 3
= 0.10] : 0.54 > : ] g
£ o0.08] : 0.4 : il : z
£ 0.06 0.3 1 001 * bl
& 0.04] 0.2+ 4 A : {0.10 8
g 0.024 0.1 ] ] ! 40.05 3
o 0.004 0.0+ E > 4000 =
<20 15 1.0 05 0.0 20 15 1.0 -0.5 0.0 20 15 1.0 05 0.0
E/N vs RHE E/V vs RHE E/V vs RHE

Figure 3.26 Liquid products detected during the electrochemical reduction of
(A) formaldehyde, (B) acetaldehyde, and (C) propionaldehyde over
boron-doped diamond in 0.001 M HCIO, + 0.099 M NaClO, (pH = 3).
Reproduced from ref. 99 with permission from American Chemical
Society, Copyright 2017.
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concentration of the conjugate bases of the carboxylic acids than the cor-
responding primary alcohols was observed in this study, which is in-
consistent with a disproportionation mechanism in which the abundance of
the two species are equivalent. Furthermore, acetate is the only multi-carbon
conjugate base of a carboxylic acid observed during CO or CO, reduction
despite the fact that both MeCHO and EtCHO are produced in relative
abundance.”’ Conversely, quantum mechanical calculations have concluded
that acetate anion formation occurs via the nucleophilic addition of hy-
droxide to a surface bound ketene intermediate.'® The role of hydroxide
addition in the mechanism of acetate formation is supported by isotope
studies that have revealed that one of the oxygen atoms in acetate is derived
from solvent water.”>'°" However, further experimentation and theoretical
study is required to validate this mechanism.

3.2.15 Modifying the Selectivity of Copper

Since the Cu(100) surface has been found to exhibit superior activity and
multi-carbon product selectivity relative to other non-stepped surfaces, sig-
nificant efforts have been undertaken to enhance the (100) faceting of Cu
electrocatalysts. The simplest way to enhance the fraction of Cu(100) facets is
through oxidative and reductive potential cycling in the presence of halides,
as shown in Figure 3.27.77'97'%* Cu electrocatalysts prepared in this way
exhibit enhanced activity due largely to the increase in surface roughness.
Such roughened surfaces exhibit a significantly enhanced FE for C,H, due to
the increased fraction of (100) basal planes at the electrode surface. Through
the use of in situ Raman spectroscopy it has been revealed that oxidizing Cu
in the presence of halides forms a Cu-halide species that rapidly decomposes
to form cubic cuprous oxide (Cu,0).'** This cubic Cu,O precursor forms
(100) faceted Cu upon electrochemical reduction. With the recognition of
Cu,O as the precursor to (100) faceted Cu, several different methods of
preparing Cu,O by electrodeposition have been developed.'®>™**® These
Cu,0O-derived Cu electrocatalysts all exhibit an enhanced FE for C,H, relative
to planar polycrystalline Cu foil.**>~1°®

The recognition that rough Cu surfaces containing an abundance of (100)
facets, in addition to numerous surface defects, are both more active and
selective for producing multi-carbon products has stimulated a large effort
aimed at producing highly roughened Cu surfaces. One approach to this goal
has been to prepare metallic Cu from heavily oxidized precursors. The oxi-
dation of Cu has been achieved through many different means, including
thermal,'*>''® hydrothermal,"'" and plasma oxidation."*>"** Such oxide
derived Cu (OD-Cu) electrocatalysts exhibit a higher superficial activity and
FEs for multi-carbon product evolution compared to planar Cu. It is noted,
however, that activity comparisons between Cu electrocatalysts with sig-
nificantly different degrees of surface roughness must be conducted cau-
tiously, since mass transfer effects occur at lower cathodic overpotentials as
the surface roughness increases. In fact, the earlier onset of significant
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concentration polarization over OD-Cu may be partially responsible for the
enhanced FE for producing multi-carbon products, since an elevated pH
enhances multi-carbon product evolution for the reasons previously dis-
cussed in relation to Figures 3.16 and 3.17.

The enhanced selectivity to multi-carbon products observed over OD-Cu has
been hypothesized to be the result of unique surface sites that strongly adsorb
CO."™ These strong binding sites are hypothesized to be defective grain
boundaries based on the observation that the activity of OD-Cu scales with the
surface grain boundary density, as shown in Figure 3.28A."">"'° Recent theo-
retical work done on a rough Cu surface created by Monte Carlo simulation has
concluded that the formation of multi-carbon products correlates with the
stability of *CO-COH, an intermediate hypothesized to be involved in the
formation of ethene and ethanol. The binding energy of *CO-COH is found to
be highest over (100)-like sites located next to a (111)-like step and twin
boundaries.""”"'® Based on this analysis, it was proposed that the selectivity to
multi-carbon products should correlate with the grain boundary density.

It has also been proposed that strong CO binding sites arise due to the
presence of metastable subsurface oxygen. This hypothesis is largely based on
the observation of oxygen on Cu during CO, reduction that was detected using
quasi in situ ambient pressure X-ray photoelectron spectroscopy (APXPS).""
However, isotope and operando XRD studies indicate that the oxygen in the
oxidized Cu precursors is completely and immediately eliminated upon
cathodic polarization to potentials required to drive CO, reduction, as shown
in Figure 3.28B."*>"' In agreement with these experimental observations,
theoretical studies have concluded that subsurface oxygen will rapidly diffuse
to the electrode surface and be eliminated, as shown in Figure 3.28C."**'*
Thus, it seems unlikely that subsurface oxygen plays any role in the enhanced
C,H, selectivity observed over OD-Cu electrocatalysts.

It has recently been demonstrated that CO reduction in the presence of
amines yields products containing C-N bonds.'” For example, the co-
electrolysis of CO and NH; yields acetamide with a FE of ~40%. Quantum
mechanical calculations concluded that C-N bond formation occurs via the
nucleophilic addition of the corresponding amine to a surface bound ketene
intermediate, which is in direct competition with the acetate formation mech-
anism previously mentioned. However, the calculations suggest that the nu-
cleophilic addition of the amine is thermodynamically favored over the addition
of hydroxide. Further studies may yet identify other nucleophiles capable of
reacting with the multi-carbon intermediates of CO and CO, reduction.

3.3 Electrolyte

3.3.1 Concentration Polarization

The evolution of hydroxide anions from the cathode during CO, reduction
significantly alters the alkalinity of the local reaction environment since the
reaction is typically conducted in electrolytes with near-neutral pH."**"**
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Furthermore, the rate of CO or CO, consumption at the cathode surface can
easily outpace the rate of mass transfer through the hydrodynamic boundary
layer due to both the low solubility of these species and their low diffusion
coefficients in aqueous solutions.'>® The formation of reactant and product
concentration gradients is known as concentration polarization. Concen-
tration polarization is problematic for electrochemical cells because it
introduces energetic inefficiencies in the form of Nernstian potential losses.
Nernstian potential losses arise due to the dependence of the equilibrium
potential of an electrochemical reaction on the concentration of reactants
and products in the immediate vicinity of the electrocatalyst. However,
Nernstian potential losses also introduce uncertainty into electrocatalytic
activity measurements.”” The magnitude of the polarization losses depend
primarily on the geometric current density, which determines the flux of
reactants and products to and from the cathode surface, respectively.">**°
The magnitude of the polarization loss has typically been determined using
continuum modeling due to the lack of experimental methods to accurately
quantify the composition of the local reaction environment.'>*'*° The cal-
culated polarization losses in bicarbonate-based electrolytes increase rapidly
with current density due to the inability of the buffering species to dissociate
until the pH of the electrolyte in the vicinity of the cathode rises from the
bulk value (pH=6.8) to the acid-dissociation constant of HCO;"
(pKa=10.3). However, the magnitude of the polarization loss continues to
increase with current density, albeit at a slower rate, after the near-surface
pH reaches the acid-dissociation constant of HCO; ™ due to insufficient mass
transfer of HCO;~ through the hydrodynamic boundary layer. The magni-
tude of the polarization loss associated with the local pH gradients has re-
cently been determined experimentally by measuring the concentrations of
HCO;~ and CO;>™ near the cathode surface using IR spectroscopy.'”” This
method of determining the local pH is accurate since HCO;~ and CO;>~ are
rapidly equilibrated, as previously mentioned. The magnitude of the polar-
ization loss associated with the local pH gradients determined using this
approach agree with those calculated using continuum modeling, as shown
in Figure 3.29B.

The composition of the local reaction environment during CO, reduction
over polycrystalline Cu has been determined using continuum modeling."*>
The onset of significant CO, depletion occurs at roughly —1 V vs. RHE, as
shown in Figure 3.30. Interestingly, the rate of multi-carbon product evo-
lution also plateaus and begins to decline at this potential.”' These obser-
vations suggest that the decreasing rate of multi-carbon product evolution
observed at —1 Vvs. RHE is the result of CO, depletion and is not intrinsic to
polycrystalline Cu. This makes sense given that the steady state coverage of
adsorbed CO will decrease as the local CO, concentration decreases. The
reduced coverage of adsorbed CO inhibits the rate of C-C coupling and re-
sults in excessive H, evolution. However, it is important to realize that the
magnitude of these concentration gradients is primarily dependent on the
geometric current density. As a result, nanostructured electrocatalysts with
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high surface roughness are more susceptible to these effects than planar
electrocatalysts.”> This complicates accurate comparison of the intrinsic
activities of electrocatalysts with vastly different roughness factors.

3.3.2 Impact of Electrochemical Cell Hydrodynamics

The magnitude of the concentration gradients that form in the vicinity of the
cathode also depends on the hydrodynamics of the electrochemical cell, as
shown in Figure 3.31."”*> As the mixing of the electrolyte in the cell is en-
hanced, the magnitude of the concentration gradients formed upon polar-
ization is reduced. This is because the diffusional flux to and from the
cathode surface depends inversely on the hydrodynamic boundary layer
thickness. The hydrodynamic boundary layer thickness of an electro-
chemical cell can be quantified by measuring the diffusion-limited current
density of an electrochemically reversible reaction.*” An electrochemical
reaction is reversible if electron transfer to the reacting species is facile such
that the observed rate of the reaction is only limited by the mass transfer of
the reacting species to the electrode surface. An example of an electro-
chemically reversible reaction is ferricyanide reduction (eqn (3.21))

Fe(CN)g®~ +e =Fe(CN)s*~ (3.21)

Ferricyanide reduction occurs at a potential where no other Faradaic pro-
cesses occur over Au, as shown in Figure 3.33. As a result, the Faradaic
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Figure 3.31 Dependence of the calculated polarization losses at a current density of
10 mAcm 2 on the hydrodynamic boundary layer thickness in 1 M
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Reproduced from ref. 19 with permission from the PCCP Owner
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current observed upon cathodic polarization can be attributed entirely to
ferricyanide reduction. The diffusion-limited current density of ferricyanide
reduction increases as the flow rate of CO, through the electrochemical cell
increases due to the enhanced mixing of the electrolyte by the column of CO,
bubbles, as shown in Figure 3.32B. As shown in Figure 3.32C, the average
hydrodynamic boundary layer thickness at the cathode surface can be cal-
culated using Fick’s law (eqn (3.22))

onpy X CFe(CN)é*

Jss

where F is Faraday’s constant, Drccnjes— 1S the diffusion coefficient of fer-
ricyanide, Cre(cnyes— iS the bulk concentration of ferricyanide, and Jgs is the
steady state current density of ferricyanide reduction.

The hydrodynamic boundary layer thickness at the cathode surface has a
significant influence on the activity observed during CO, reduction, as il-
lustrated over polycrystalline Ag in Figure 3.33. The activity and selectivity
observed over polycrystalline Ag does not vary substantially with the
hydrodynamic boundary layer thickness at anodic potentials of —1 V vs.
RHE, suggesting that concentration polarization has not occurred in this
potential regime. However, substantial variations are observed at more
cathodic potentials, suggesting that the onset of concentration polarization
occurs at roughly —1 V vs. RHE under these experimental conditions. As the
hydrodynamic boundary layer thickness decreases, less H, and more CO are
produced at a given potential, resulting in a CO FE swing of roughly 60% at
—1.4 V vs. RHE. Furthermore, the maximum attainable CO partial current
density scales inversely with the measured hydrodynamic boundary layer
thickness, as expected for a diffusion-limited reaction.

F x DFe(

OpL = (3.22)

3.3.3 Impact of Buffer Concentration and Acidity

The magnitude of the pH and CO, gradients that form in the vicinity of the
cathode also depend on the buffer capacity of the electrolyte.'>>'**'?8 The
buffer capacity of the electrolyte depends on both the concentration and
acidity of the buffering species. Most studies of CO, reduction utilize HCO;~
as the buffering species since it yields the highest CO,-derived product se-
lectivity.”>'*® However, the relatively low acidity of the HCO;  anion
(pKa=10.3) enables the near-surface pH to rapidly rise with the current
density until the near-surface pH becomes alkaline enough for HCO;™ dis-
sociation to occur. Nevertheless, the near-surface pH can rise above the acid
dissociation constant of HCO; ™~ once the rate of hydroxide anion evolution
from the cathode surface outpaces the rate of HCO;  mass transfer through
the hydrodynamic boundary layer. However, this can be mitigated by in-
creasing the concentration of the buffering species.

Many studies have sought to elucidate the influence of HCO;™~ concentration
on the activity and selectivity of polycrystalline Cu."**"* "% The general
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conclusion is that the FEs for H, and CH, increase at the expense of the multi-
carbon products as the HCO;  concentration increases, as shown in
Figure 3.34.">>"® Continuum modeling has concluded that the near-surface
PpH decreases as the HCO; ™ concentration increases at a given current density,
since the magnitude of the concentration gradients formed during CO, re-
duction decrease with the buffer capacity of the electrolyte.'**'**13° Thig
variation in the local pH partially explains the activity trends observed in
electrolytes of varying buffer concentration. However, the intrinsic activity for
H, and CH, evolution increase with the HCO,  concentration,'*>**° even
when the applied potentials are corrected to account for the Nernstian po-
tential shifts arising from these local pH gradients."*° Conversely, the activity
for producing C,H, and the other multi-carbon products does not vary with the
HCO;™ concentration when the activity data is plotted on the pH-independent
SHE scale, as is appropriate for these products. These observations suggest
that HCO; ™ has a direct influence on the intrinsic activity of H, and CH,
evolution beyond the indirect influence of modulating the local pH. Since the
RDS in the mechanism of H, and CH, evolution is an electrochemical
hydrogenation step, it has been hypothesized that HCO;™ can serve as the
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H source at the cathode.*® The reason that HCO;  anions are an effective H
source is that the pKa of HCO; ™ is 3.7 pKa units lower than water (10.3 vs. 14),
which means that despite the lower concentration of HCO; ™ relative to water
(0.1 vs. 55 M), HCO;~ is a more effective H donor.

The ability of the buffering species to supply H to the cathode increases
with its acidity. Increasing the acidity of the buffering species selectively
enhances the rates of H, and CH, evolution since an electrochemical hy-
drogenation step is the RDS in the formation mechanism of these products.
This can be illustrated by comparing activity data measured in non-buffering
electrolytes, such as perchlorate and sulfate, with that measured in buffering
electrolytes utilizing phosphate (pKa=7.21), borate (pKa=8.98), and bi-
carbonate (pKa=10.3) as the buffering species. The H, and CH, evolution
activity observed over Cu increases with the acidity of the buffering species
when the data are plotted on the pH-dependent RHE scale, as shown in
Figure 3.35. Conversely, the multi-carbon product evolution activity of Cu is
not influenced by the acidity of the buffering species, as evidenced by the
independence of their partial current densities with buffer acidity when the
activity data is plotted on the pH-independent SHE scale.

3.3.4 Impact of Cation Size

The activity and product selectivity observed over Cu is influenced significantly
by the identity of the electrolyte cation. As the size of the alkali cation increases
the FEs for the multi-carbon products increase at the expense of H, and CH,, as
shown in Figure 3.36A."%'"*° Notably, the rates of H, and CH, evolution are
independent of cation identity, whereas the rates of multi-carbon product
formation increase by nearly an order of magnitude at a given applied potential
upon switching from Li* to Cs* as the electrolyte cation, as shown in
Figure 3.36B. Interestingly, the activity observed over Cu in electrolytes con-
taining multiple alkali metal cations is not a linear combination of the activ-
ities observed in electrolytes containing the individual cations.'** Instead, the
activity more closely resembles that observed in an electrolyte containing only
the larger alkali cation, as shown in Figure 3.36C. In fact, 80% of the activity
observed in an electrolyte that contains only the larger alkali cation is obtained
when using an electrolyte that contains only 10% of the larger alkali cation.™**
This observation suggests that larger alkali cations occupy the space within the
Helmbholtz layer more competitively than the smaller alkali metal cations. This
has been hypothesized to be the result of the relatively low hydration energy of
large alkali cations, which enables them to more easily become partially des-
olvated and approach the cathode surface.'**

Recent theoretical analysis has concluded that the magnitude of the
double layer field is substantially elevated in the vicinity of cations present in
the Helmholtz layer, as shown in Figure 3.37."°° The magnitude of these
local electric fields is dependent on the surface charge density of the cath-
ode, which is determined by the difference between the applied potential on
a SHE scale and the potential of zero charge of the electrocatalyst and the
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Reproduced from ref. 92 with permission from American Chemical
Society, Copyright 2017.

concentration of cations in the Helmholtz region, as shown in Figure 3.38A.
Hydrated cations can pack more densely into the Helmholtz region as their
size decreases. The ionic radius and the number of water molecules present
in its hydration shell determine the size of a hydrated cation. The number of
water molecules in the hydration shell of a cation is determined by its hy-
dration energy, which scales inversely with the cation radius due to Cou-
lomb’s law. Thus, smaller alkali cations have significantly more water
molecules in their hydration shell than larger alkali cations, and con-
sequently, the size of a hydrated alkali cation decreases as its cationic size
increases.””” This means that the local electric fields in the vicinity of
hydrated Cs™ present in the Helmholtz layer are stronger than that for hy-
drated Li". In agreement with this interpretation, the double layer
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capacitance measured over Au single crystal electrodes increases system-
atically as the hydration energy of the alkali metal cation decreases, as
shown in Figure 3.38B."*® This occurs due to the enhanced double layer
capacitance afforded by the increased cation density in the Helmholtz layer.
The impact of these effects on the stability of *CO-CO, an intermediate in
the formation of C, products, is nicely illustrated in a recent theoretical
study that combines size-modified Poisson-Boltzmann theory with ab initio
simulations of the field effects."*® Figure 3.38C shows that this model pro-
vides good quantitative agreement with the experimental activity trends for
multi-carbon product evolution over Cu.

3.4 Conclusions

The electrochemical reduction of CO, enables a myriad of carbon-neutral
chemicals and fuels to be synthesized using renewable electricity. However,
commercial implementation of the technology will require superior electro-
catalysts to be developed. This can only be accomplished by first understanding
the fundamental reaction mechanisms responsible for the evolution of the
desired products. Establishing such an understanding is challenging due to
the sensitivity of the reaction to concentration polarization, which complicates
the characterization of the intrinsic activity of electrocatalysts by modifying the
composition of the local reaction environment. However, significant insight
into the mechanisms of CO, reduction have been established despite these
challenges. CO has been identified as a critical intermediate in the formation of
hydrocarbons and alcohols. The methanation of CO is enhanced whenever
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elementary hydrogenation steps are promoted, which can be accomplished by
applying more cathodic potentials on a RHE scale or by increasing the local
concentration and acidity of willing H donors. Conversely, the formation of
multi-carbon products is enhanced by stabilizing dipolar C-C coupled inter-
mediates by increasing the local electric field strength. The local electric field
strength depends on the surface charge density of the electrocatalyst, which can
be increased by applying more cathodic potentials on a SHE scale or by utilizing
electrolyte cations that more densely populate the Helmholtz region. While a
large variety of multi-carbon products are produced by the reaction, experi-
mental and theoretical studies suggest that the hydrocarbon and liquid-phase
product pathways quickly diverge after C-C bond formation and that carbonyl-
containing species are intermediates to the corresponding primary alcohols.
Future improvements in CO, reduction electrocatalysis will require the iden-
tification of CO reduction electrocatalysts beyond Cu and the elucidation of
C-C coupling mechanisms resulting in the formation of C; products.
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CHAPTER 4

Nanostructures for CO,
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4.1 Introduction

Consumption of fossil resources is increasing the atmospheric concen-
tration of CO,, which causes drastic climate change and ocean acidifi-
cation.”” This threat calls for political and technological attention to
close the carbon cycle using carbon capture, storage, and transforming
technologies. Therefore, many integrated technologies have been de-
signed and generated, focusing on the CO, threat. Among possible
strategies, the electrochemical CO, reduction reaction (eCO,RR) arises as
a promising alternative to convert waste CO, (ideally from the direct CO,
emission source) into useful value-added products. For this conversion,
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Figure 4.1 The faradaic product distribution on polycrystalline Cu measured with a
constant current of —5 mA cm™ > versus the reversible hydrogen electrode
potential (U/V vs. RHE).

Adapted from ref. 4 with permission from Elsevier, Copyright 2016, and
from ref. 5 with permission from the Royal Society of Chemistry.

water and renewable electricity are the major co-feedstocks. In com-
parison to other methods for CO, reuse, eCO,RR possesses the advantage
of occurring under ambient, mild conditions. However, such electro-
chemical conversion is not yet industrially viable owing to i) a high
overpotential requirement (over 1.0 V); ii) low selectivity to desired valu-
able products against the competition of H, evolution reaction (HER),
and iii) limited working current densities (overall reaction activity). To
overcome these technical boundaries, selectively and efficiently con-
verting CO, into desired products on a large scale, the catalyst material is
one of the most essential building blocks.

The most significant example is the eCO,RR occurring over a poly-
crystalline Cu surface, which yields a complicated product distribution
varying with applied potential (see Figure 4.1). At low overpotentials, the
unwanted HER (H, product) is activated, while at higher overpotentials,
multiple different carbon products occur from the reduction. It should
be noted that the carbon product onsets are far from the thermodynamic
potentials shown by the vertical lines. Hence, the experimental result on
Cu illustrates the selectivity challenge with CO, reduction, which is different
from the better understood Hydrogen Evolution/Reduction Reactions
(HER/HOR) and Oxygen Evolution/Reduction Reactions (OER/ORR).

The amount of recent literature on CO,RR is overwhelming. However, it
can be elucidated by a literature search in the Web of Science (WOS) for CO,
and the related CO reduction reaction.
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Web Of Science (WOS) search Monday 21st January 2019: TI=
(electrochemical CO, reduction OR CO, electroreduction OR Electro-
chemical Reduction CO OR CO electroreduction OR electroreduction carbon
monoxide OR CO, reduction overpotential OR CO,, electrocatalytic OR CO,
reduction electrodes OR CO, reduction catalyst OR CO reduction catalyst OR
CO reduction overpotential OR electroreduction carbon dioxide OR CO Re-
duction copper OR electrochemical carbon dioxide reduction OR electro-
chemical carbon monoxide reduction OR electrocatalytic carbon monoxide
reduction OR electrocatalytic carbon dioxide reduction OR electrocatalytic
CO reduction OR electrocatalytic CO, reduction) NOT TI = oxygen.

The WOS search is shown in Figure 4.2, revealing the number of research
papers published on the topic each year since 1990. Since 1990, the field has
evolved with ~50 publications each year, while after 2011 the field has seen an
almost exponential growth. We identify the top 7 most cited papers and this
analysis should, in principle, lead us to the landmark papers in the field. The
works done by Benson et al.,’ Qiao et al.,” and Gattrell et al.® are review papers,
and Hori’s work® is a book chapter compiling his previous studies. Kuhl et al.’
provided a better measurement of polycrystalline Cu than Hori,> and Li et al."°
completed work concerning oxidized copper (Cu-OD), which could be an effect
of having a high surface area catalyst. Finally, Peterson et al."* wrote a simu-
lation paper on the Cu(211) facet. These are all critical, high-quality papers.
However, it illustrates a problem in the scientific currency of “citations”, where
reviews or reproductions of results get more citations than the original work.
The real pioneering studies in the field are the experimental work by Hori,”
which dates back to 1989. These studies will be the primary source of experi-
mental references for the classification of metal CO, electrocatalysts in this

700
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400
3001
200

Publications [#]

100

0
1990 1995 2000 2005 2010 2015
Time [Year]

Figure 4.2 Number of publications in electrochemical CO, and CO reduction research
published per year. The top-cited papers are Benson et al,® Qiao et al.,’
Kuhl et al.,’ Peterson et al.,** Li et al.,'® Gattrell et al.,® and Hori et al.® This
Web of Science search was carried out on the 10th Jan 2020.
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chapter. We strongly encourage the readers to cite the original work and not
only the reviews, including this book chapter.

4.2 Theoretical Insights in Electrochemical CO,
Reduction

In this section, the latest advances within theoretical studies and simu-
lations for electrochemical CO, conversion toward different products are
discussed. The focus is on how to use state-of-the-art methods to develop
schemes and understanding of the electrochemical CO, reduction reaction
(eCO,RR). Specifically, this section emphasizes building robust frameworks
from simulated density functional theory binding energies and using these
as descriptors. The descriptors are then compared with experimental trend
studies, and new materials can be predicted.

Before discussing the simulating techniques, simple concepts of catalysis
will be outlined and set in context for the eCO,RR. A concept to explain how
the catalyst reactivity affects the performance of a catalyst is given qualita-
tively by the Sabatier principle:*

Sabatier principle: A catalyst’s reactivity should be just right, not too
weak so that reactants cannot adsorb and not too strong so that products
cannot desorb from the catalyst

The volcano plot can illustrate the Sabatier principle in action by the HER and
OER volcano in Figure 4.3. Furthermore, the figure shows how to think of dif-
ferent reaction complexities and how to find the related energies and descriptors
to create volcano plots. When a two-electron reaction exists, as with HER/HOR,
the reaction will have only one intermediate on the surface (eqn (4.1)).

2H " +e)H" +e )+H*—H, (4.1)

The binding strength of the H* is a good candidate for a simple descriptor,
since it is the only intermediate during the overall reaction.">'* For in-
creased reaction complexity, the four electron ORR/OER reaction multiple
intermediates come into play (eqn (4.2)).

2 (Hy0)«»(H" +e ) +H,0+O0H* 2 (H" +e )+ H,0+0*<3 (H" +e7)
+OO0OH*—4 (H' +e7)+0, (4.2)

In this case OH*, O*, and OOH* intermediates require more insights to
create the volcano plot. Here the linear scaling relationship helps create a
simple describing model.'> For OER and ORR, specifically, the OOH* and
OH* intermediates both bind at the same surface site and the two energies
scale with the oxygen."”™"” This scaling allows construction of the volcano.
For eCO,RR many more electrons may be transferred from the observed
products in Figure 4.1 (C,H, requires 12 protons and electrons). This results
in a huge number of possible intermediates and reaction pathways, which
makes the construction of a valid volcano challenging. Furthermore, the
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interface complexity involves the bulk/local pH and anion/cation effects.
These effects are not included in the volcano analysis but are much more
difficult to address from a simulation perspective.

In general, a volcano relates a catalytic parameter (rate or overpotential) to
a descriptor. The turnover frequency is used in heterogeneous catalysis and
overpotential is used in electrochemistry. The overpotential is determined as
the additional potential required to drive a reaction relative to the thermo-
dynamic equilibrium potential. The descriptor can be a simulated par-
ameter, such as the d-band center of transition metals®® and/or the binding
energy of adsorbates to the metal surfaces."® However, the descriptor could
also be an experimental measurement, such as CO* binding energies ob-
tained from Temperature Programmed Desorption (TPD) experiments>' or
OH* binding energies obtained from Cyclic Voltammetry (CV).>*

For simple reactions, as with HER, volcanoes rely on the linear concept of
optimizing descriptors to maximize performance for a reaction parameter.
This method only allows for the optimization of one product. For many
electrochemistry challenges, this means minimizing the reaction over-
potential. For reactions that have selectivity issues, the tuning of selectivity
towards a specific product is preferable and may be more desirable than
optimizing the overpotential. For such problems, the descriptor does not need
to be a one-dimensional property, and furthermore, the set of descriptors does
not need to be linear with the product distribution or overpotential. For these
types of problems, a selectivity principle can be loosely defined:

Selectivity is a multidimensional challenge, for which several parameters
need to be considered.

This is the case for eCO,RR and the corresponding electrochemical CO
reduction reaction, which are addressed in this chapter.

4.2.1 Reaction Complexity

The reaction complexity of eCO,RR is different from many other reactions.
As shown in Figure 4.1, there is a significant complexity with the reaction
selectivity. This selectivity varies on different materials. In Figure 4.4a a
periodic table is shown with Hori’s experimental results on a series of metal
catalysts. The periodic table shows that four types of metal catalysts exist:
metals that produce primarily i) H,, ii) HCOOH (formic acid), iii) CO, and iv)
products beyond CO* (a series of alcohols and hydrocarbons produced on
Cu). The first three products are only with two proton-electron transfers

(eqn (4.3)-(4.5)).
2(H"+e)eH, (4.3)
2 (H" +e7)+CO,<CO+H,0 (4.4)
2 (H" +e7) + CO, <> HCOOH + H,0 (4.5)
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(a) Display of experimentally tested metal catalysts from the periodic
table and their major product indicated by color. (b) The logarithmic
ratio of C,H,/CH, current densities versus the crystal orientation from
several tested Cu single-crystal metal facets. The figures show how Cu,
and certain facets of Cu, produce highly valuable products.
Reproduced from ref. 23 with permission from John Wiley and Sons,
Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, and
from ref. 24 with permission from Elsevier, Copyright 2003.
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However, for the products beyond CO* the reaction complexity increases
significantly, with many more proton-electron transfers. Ethylene (C,H,)
and methane (CH,) are two of the major products, beyond CO*, observed
from the Cu catalyst. Figure 4.4b shows the experimental measurement of
the logarithmic ratio of C,H,/CH, partial current densities versus the crystal
orientation of a series of Cu single-crystals. As seen, the product ratio of
these hydrocarbons highly depends on the exact Cu facets. Mainly, facets
which have Cu(100) basal planes are good at producing C,H,, whereas facets
with Cu(111) planes produce more CH,.

Indeed, the observed selectivity changes with material and crystal orien-
tation cause additional complexity for someone trying to understand the
reaction. First, we will discuss some of the work on reaction paths and
intermediates. Then we will focus primarily on descriptors independent of
the reaction pathway.

4.2.2 Reaction Paths and Intermediates

There are many different reaction mechanisms proposed in the literature.
These reaction paths depend on how the modeling was carried out. For the
simple two-electron reactions, the proposed mechanistic reaction steps are
shown in eqn (4.6)—(4.8).

2 (H"+e ) H*H, (4.6)
2 (H" +e7) + CO, <> COOH* <> CO* <> CO + H,0 (4.7)
2 (H" +e7) + CO, <> HCOO* <> HCOOH + H,0 (4.8)

These reaction paths are relatively straightforward, whereas the reaction
toward hydrocarbons is more complicated. Peterson et al.'' have shown a
simulated reaction pathway toward CH, on Cu(211). This simulated reaction
path has the protonation of CO* to CHO* as the reaction-limiting step.
However, the protonation step of CO* towards either CHO* or COH* de-
pends on the exact simulation method and setup. In Table 4.1, five publi-
cations show how water, facets, or barriers of elementary steps all influence
and can change the mechanism from CHO* to COH* for Cu. We have in-
vestigated the (111), (100) and (110) facets, including Ab Initio Molecular
Dynamics (AIMD) of water at 300 K, showing that the choice of COH* or
CHO* intermediate depends on the specific stabilization by water.>® This

Table 4.1 Selected publications on the mechanism for CO, reduction arriving at
different CO* protonation steps.

Barrier of
Author Facet =~ Water  elementary steps  Mechanism
Andrew A. Peterson et al.'*  (211) No No CO*— CHO*
Xiaowa Nie et al.*! (111)  Yes Yes CO* - COH*
Chuan Shi et al.*? (211)  No Yes CO* - CHO*
Javed Hussain et al.*® (111)  Yes Yes CO* - COH*

Thomas Ludwig et al.* (211)  Yes No CO* — CHO*
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presents a reaction mechanistic problem when trying to investigate reaction
paths and intermediates for products beyond CO*. Additionally, the re-
duction toward C-C products, which is an experimental almost unique ob-
servation on facets including the Cu(100) basal plane, is complicated to
understand. The work by Federico Calle-Vallejo and Marc T. M. Koper*®
gives insight into the formation of C-C products on the Cu(100) facet. They
postulate that a charged OCCO* (dimer) intermediate is stable, and that this
is the origin of the early C-C coupling experimentally observed in the
study.?” A problem with researching the C-C coupling theoretically is that it
is almost impossible to develop trend scheme analysis when only one ex-
perimental point is available [the Cu(100) facet]. Still, several works give
different explanations of the C-C coupling on Cu(100).>*%°

4.2.3 CO,RR Descriptors

Reaction paths and intermediates are important, however, it is difficult to
learn something from them, when they are so method dependent, as shown
above. Hence, we leave the idea of finding reaction paths, and instead focus
primarily on descriptors, without knowing the reaction path.

The most straightforward approach is to not consider the eCO,RR descriptors
at all, and instead focus on the well-known competitive HER reaction. For HER
the H* binding energy is dominating and we may split the experimental data set
from the work of Hori et al.>* into faradaic efficiency for HER and CO,RR. In
Figure 4.5 the eCO,RR faradaic efficiency is then plotted against the H* binding
energy. This shows that two regimes exist concerning the H* binding energy,
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Figure 4.5 Faradaic efficiency of CO,RR versus HER as a function of H* binding
energies. (a) The plot includes the H* UPD metals (Pd, Ni, and Pt) that
primarily produce H, due to H* UPD (on the left side of the black
separation line), while (b) plots the studied non-H* UPD metals that are
selective for eCO,RR. The sigmoid function illustrates the importance of
using H* UPD as a distinction in the analysis of CO, descriptors.
Reproduced from ref. 23 with permission from John Wiley and Sons,
Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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which is directly related to our defined ‘selectivity principle’. In Figure 4.5a the
sigmoid fit to the data shows that the metals with H under potential deposited
(H* UPD) do not reduce CO,, particularly as HER dominates on these metals.
This indicates that to find new eCO,RR catalysts, they must not be so reactive as
to have H* UPD. In Figure 4.5b a linear fit is shown for the metals with the
ability to reduce CO,. In this regime, there are two overall groups, the ones that
make formic acid and the ones producing CO, while Cu is unique. By con-
sidering only the competitive HER description, H* binding energy, we can al-
ready predict something about a new potential catalyst candidate, and it is
highly relevant not to activate H* UPD.

However, the descriptor space for eCO,RR intermediates is more significant
than only the H* binding energy, since the reaction cascades go to different
products, such as formate, CO, hydrocarbons, and alcohols. In Figure 4.6a, a
three-dimensional representation of H*, COOH*, and HCOO* is displayed for
the metals (configuration is shown in Figure 4.6a), where COOH* and HCOO*
are considered to be the key intermediates for the CO and formic acid products,
respectively.”® In this three-dimensional representation one can observe three
groupings indicated by color. In Figure 4.6b-d each of the planes (i.e. two-
dimensional binding analysis) shows that the COOH* and HCOO* cannot be
used to distinguish the CO and formic acid product, which is rather surprising.
Instead, it turns out that the H* binding descriptor again seems to be the best
descriptor across the metals.

4.2.4 CORR Descriptors

From the eCO,RR products beyond the CO products, the descriptor space be-
comes more difficult, as more products are possible on the different Cu facets.
To obtain products beyond CO, CO* adsorption is required. Therefore, the
binding energy of CO* is a relevant factor.>> Furthermore, the H* binding en-
ergy is an important descriptor as discussed above. Hence, we plot the binding
energy of CO* versus H* in Figure 4.7a and b for the metals and Cu facets, where
the experimental results represented by the colors are from Hori et al.>**** This
gives a visible indication of what is unique about Cu. Cu is selective toward
hydrocarbons (products beyond CO), because of the ability to bind CO* without
having H* UPD. Thus CO* can be activated without activating H* UPD. This
appears to be an either-or property, ie. either a catalyst can bind CO* or it
cannot. Hence, eCO,RR toward hydrocarbons seems not to be a continuous
property defined by a simple Sabatier principle.

An investigation of the Cu facets in Figure 4.7b shows that the CO* and H*
binding energies for these facets are rather close. The C,; product [i.e.,
C,H,, ethanol (EtOH), acetaldehyde (MeD), propionaldehyde (PrD), allyl al-
cohol (AIOH), and propanol (PrOH)] faradaic efficiency is indicated by the
color code. A weak tendency is observed, namely, that the C,, efficiency
increases if the CO* binding becomes stronger, while the H* binding is
weakened. However, all Cu facets data points are within £0.1 eV for the CO*
and the H* binding energies.
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(a) A three-dimensional representation of the three suggested intermediates, i.e. H¥, COOH*, and HCOO*. (b-d) Plots showing each of
the colored two-dimensional planes of the intermediate binding energies. The coloring corresponds to the periodic table in
Figure 4.4a, with groups of H, (red), HCOOH (yellow), and CO (blue)-producing metals.

Reproduced from ref. 23 with permission from John Wiley and Sons, Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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Figure 4.7 (a) A two-dimensional representation of the CO* versus H* binding energy
for the metals and all Cu facets. (b) The plot shows a zoom of the dashed
square to display how close the different facets are in energetics. The C,
product faradaic efficiency is defined as C,H,, EtOH, PrD, AIOH, and
PrOH. Experimental results are from Hori et al.>***
Reproduced from ref. 36 with permission from American Chemical
Society, Copyright 2019.

The CO* and H* binding energies are certainly important parameters to fulfill,
in order to obtain products beyond CO*. However, to understand the products
beyond CO*, the scheme of descriptors has been expanded significantly.*®

Figure 4.8 shows a two-dimensional principal component analysis (PCA)
of the correlations within the product distribution, the coordination num-
ber, and a set of selected binding energies, respectively. The Cu facets are
colored according to the C,, faradaic efficiency, and the original descriptor
components are plotted as green lines.

Figure 4.8a shows that close to ~80% of the expressed variation of the data sets
is captured by the two components. This confirms that a two-dimensional rep-
resentation of the Cu facet product distribution is appropriate. The only concern
is which two-dimensional description of the products is the best.

Figure 4.8b displays the coordination number principal component analysis.
Here the facets with some (100) basal plane are grouped together, with the
highest C,. faradaic efficiency. Furthermore, the (110) and (311) are detached
moderately from the ones with a partly (111) basal plane. Clearly, this analysis is
close to Hori and co-worker’s analysis of the logarithmic ratio of C,H,/CH,
partial current densities in Figure 4b. However, this representation may be
more intuitive to read off the structural effects in the product distribution.

Figure 4.8c visualizes the series of C*, O*, CO*, OCCOH*, OH*, COOH*,
and H* as potential binding energy descriptors in two dimensions. One
would expect that the OCCOH* binding energy, a protonated form of the
dimer,*® would stand out as the descriptor for the C,, products. This is not
really the case. Instead, the PCA of all the binding energies is very similar to
the AEco~ vs. AEy« binding energy picture in Figure 4.7b. Which is observed
as Figure 4.8c is almost a rotation of Figure 4.7b. This shows that no more
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information can be gained than from the CO* and H* binding energy an-
alysis. It is quite surprising that the O*/C* and OH*/COOH* binding energies
are relatively close. This shows the difference between scaling relations™™"”
and trend scheme analysis over metals and in this case Cu facets. The
binding energies for the facets measure the local environment of the bind-
ing. Both OH* and COOH* bind on top and hence correlate. The O* and C*
binds in the hollow site (preferring the 4-fold hollow of the Cu(100) basal
plane), and the H* prefer the 3-fold hollow site of the Cu(111) basal plane.

As shown in the coordination number analysis, investigating the structure
of the facet, seems to be a descriptor that could be used as it distinguishes the
different facets. From this analysis, it is interesting to focus on the different
products, i.e. methane, acetaldehyde, ethylene, and ethanol (see Figure 4.9).
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Figure 4.9 The choice of the local structure (coordination number) description
displayed as the most important two-dimensional description of the
products. This allows for identification of active sites of the Cu catalyst:
(a) Cu(111) gives methane, (b) Cu(110) gives acetaldehyde, (c) Cu(100)
gives ethylene, and (d) the 7(100)x(110) step produces ethanol.
Reproduced from ref. 36 with permission from American Chemical
Society, Copyright 2019.
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Figure 4.9a shows that methane is primarily produced on facets with the
Cu(111) basal plane. Figure 4.9b shows that special facets Cu(110), Cu(650),
and Cu(331) have a high acetaldehyde production, while ethylene is produced
on the Cu(100) facets (Figure 4.9¢). Finally, Figure 4.9d shows that having the
(100) basal plane with the specific (110) step increases ethanol production.
Raising the (100)x(110) step density increases the ethanol faradaic efficiency,
which uniquely allows for the identification of the (100)x(110) step as a
particular ethanol site, while the basal plane of (100) produces C, products
overall. A note should be made for the Cu(210) facets with the highest
(100)x(110) step density, which have a decrease in ethanol faradaic effi-
ciency. This shows that an ethanol site needs both the (100)x(110) step and a
minor Cu(100) basal plane next to it to produce ethanol.

Previously, acetaldehyde has been proposed as a precursor for
ethanol.’”~*° This is, to some extent, correct. However, in this analysis, it is
shown that (100)x(110) sites produce ethanol without acetaldehyde pro-
duction. Only specific facets Cu(110), Cu(650), and Cu(331) have both in-
creased acetaldehyde and ethanol production. This can be interpreted as
these facets (sites) primarily produce acetaldehyde, which is then further
reduced at another site to ethanol. Hence, acetaldehyde does not need to be
on the direct pathway to ethanol but can indeed be reduced to ethanol.

To summarize the results, the work shows that multiple electron-proton
transfer reactions involving complex reaction scheme mechanisms are
complicated to capture from a theoretical point-of-view because the pre-
dicted mechanism will be highly dependent on the methods used. Here a
trend-based descriptors scheme has allowed for identification of descriptors
for the significant four groups in eCO,RR (H,, CO, HCOOH, and products
beyond CO) by the AEco+ vs. AEy~ energetic scheme. These descriptors are
straightforward and useful in the screening of new potential catalysts. For
CORR, beyond CO products, trend analysis on Cu facets have been carried
out to determine descriptors for the product distribution. The study has
shown the relation between the products, the structural effect on the prod-
ucts, and a broad set of relevant binding energies relating to the products. As
the key results, a two-dimensional PCA is carried out on the variation in
outcomes, coordination number, and binding energies. From this it is ob-
served that a two-dimensional analysis captures 70-80% of variation in the
product distribution, showing that two orthogonal descriptors provide a
reasonable description of the CO* reduction product distribution. Beyond
this, we analyze the Cu facet structures for the coordination number al-
lowing for unique identification of active sites (see Figure 4.9).

As an outlook to the trend studies above, it would be highly relevant to simulate
and investigate the reaction steps in a detailed manner based on the trend
studies. However, we suggest that correlation studies have to come prior to the
detailed understanding of reactions mechanisms, when the number of possible
reactions is large and when the conclusions of the simulations are so sensitive to
the simulation setup. This also shows how vital careful experimental trend
studies are for the understanding of catalyst materials and their performance.
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4.3 Nanostructured Mono-metallic Catalysts

So, for this chapter we have considered flat metal surfaces, where most of the
atoms are underneath, in the bulk phase, and do not participate in the
catalytic reaction. Additionally, the surfaces of typical metal foils are usually
polycrystalline that involves multiple exposed facets. These effects cause a
low utilization of the metal atoms (especially those in the precious group) in
terms of catalysis and inefficient composition of facets for the catalytic
process. In particular, the catalytic selectivity on specific facets, either HER
selective (H* favored) or CO,RR selective (COOH* favored/H* unfavored), is
difficult to control. In light of the recent catalyst investigations, namely, in
the development of novel nanostructure catalysts,*® significant signs of
progress have been made to achieve a better eCO,RR reactivity.

In principle, the nanomaterials deliver excellent catalytic performance due
to different reasons. Extrinsically, their enlarged interface allows contrib-
uting extended surface area and/or active centers in comparison to the ty-
pical bulk ones. Intrinsically, the electronic structure of the active centers
could be tuned to adjust the desired catalysis (see Figure 4.10). Both can
together influence the catalytic performance in terms of activity, selectivity,
and durability. Thus, understanding the structure sensitivity of CO, elec-
troreduction over nanostructured catalysts is highly complicated because of
the combined effects of the properties mentioned above. For instance, the
morphologies (roughness, grain boundaries), coordination environments,
and oxidation states play significant roles on the eCO,RR activity and se-
lectivity. All these will be discussed in detail in this chapter.

4.3.1 Nanostructured Au Catalysts

It is well known that electrochemical CO, reduction yields a wide range of
carbon-based chemicals. In this section, we focus on Au, which is generally
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Figure 4.10 Comparison of bulk metal catalyst and nanostructure metal catalyst.
(a) Nlustration of bulk catalyst accompanied with possible reaction inter-
mediates and products, and (b) illustration of nanostructure metal catalyst
with enlarged surface area and modified eCO,RR selective (H* denied) facets.
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associated with the CO, to CO process. This reaction involves only two proton-
coupled electron-transfer steps resulting in usually lower kinetic limitations
than the formation of more complicated hydrocarbons or oxygenates. One
crucial characteristic of CO generation is that it is always accompanied by a
finite amount of H, production. Together, these constitute syngas feedstock for
synthetic fuels production via the thermal catalytic Fischer-Tropsch process.*"
Other procedures, such as the production of phosgene for polyurethane and/or
polycarbonate production, however, require pure CO streams.

Up to now, various materials have been reported as the catalysts for
electrochemical CO, to CO conversion.>**™** Among all the metallic candi-
dates, Au is the most efficient catalyst for CO production due to its CO se-
lectivity at low overpotentials.®> Atomic insight suggests that the Au surface
falls in the class of CO evolution in Figure 4.7a where the H* adsorption for
HER is minimal.”> However, the large-scale utilization of Au is hindered by
its scarcity. Therefore, to deploy Au for massive investments, nanostructured
catalysts are of interest due to the enlarged surface area (increased active
sites) and minimal material consumption.

To achieve this increased utilization, Nursanto and co-workers investi-
gated the catalytic performance of direct electrocatalytic CO, conversion to
CO by depositing small Au NPs onto carbon paper using an electron beam.
They observed that the morphologies of deposited Au gradually changed
from small NPs (particle-size~4 nm) to an aggregated layered film with
increased deposition. It is noteworthy that the 4 nm Au NPs (1 nm thick
layered) exhibited a remarkable CO formation mass activity value, as high as
166 mAmg ' at —0.59 V vs. RHE (see Figure 4.11)."

Nursanto’s work shows high gravimetric CO evolution activity using 4 nm-
sized Au NPs. However, the size effect of such nanostructured catalysts was
not systematically studied. To understand the full impact of Au particle size

Nanoparticle Bulk film
Au coverages

0.5

10 30

2 4
Au NPs coat thickness / nm

Figure 4.11 CO mass activity on nanostructured Au catalysts with different particle
loading (thickness). Electrochemical CO, reduction is carried out in
CO, saturated 0.1 M KHCO; electrolyte at —0.59 V vs. RHE.
Adapted from ref. 47 with permission from Elsevier, Copyright 2016.
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Table 4.2 Comparison of different nanostructured Au catalysts for electrochemical
CO, reduction in terms of small-scale H-cell characterization.

n Jeo Jeo
SAMPLE Electrolyte ~ pH (mV)® (mAcm™?) (mAmg ') Ref.
Au foil 0.5 MKHCO; 7.2 520 5.5 N/A 51 (Hori)
AuNPs (4 nm) 0.5 M KHCO; 7.03 480 N/A 166.1 47 (Nursanto)
Au NPs (4 nm) 0.5MKHCO; 7.2 260 N/A 0.33 45 (Zhu)
AuNPs (8 nm) 0.5MKHCO; 7.2 260 N/A 0.14
Au NWs (500 nm) 0.5 M KHCO; 7.2 240 0.23 1.84 46 (Zhu)
Au NWs (100 nm) 0.5 M KHCO; 7.2 240 0.12 0.74

“Denotes the overpotential.

for eCO,RR, Hemma et al. conducted the assessments on a series of micelle-
synthesized size-controlled Au NPs.’® Similar to Nursanto’s finding, the
overall activity is dramatically enhanced with decreasing NP size (see
Table 4.2), however, the competitive HER process seemed to be more se-
lective. This relationship is likely due to the increase in low-coordinated sites
on the NPs surface resulting in smaller NPs, while the edge-per-surface tends
to bind H* strongly. Therefore, the binding to COOH* for eCO,RR is limited
under high H* coverage conditions.

Zhu et al. performed an interesting joint theoretical and experimental study
by modifying the exposed facet of polycrystalline Au NPs to evolve the CO
evolution.*® Polycrystal Au NPs are controlled to 4, 6, 8, and 10 nm (NP size),
respectively, to serve as the model catalysts. In line with the aforementioned
studies, the smaller Au NPs (4 nm) show greater mass CO activity (for HER
as well). Interestingly, the 8 nm sized particles have optimal FE¢ (faradaic
efficiency to CO formation) compared to other sized NPs (see Figure 4.12a—c).
To explain the selectivity trends with particle size, DFT modeling was done on
various Au facets. The simulation indicates that the edge sites (colored orange
in Figure 4.12a) favor reducing CO,, while the corner sites (colored dark orange
in Figure 4.12a) prefer to catalyze the unwanted HER. They claimed that the
8 nm-sized Au NPs could provide the optimal ratio of eCO,RR selective edge
sites to HER favoring corner sites.*> Acting upon this theory, they designed
and synthesized longer Au NWs (nanowires, corner sites rich, displayed in
Figure 4.12d), which exhibited 94% FEco with considerable mass activity
(1.84 mAmg ') at — 0.35 Vvs. RHE, and, stayed at this level for 6 hours without
any noticeable activity change.*®

4.3.2 Nanostructured Ag Catalysts

Ag poses as an interesting option for eCO,RR thanks to its high selectivity to
CO, although such conversion demands a relatively higher overpotential to
that occurring on Au candidates. Furthermore, minute amounts of formate
could also been traced at high potentials (over — 1.0 V vs. RHE).*> One ad-
vantage of Ag is that it does not cost as much as other precious materials. As
a result, Ag NPs are often considered the most promising catalyst for scaled
eCO,RR applications.***%:32:°3
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Similar to Au NPs, nanostructured Ag has also been investigated to enhance
the eCO,RR performance. In 2014, Lu and co-workers synthesized nanoporous
Ag electrocatalysts by two-step de-alloying a Ag-Al precursor. This process
produces a homogeneously distributed porous structure [scanning electron
microscopy (SEM) image is presented in Figure 4.13a] compared to Ag NPs
(Figure 4.13b). This nanoporous Ag shows an impressive selectivity toward CO
of ~92% (comparable to bulk Ag electrodes) with reaction rates over three
orders of magnitude higher than for the bulk catalyst at —0.6 V vs. RHE.
A large portion of the enhanced activity is the result of the enlarged, nano-
porous electrochemical surface area (~150 times larger), while the rest can
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Figure 4.13 SEM images of (a) nanoporous Ag and (b) Ag NP catalysts. (c) Schematic
illustration and free-energy diagrams of electrochemical reduction of
CO, to CO on flat Ag(111), Ag(100) and edge Ag(221), Ag(110) surfaces.
Tafel slope plots (overpotential vs. logarithm CO production partial
current density) on polycrystalline Ag, nanoporous Ag and Ag NP based
on (d) geometric area and (e) electrochemical surface area.
Reproduced from ref. 55 with permission from American Chemical
Society, Copyright 2015.
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likely be attributed to the intrinsic activity of the stepped surface (steps and
edges, contributing around 20 times more compared with polycrystalline Ag)
(see Figure 4.13c and d).>*

The increased surface of the nanostructured Ag is not the only reason for the
enhanced eCO,RR activity. In addition, the nanostructure impacts intrinsic
activity.>* Rosen et al. analyzed commercial Ag NP (>100 nm) model catalysts
and observed a boosted CO production rate compared with the bulk ones
(Figure 4.13d). In part, such enhancement should be due to the increased
surface area of the NP assemble, which is in line with Lu’s conclusion.”
To further quantify the improvements in the intrinsic catalytic activity of the
nanostructured Ag catalyst (both nanoporous®* and nanoparticle one), the
Tafel plots are normalized to the electrochemical surface area (shown in
Figure 4.13e). The nanostructured catalysts outperform the bulk Ag even on a
per-site basis at low overpotentials where the reaction is kinetically limited.
The reason for this difference is made clear by DFT calculations that compare
the free-energy diagrams from CO, to CO on distinct Ag facets. Steps and edges
[Ag(211) and Ag(110)] that provide low coordination Ag sites could adsorb
COOH* intermediates on the surface. In contrast, the formation energy of
COOH* is relatively higher for closed facets like Ag(100) and Ag(111). This
formation energy is a significant barrier for CO evolution. As a result, the steps
and edges on the Ag surface created by nanostructuring play a vital role in
dynamically lowering the activation barrier for eCO,RR to CO (via the COOH*
state) facilitating the overall reaction rate.

Nanostructuring Ag catalysts improve the catalytic activity by expanding
the surface area and creating low coordinated surface atoms. However,
these effects could simultaneously enhance the turnover frequency of the
competitive HER. Therefore, it is necessary to search alternative strategies to
control the CO, reduction selectivity beyond just structural properties.
Kim et al. synthesized a series of carbon-supported Ag NPs using a facile
one-pot method using a cysteamine anchoring agent. Transmission electron
microscope (TEM) images of the NPs (shown in Figure 4.14a—c) reveal that
the presence of the cysteamine agent could control the Ag NP size. In the ac-
companying electrochemical characterization, these supported NPs exhibit
significantly improved mass activity over the foil catalyst with the optimal size
being 5 nm (see Table 4.3). Additionally, the overpotential requirement, as well
as the optimal CO selectivity, is decreased (Figure 4.14d-f).>®

In an attempt to explain the decreased overpotential for CO evolution on Ag
NPs, DFT calculations were carried out to examine the binding energy toward
COOH* and CO*. Unfortunately, in Kim et al.’s simulation, the modulated size
effect does not directly correlate with the overpotential decrease between
particle sizes of 3 and 10 nm. Instead, the cysteamine anchoring agent covering
the Ag surface likely enhances the activity, although the exact coverage is dif-
ficult to quantify. Kim et al. postulate that the existence of the cysteamine
anchoring agent could provide a more covalent character to the Ag-COOH*
bond, effectively stabilizing the COOH* intermediate, which would boost the
CO, to CO reaction (shown in Figure 4.14g).>°
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Table 4.3 Comparison of various nanostructured Ag catalysts for the electrochem-
ical CO, reduction using small-scale H-cell characterization.

Ag
loading
SAMPLE

(mgem™?) Electrolyte

pH

n Jco Jco
(mV)* (mAem™?) (mAmg ') Ref.

Polycrystal Ag N/A
Nanoporous Ag 40
Ag NP (100 nm) 1.0
Ag NP (5 nm) 0.09
Amine mod. Ag/C  0.06
Thiol mod. Ag/C  0.07

0.5 M KHCO,
0.5 M KHCO;
0.5 M KHCO,
0.5 M KHCO;
0.5 M KHCO,
0.5 M KHCO,

7.2
7.2
7.2
7.2
7.2
7.2

390
390
390
390
390
390

0

8
0.022
0.23
0.12
0.15

N/A
0.1989
0.022
2.56
1.85
2.08

56 (Kim)
54 (Lu)
55 (Rosen)
56 (Kim)
57 (Kim)

“Denotes the overpotential.
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Figure 4.15 (a) Schematic illustration of HER and CO,RR on amine-capped Ag NPs
and thiol-capped NPs. (b) Volcano plots of HER activity as a function of
binding energy toward H* on various Ag surfaces. (¢) Volcano plots of
CO,RR activity as a function of binding energy toward COOH* on
distinct Ag surfaces.
Reproduced from ref. 57 with permission from American Chemical
Society, Copyright 2017.

To further understand the role of capping agents, Kim and co-workers
systematically investigated the effect of small organic capping molecules on
the Ag NP surfaces (see Figure 4.15). These molecules could tune the
chemical properties of the surface and modify the catalytic activity for
eCO,RR. It was found that the amine functional group on the Ag surface
effectively improved the FEqo to >94% by suppressing unwanted HER. In
contrast, the thiol group boosted both CO,RR and HER rates. This has been
explained in DFT simulations, in that, both the H* and COOH* binding
energies are strengthened by the thiol ligand, while the H* is inhibited on
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the amine-modified Ag. For this reason, the CO, to CO reaction is boosted
in the presence of amine capping, whereas the HER remains sluggish
(the schematic is illustrated in Figure 4.15a).””

4.3.3 Nanostructured Cu Catalysts*

Among all metals and regarding oxides catalysts, Cu is uniquely special as
it can produce value-added hydrocarbons and alcohols.>” Recently, high
selectivities toward C2 and C3 products during eCO,RR have been reported
on specially designed Cu-derived catalysts and/or advanced Cu-based
electrodes,'®?"°> showing a high potential of fabricating the upscaled
electrochemical hydrocarbons and oxygenates. Other metals beyond Cu, as
well as solid non-metallic carbon-based catalysts, could also produce
hydrocarbons, but in exceedingly slow processes.**®® The differing select-
ivity of Cu in comparison to other metals appears to be due to the interaction
toward the intermediates during eCO,RR. First, proper binding energies
to H* and COOH* enable a significant production of CO, which is the
key intermediate for forming hydrocarbons. Second, the Cu surface could
further bind and protonate the adsorbed CO¥*, thus pushing the further
formation of single or multi-carbon products'"** without being poisoned.*
In contrast, on metals such as Pt, that can strongly bind with CO*, the
intermediate CO would rather sit and block the surface.®*

Unlike the metallic Au or Ag catalysts that only yield CO, Cu-based
catalysts deliver a complicated product distribution, making it challenging
to address the reaction path towards each single one, especially to compli-
cated hydrocarbons and alcohols. To deconvolute all the crucial factors that
control the reactivity of hydrocarbons or alcohols, the binding energy of
Cu to each possible intermediate, such as CO*, methyl group, and aldehydes
group etc., should be taken into account.

First, we focus on the size effect on the reaction dynamics. In a recent
study of size-controlled Cu NPs synthesized through reverse micelle en-
capsulation, it was determined that the activity toward CO, electroreduction
over Cu NPs significantly increased for <5 nm-sized particles owing to the
high surface ratio of low-coordinated sites on the surface (Figure 4.16a).”°
This activity increase originated from facilitated H, evolution and CO for-
mation over smaller NPs. However, the selectivity to hydrocarbons was
drastically suppressed with decreasing size.®” Some examples include glassy
carbon-supported Cu NPs (7 nm)®> and Cu NPs (12 nm; 40% by weight)
supported on Vulcan carbon,® as shown in Figure 4.16b and c. To under-
stand size-dependent trends, it is also essential to consider changes in the
size and shape of NPs during the reaction. For example, the 7 nm NPs shown
in Figure 4.16b grow to 23 nm during the reaction, which may explain their
different selectivity from the smaller NPs shown in Figure 4.16a.

‘part of this subsection is reproduced from ref. 58 with permission from Springer Nature,
Copyright 2016.
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Unlike the eCO,RR occurring on Ag or Au that only yields CO, studies on
single-crystals have clearly shown that both the reactivity and selectivity of Cu
during the electrochemical CO, reduction are dependent on the crystal facets.
The ratio between CH, and C,H, depends strongly on the crystal orientation,
with Cu(111) favoring the formation of CH,, and Cu(100) supporting the for-
mation of C,H,.°® Specific steps have been shown to be selective toward indi-
vidual products.*”*® Indeed, Hori and co-workers®® showed that steps in the
(100) surface increased C,H, selectivity, with an optimal selectivity of 58.9% on
Cu(711). Both experimental and theoretical studies have been carried out to
unravel the mechanism behind the selectivity change on (111) and (100) sur-
faces. It was found that Cu(100) surfaces facilitate the formation of C,H,
through CO dimerization (see Figure 4.17a), whereas Cu(111) surfaces favor CO
protonation, which is a crucial step toward CH, formation, although C,H, can
also be formed via this pathway.**>%7%7*

Given that the selectivity toward hydrocarbons could be tuned by modi-
fying the shapes/facets of the Cu NPs, synthesis approaches, such as elec-
trochemical reduction/oxidation,”>’* colloidal/wet chemistry,””® and
plasma treatment®® have been implemented to control the specific nano-
scale shapes to enhance the formation of hydrocarbons. Roberts et al.”* re-
cently investigated Cu nanocubes, grown by successive oxidation-reduction
cycles on polycrystalline Cu in the presence of KCl, and found an improve-
ment in C,H, formation. Chen et al.”> synthesized Cu nanocubes using a
similar method and found enhanced C,H, selectivity, as shown in
Figure 4.17b, and high stability for CO, electroreduction. The mechanisms
behind the improved activity of these structures may involve the (100) facets
on the cubes, which are known to favor C,H, selectivity, the nanostructured
Cu cube surface or even ClI~ or Cu” species that may remain on the catalyst
during the reaction. For the colloidal method synthesized cube-shaped Cu
nanocrystals, the nanocubes with 44 nm edge length exhibited an optimized
selectivity toward eCO,RR (80%, FE¢ y =41%) compared to other larger or
smaller sized cubes (and nanospheres).”” Instead of Cu (100) facets, the edge
sites of the cubes were suggested to play the critical role in eCO,RR and the
corresponding reaction mechanism is proposed in Figure 4.17¢.”*

For eCO,RR, especially over Cu-based catalysts, the selectivity between
CH, and C,H, is highly dependent on pH.>*>”” For example, the CO re-
duction into CH, process shows an evident Nernstian behavior,”® indicating
that the methane evolution requires participation of protons.”® In contrast,
C,H, formation does not rely on pH, meaning that this process is not de-
termined by the local proton concentration. As a result, it could be expected
that ethylene formation is more preferred under alkaline conditions,
whereas in acidic or neutral solutions CH, formation is boosted.”®

Usually, the eCO,RR is carried out in bicarbonate buffer electrolytes at a
close-to-neutral pH, because the CO, feeding could act as a buffering agent.
However, during the cathodic electrolysis, either HER or CO,RR consumes a
considerable amount of protons, alkalinizing the local solution of the double
layer. Gupta et al. performed a computational study to model this and found
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that high current densities correspond to high consumption of interfacial
protons and, therefore, to more dramatic changes in the local pH.*® Ac-
cordingly, in comparison to flat electrodes, the rough/enlarged surface of
nanostructured catalysts usually provides larger current densities, causing a
high local pH, thus increasing the selectivity for C,H, production.®'

Another critical parameter for Cu NP catalysts is the interparticle dis-
tance. Mesoscale phenomena, such as interparticle reactant diffusion and
resorption of intermediates, can have a defining role in product selectivity
for a multistep reaction.®”®’ Mistry et al.®* have shown that, for eCO,RR,
decreasing the interparticle spacing could increase the selectivity for CH,
and C,H,. Regarding the mechanism, this was proposed to be the
strengthened resorption of the CO intermediate, benefiting the further
CO* protonation into hydrocarbons. This aspect could be realized on
roughened Cu surfaces,®" on highly dispersed Cu NPs with increased areal
particle density,’® and on additional CO feeding onto the catalytic Cu
interface.®

4.4 Nanostructured Bi-metallic Catalysts®

One of the strategies to improve the catalytic eCO,RR reactivity is combining
one metal with another rather than the typical single-elemental metals,
such as the nanostructured core-shell, deposited metal layers, and alloys.
In the following sections, we discuss the recent progress on Cu-based
bimetallic nanostructured catalyst systems by dividing them into three
groups: i) Hy-producing metals (Pd and Pt), ii) formate-producing metals
(In and Sn), and iii) CO-producing metals (Au, Ag, and Zn). We address how
the combination of Cu with other metals can be used to tune both the
activity and selectivity of eCO,RR.

Figure 4.16 Faradaic selectivity of the electrochemical CO, reduction over various
Cu NPs. (a) Particle size-dependent faradaic selectivity over micelle-
synthesized Cu NPs supported on glassy carbon at —1.1 Vvs. RHE. Atomic
force microscopy image of these Cu NPs is shown on the right.
(b) Faradaic efficiency for eCO,RR to CH, for colloidally synthesized
7 nm Cu NPs supported on glassy carbon. The high-resolution TEM image
is displayed on the right. (c) Faradaic efficiency for Cu NPs (40% by
weight) supported on Vulcan carbon. The high-resolution TEM image
shows the as-prepared catalyst. Reproduced from ref. 58 with permission
from Springer Nature, Copyright 2016. Panel (a) adapted from ref. 50 with
permission from American Chemical Society, Copyright 2014. Panel
(b) adapted from ref. 65 with permission from American Chemical
Society, Copyright 2014. Panel (c) adapted from ref. 66 with permission
from American Chemical Society, Copyright 2014.

SThis section is reproduced from ref. 86, with permission from John Wiley & Sons, © 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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4.4.1 Cu-Pd/Pt Catalysts

It is well known that the formation of hydrocarbons occurs via the further
protonation of the intermediate CO. Thus, tuning the local proton activity
poses as an efficient strategy to accelerate the hydrocarbon formation,
especially for methane.®® Toward catalyst design, locally combining Cu and
one traditional H* adsorber, such as Pt and Pd, would allow this reaction
mechanism. Thus, Pt and Pd could adsorb atomic hydrogen (H*), while the
Cu delivers and protonates the co-adsorbed CO* into CHO*.*’

In principle, alloying Cu with Pd can tune the chemisorption strength of H*
and CO* intermediates on the catalyst surface owing to geometric and elec-
tronic effects. This design enables an optimal activity and selectivity toward
CO,RR. Li et al. reported a well-defined mesoporous Pd-Cu, and the FE¢o
could exceed 80% at —0.8 Vpye.>® However, the formation of hydrocarbons
was not observed. It was claimed that the charge density could be altered in the
Pd-Cu alloy compared with each single component. In the alloy system, the Pd
atoms serve as electron donors, working as the active sites under the cathodic
condition. They could therefore readily combine with the COOH* to produce
CO. The Cu atoms, instead of participating in the eCO,RR, only modify the
electronic structure of the neighboring Pd atoms in the bimetal system. Con-
sequently, the catalytic signature of Cu is to some degree hindered. Yin et al.
prepared a series of Pd-Cu nanoalloys (supported on carbon) with various size
and atomic ratios as the candidate for CO, reduction. They found that the
particle size of 5 nm with a Pd : Cu ratio of 85: 15 gave a significantly improved
performance, which might be due to specific exposed under-coordinated steps
or ad-atom sites, presumably lowering the binding toward CO*.*

In bimetallic systems, the strain effect is another crucial factor to consider,
since it could change the electronic structure of the top-layered metal atoms,
further affecting the catalytic performance. The strain effect should exist in the
Cu-Pd system since the lattice constant of Cu and Pd largely deviates with each
other.””®" To address this, Zhu et al. developed a facile synthesis route for
Pd-Cu bimetallic NPs with various structures.’® The concave rhombic CusPd
(Cu dominant with the lattice stained by Pd) exhibits an enhanced CH, current
density compared to Cu foil. In contrast, flower-like Pd;Cu (Pd-rich) shows high

Figure 4.17 (a) Kinetic barriers for the formation of a CO dimer from two adsorbed
CO species for Cu(111) (left) and Cu(100) (right), calculated using the
NEB (nudged elastic band) method. The barriers of 0.68 eV for Cu(111)
and 0.33 eV for Cu(100) suggest that Cu(100) should form CO dimers at
significantly higher rates than Cu(111). Also shown are visual sche-
matics of the initial, transition, and final states for both calculations.
(b) Faradaic efficiency of CuCl derived Cu mesocrystals. The (100)-like
cubic shape is shown in the TEM image. (c¢) Schematic ethylene
formation on (100) and (110) edges proposed by Buonsanti et al. Figure
(a) adapted from ref. 28 with permission from American Chemical
Society, Copyright 2014. Figure (b) adapted from ref. 72 with permission
from the Royal Society of Chemistry. Figure (c) adapted from ref. 73
with permission from American Chemical Society, Copyright 2018.
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FEo in a wide overpotential range (—0.7 Vryg to — 1.3 Viyg), while the catalytic
fingerprint of Cu (hydrocarbon yields) is discarded.

In addition to single-carbon chemicals such as CO, formate, and methane, the
C, products (basically ethylene) is also an exciting product in CO,RR. To opti-
mize the ethylene faradaic efficiency, Ma et al. prepared three Cu-Pd bimetal
model catalysts with distinct patterns, ie. ordered, disordered, and phase-
separated configurations (see Figure 4.18a and b).”> The ordered one (Cu:
Pd =1:1) shows the highest selectivity for CO (see Figure 4.18c), while the dis-
ordered Cu-Pd sample holding the same metal content favors the formation of
hydrocarbons. More interestingly, the Pd-Cu sample with phase-separated
patterns behaved quite differently, leading to a remarkable C, selectivity
(>60%). The insight behind this could be attributed to the geometrically tandem
effect between the Pd and Cu sites. In this system, the Cu region contributes to
CO* generation and resorption, whereas the adjacent Pd-rich area could deliver
the protons for a further protonation step. This observation agrees with the lately
discussed “two-sites” mechanism on Cu-Ag” and Cu-Zn”*"° systems.

Cu-Pd nanostructured alloys could also be coupled with organic molecules or
carbon supporters, serving as dual-catalysts.”” Liu et al. dispersed Cu-Pd bi-
metal alloys on graphene, which shows a higher eCO,RR activity compared to
the single-Cu/graphene counterpart.”® Yang et al. immobilized molecular pyri-
dine on a Cu-Pd catalyst surface,” and observed methanol and ethanol for-
mation with faradaic efficiencies of 26% and 12%, respectively. The mechanistic
insight provided by them is that the pyridine molecules favor methanol pro-
duction, while the Cu active component facilitates the generation of ethanol.

Unlike the Pd, strong H* binding (under potential deposition) on Pt leads
to active HER, restricting the applications of the Pt group alloys for
eCO,RR."° Therefore, there are only a few studies referring to Cu-Pt bi-
metallic systems. Guo et al. reported the utilization of a Cu-Pt catalyst with
an atomic molar ratio of 3:1 (Cu: Pt), which improves the CH, formation in
a 0.5 M KHCO; electrolyte.’®" The proposed mechanism is that the high
atomic Cu content in the Cu-Pt alloy increases the CO* surface coverage,
while the Pt sites synergistically boost the protonation process from CO* to
CHO*. However, with the presence of CO formed during the eCO,RR, the
strong binding between Pt and CO* could simultaneously cause a Pt rich
shell on the catalyst surface, further leading to Pt-like reactivity. Therefore,
in their observation, the eCO,RR activity largely degrades after a certain
transient period, leaving the strong HER as the sole pathway.

4.4.2 Cu-In/Sn Catalysts

The next class of catalysts is based on Cu-based alloys incorporating formate-
producing candidates. The interesting aspect of the latter group is that they
provide weak binding strength toward the H* adsorption,*>'%* which, in
principle, should diminish the competing HER during the electrochemical
CO, reduction.

The p-block metal, In, is a formate-selective catalyst during CO,RR with
the faradaic efficiency counting up to 95%.° To date, several synthesis
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strategies were reported to achieve the Cu-In alloy electrodes, such as
electrodeposition, electrochemical reduction, and chemical reduction. All
these make the Cu-In bimetallic alloys promising catalyst systems for
CO,RR utilization. In a recent study carried out by Rasul et al., a Cu-In bi-
metallic electrode was prepared by electrochemically depositing In in an
oxide-derived Cu (OD-Cu) surface, yielding 95% FE¢o.'” Such performance
significantly differs from either pure Cu or In metals. To better understand
the role of In atoms on the Cu surface, DFT calculations were performed,
indicating that the In atoms are preferentially located on the edge sites of the
Cu, inhibiting H* adsorption on the catalyst surface. This work focuses on
tuning the top-layer of the catalyst, and in a subsequent work, the authors
studied the Cu-In alloys with an in-bulk combination. Bimetallic Cu;4,Ing
and Cu,In; were synthesized by electrochemically reducing CulnO, bimetal
oxides, whereas the pure Cu counterpart is produced from a Cu,O precursor
using an identical methodology.'®* These Cu-In alloys exhibited higher CO,
conversion to HCOOH and CO compared with the monometallic Cu catalyst
and remarkable stability, wherein FEy, remained <10%. The mechanistic
insight predicted by the DFT calculation is that In could occupy the Cu step
sites, hindering the adsorption of H* and CO*.

In the field of electrochemistry, core-shell type catalysts also obtained
intensive scientific attention because of their specific configuration. In
Larrazabal’s work, Cu-In core-shell nanostructures were studied as the
candidate for eCO,RR, which were acquired by chemically depositing Cu on
In,0; and In(OH); supports. Interestingly, the activity and selectivity for CO
evolution over these catalysts gradually increased upon several electro-
catalytic cycles, which could be associated with the segregation of Cu and In,
especially the gradual formation of a shell-like In(OH); over the Cu-rich core
nanostructure (see Figure 4.19a)."% Recently, Hoffman and co-workers used
electrodeposited dendritic Cu-In alloys of various compositions as electro-
catalysts."®” At an In atomic ratio of 80%, FEycoon could reach 62% at — 1.0
Vrue- At the same potential, an optimal syngas ratio (CO:H, =1:2) could be
achieved while controlling the In content at 40%.

Consistent with In, other p-block metals, Pb'®> and Sn can strongly
prohibit the hydrogen adsorption (HER activity) during the eCO,RR on the Cu
surface, namely, increasing the selectivity of carbon-based products. Sarfraz
et al. reported a study on a Cu-Sn bimetallic catalyst generated by electro-
depositing Sn atoms on an OD(oxidized-derived)-Cu substrate, showing an
excellent FE¢o over 90% for 14 hours at — 0.6 Vege. 8 In addition to the
electrochemical derived bimetallic catalysts, the wet chemistry synthesized
Cu-Sn core-shell nanocatalysts have also been investigated. Li et al syn-
thesized a series of SnO, coated Cu NPs by a seed-mediated method and
suggested that the eCO,RR activity and selectivity are contingent on the
thickness of the Sn layer (Figure 4.19b).'°° The sample with the thicker Sn shell
(1.8 nm) shows a Sn-like performance, and the selectivity of formate could
reach ~90%. In contrast, the thinner tin shell (0.8 nm) exhibits a Sn-Cu alloy-
like performance, as the CO is the major product (FEgo =93%) at — 0.7 Vgyg.

106,108



* Culnd,
aeds 10h
GU,II‘I yvoied
© In(OH),
20 25 30 a5 40 45
28/ degrees
(b) o -
_ " C-CuiSn0,-0.8
n
L] . ® =GO
£ =+ Formate
= w e i
R Lo |
| ——C.CWSn0, 08 in At »
—C-CwSn0, 08 in CO, 1
TN 7e a8 4% 34 47 00 92 o4 b e e
= £ (V v8 RHE) - £ (V vs RHE)
% C-CulSnO-18 0. Sn foil
® ™
™ o 22
ri © co w] -
: £= oS £ --:wm-h
E el o gy =
E £y ity o :
» 2
» 10
= / ° g
45 95 A7 a8 4% 0 o5 a1 48 e A8
E (V vs RHE) E (V vs RHE)

Figure 4.19 (a) HAADF-STEM (high-angle annular dark-field scanning transmission electron microscopy) images and XRD pattern of
Cu-rich@In(OH); from In,05(I0) and CulnO, supported Cu NPs. Reproduced from ref. 105, http://dx.doi.org/10.1021/acscatal.
6b02067, with permission from American Chemical Society, Copyright 2016. (b) TEM image of Cu@SnO2 of different thicknesses
along with the electrochemical characteristics of the electrochemical CO, reduction.

Reproduced from ref. 106 with permission from American Chemical Society, Copyright 2017.

uS1sa( [P1IDIN 03 JYSISUT [DI1IIL0IYT, WLOL] UOLINPRY 0D 10f SIUNIINLISOUDN

€81



184 Chapter 4

4.4.3 Cu-Au/Ag/Zn Catalysts

The noble metals Au and Ag are repeatedly reported as promising CO producers
during the eCO,RR. On one hand, alloying Cu into Au, Ag metals allows low-
ering the material cost (in comparison to pure Ag, Au metals) while maintaining
even enhancement of the electrocatalytic CO yield. On the other hand, com-
bining a CO-producing metal with Cu potentially enables a “spill-over” of the
(intermediate) CO molecules onto the Cu sites for additional reaction steps
towards products beyond CO, realizing an interesting “tandem effect”.

To date, the most studied bimetallic system is the Au-Cu combination,
because the Cu-Au could form stable and well-defined face-centered ordered
and disordered alloys. Preparation methods of these bimetallic systems are
commonly associated with galvanic displacement, bulk mixtures of metal
melts,"” and electrochemical deposition."'® As expected, the increase in Au
content leads to a catalytic sighature of pure metallic Au, whereas some other
compositions showed enhanced production of C,H,''" CO,'® and alco-
hols.'*° Christophe et al. observed an enhanced CO production on a Aus,Cus,
alloy and suggested that accelerated CO* desorption poses as the origin.'®

It should be noticed that, for multi-metal systems, structural stability is a
factor of importance as the phase evolution can readily occur, especially under
an applied potential and with the presence of reactants. Friebel et al. have in-
vestigated the properties of Cu overlayers on a Au substrate using in situ X-ray
absorption spectra (XAS) in an alkaline electrolyte. Although a 12.5% expansion
of the Cu lattice was initially observed in the Cu overlayer, a Au-rich surface was
subsequently formed under applied potentials."** In line with the experimental
observations, the DFT prediction made by Lysgaard et al. addressed the stability
of nanoalloys using the model of a bimetallic icosahedral composed of 309
atoms. They pinpointed that the segregation of phases into a Cu-rich core and a
Au-rich shell is due to the size difference of these two metal atoms.'"™

Recent experimental studies on atomic ordering"'* and the size-reactivity
relation of Au/Cu particles''® propose segregation of Au from Au/Cu alloys to
the surface. In addition, they discuss effects of compressive strain and pres-
ence of undercoordinated sites as the origin of enhanced eCO,RR activity. The
result of strain effect is further studied by Monzo et al., who observed that an
increasing layer thickness of Cu on a Au-core was enhancing the protonation
pathway, favoring the production of H, and CH, at the cost of ethylene.'*

Next to strain, geometric and electronic alterations are notable parameters
proposed to alter catalyst reactivity. Kim et al. varied the Au/Cu-ratio of
spherical NPs with a diameter of roughly 10 nm to investigate the influence
of electronic effects on the eCO,RR activity (Figure 4.20a). While confirming
the formation of an alloy via XRD and Surface Plasmon Resonance, they
observed an increasing FEqo with increasing Au ratio, while other gaseous
products were diminishing. They monitored the shift of the d-band center
with varying metal ratios by XPS, which showed a decrease with higher Au-
content, agreeing with the witnessed change in product distribution. Inter-
estingly, the Au;Cu differed from the trend and showed the highest CO mass
activity. This deviation was suggested to be caused by a geometric effect,
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stabilizing the COOH* intermediate by simultaneously binding the C-end
through an Au-atom and the O-end through a neighboring Cu-atom.""” This
result is similar to what Christophe et al. observed earlier, even though they
suggested weaker CO* binding to be the cause of the improvement, high-
lighting the importance of geometric arrangements.

Clear analogies with the Cu-Au system are apparent in the Ag-Cu system, as
well. Chang et al. synthesized particles composed of Cu overlayers of varying
thickness on a Ag core. They could observe an increased CO production for Ag-
rich NPs and an enhanced ethylene formation for Cu-rich NPs compared with
the monometallic cases and claimed those “synergistic” effects to originate in
the geometric distribution. A stronger CO binding caused by Cu-lattice expan-
sion on the Ag substrate is suggested to enhance the ethylene formation, while
the presence of oxygen-affine metals such as Cu is believed to stabilize COOH¥*,
favoring CO formation in the Ag-rich case (Figure 4.20b).”* In contrast, Bell and
co-workers studied an Ag/Cu alloy, which showed surface-enrichment in Cu
under applied electrode potential. Here, the resulting Cu-rich surface was
proposed to be compressively strained, lowering the binding of H* and O*. An
observed increase in the formation of oxygenated products at the expense of
hydrogen and hydrocarbons was suggested to be the result of reduced amounts
of adsorbed H*, limiting the cleavage of the C-O bond.""” It is noteworthy that
some studies are proposing a remarkable effect of alloying, suggesting a two-site
mechanism in which one metal, as in Zn or Ag, is producing CO, which can be
further reduced at neighboring Cu sites.”>"''® In the case of Ag, Hoang et al.
deposited Cu/Ag wires on a carbon paper substrate. While X-ray absorption
(extended X-ray absorption fine structure) results were suggesting an alloy for-
mation, the relatively low content of 6% Ag showed a robust beneficial effect for
ethylene selectivity, achieving almost 60%. They claimed this enhanced ethyl-
ene selectivity originates from Ag stabilizing the Cu,O phase, as well as from Ag
acting as a CO source, which can locally enhance the reactant concentration.”*

Most studies on the Cu-Zn catalyst system report a high selectivity for 2e™~
transfer products such as CO. After alloying with Cu, a “two-sites” catalyst was
claimed to form, where the Zn site served as a CO producer and adjacent Cu
site for further reduction.”*® Ren et al. electrodeposited Cu/Zn films and
produced ethanol with a faradaic efficiency up to 29%. This exceptional se-
lectivity for ethanol was suggested to originate from a spillover of CO from Zn
sites onto Cu sites (Figure 4.20c). However, no similar observations were made
in other studied Zn/Cu systems, suggesting that the geometric arrangement of
the active Zn and Cu sites is of utmost importance for such effect."'®

4.5 Activity Comparison

Throughout Sections 4.3 and 4.4, we grouped the nanostructured catalysts
into two categories, monometallic-based and bimetallic-based catalysts, and
mainly focused on the mechanistic aspect to improve their selectivity toward
carbon-based products. Their improved activities, however, are expressed by
normalizing with a geometric surface area of the applied electrodes, which is
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primarily contributed by the roughness factor (increased exposed area) of
the nanocatalysts. This, to some extent, makes difficulties in knowing the
intrinsic activity of these nanostructured catalysts.

The CO,RR current densities of a large number of nanostructured cata-
lysts were plotted by Nitopi in a review paper (see Figure 4.21), to do a direct
comparison of the catalytic activity of these candidates.'*® In Figure 4.21a,
the geometric electrode area normalized CO,RR current densities are pre-
sented, while the data of polycrystalline Cu by Kuhl® and Hori** are utilized
as the reference. In this panel, all nanostructured materials exhibit en-
hanced geometric activity in the given potential window compared with the
traditional polycrystal metal electrodes. However, once these current dens-
ities are normalized by the electrochemical surface area (ECSA), only a little
or almost no difference appears in terms of intrinsic activity (Figure 4.21c).

The Geo- and ECSA-normalized current densities for CO evolution of
various Cu-derived bimetallic catalysts are shown in Figure 4.21b and d,
respectively. The same polycrystal Cu® and Au'?® electrodes are utilized as
the control samples in this comparison. In Figure 4.21b, we can see that the
OD-Au"*® outperforms all Cu-derived counterparts, while the pure Cu can-
didates®'°*'**13% contribute much less faradaic activity for CO formation.
This should be attributed to the further reduction of CO toward ‘“‘beyond
CO” products. We further turn to Figure 4.21d, the ECSA-normalized CO
activity. The pure Au'?’ still leads in this selected benchmark, showing a
similar turnover frequency as the OD-Au"*° based on the active surface area.

4.6 Summary and Outlook

This chapter covers the recent progress on nanostructured metallic elec-
trocatalysts for CO, reduction from the theoretical aspect to nanomaterials
performance. We demonstrated how to select rational control over the
material and structure of metallic nanocatalysts. This method can be used to
tune the (geometric and/or gravimetric) activity and selectivity for the
emerging electrochemical CO, conversion processes.

In light of the theoretical fundamentals, the binding energies toward key
intermediates during eCO,RR are presented, i.e. H*, COOH*, and CO*.
However, only the later transition metals such as Au, Ag, Cu and
some p-block metals, etc. are CO,RR selective due to weak H* interaction.
Additionally, nanoarchitecture electrocatalysts containing Au, Ag, and Cu are
presented. Unsurprisingly, most of these nanostructured metallic catalysts
exhibited enhanced activity and/or selectivity toward CO,RR. To address the
insight behind this selectivity, we show that both the enlarged surface area
of the nanocatalysts and the lower-coordinated metal atoms on nanos-
tructured surfaces play crucial roles in boosting the CO, electrolysis. In other
words, specific facets, as well as the metal atoms sitting on the edge or
corner, react differently from those on enclosed surfaces. This is demon-
strated by computational simulations and shows that the reaction barrier of
CO,RR can be lowered on these reactive sites. With regards to the
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commercial potential of nano electrocatalysts, nanostructuring could lower
the material consumption (material-cost) and reduce the overpotential
needed to achieve a larger scale (in terms of overall activity).

In comparison to the other metals, Cu based nanocatalysts are unique as
they provide a broader product spectrum ‘“beyond CO”. Structure sensitivity
of Cu facets has been studied and led to the discovery of the unique reactivity
of (100) facets and the special (100)x(110) step which produces ethanol in
comparison to other exposed facts.”> However, due to the high complexity of
the local condition where the CO,RR occurs, other parameters such as the
local pH (surface roughness effect)®’ and intermediate CO diffusion distance
(resorption) should also be taken into account. All these could synergistically
enhance the formation of multi-carbon hydrocarbons.

Cu-based alloys represent a diverse family bimetallic candidate for
eCO,RR, however, the structural stability (e.g. phase evolution, dealloying)
of them as well as their influence on their catalytic reactivity has not
been studied in detail. Although Cu is selective toward hydrocarbons and

Figure 4.21 Overview of eCO,RR reactivity on various catalysts. (a) Geometric surface
area normalized (geo-normalized) overall eCO,RR current densities vs.
potential. (b) Geo-normalized CO partial current densities vs. potential.
The data were obtained from the following studies: [A] Kuhl et al.;’
[B] Hori et al;** LC] Kwon et al.;'*° [D] Mistry et al;** [E] Min et al;**'
[F] Ma et al;**>"** [G] Li et al.;">* [H] Raciti et al.;"* [I] Handoko et al.;'*®
[J]Ren et al;**” [K] Yang et al."*® Studies [A,B] are polycrystalline Cu, [C-]]
are oxide-derived, nanostructured Cu and [K] is non-oxide-derived nanos-
tructured Cu. (c) Electrochemical surface area normalized (ECSA-normal-
ized) overall eCO,RR current densities vs. potential. (d) ECSA-normalized
CO partial current densities vs. potential. The data were obtained from
the following studies: [A] Cu foil by Kuhl et al.;’ [BJ OD-Cu by Li et al.;"**
[C] Au by Hori et al.;'* [D] OD-Au by Chen et al;"*° [E] PdgsCu,s/C alloy
NPs supported on carbon black by Yin et al;* [F] Pd,Cus; electrodeposited
mesoporous films by Li et al;*® [G] AuCu, AuzCu, and Au NPs by Kim
et al.;""" [H] ordered (0-) and disordered (d-) AuCu NPs and Au NP control
sample by Kim et al;'"* [I] Au and Au, g,Cu, 15 prepared by pulsed laser
deposition in 220 mTorr O, by Roy et al;**' [J] 33% Cu coverage on Au
nanoneedles and Au nanoneedles by Ross et al;'** [K] Cu@Sn0,(0.8 nm)
core-shell NPs by Li et al;'* [L] Sn deposited for 20 s on Cu,O NWs by
Zhao et al.;*** [M] OD-CuSn and OD-Cu control sample by Sarfraz et al.;**®
[N] 2-3 at.% Sn on Cul0 foam (Sn/Cu foam) and Cu10 foam standard
(Cu10 = 10 min electrodeposition) by Zeng et al.;*** [0] Carbon-supported
Cu@In,05(0.4 nm) core-shell NPs and carbon-supported Cu NP control
sample by Xie et al;'*® [P] Cuggln,, by He et al;'*® [Q] Cugglng, by
Hoffman et al;'”” [R] OD-Culn and OD-Cu control sample by Rasul
et al;** [S] CuInO,-derived by Jedidi et al;'** [T] Cu/In,05-derived and
CulnO,-derived by Larrazabal et al;'® [U] In dots microfabricated on
Cu,0 substrate (In/Cu,0) and Cu,O control sample by Larrazabal et al.;**”
[V] In deposited on Cu NWs (Cu(OH), derived) using 20 mM InCl;
solution and Cu NWs control sample by Luo et al.'*®
Adapted from ref. 139, https://pubs.acs.org/doi/10.1021/acs.chemrev.
8b00705, with permission from American Chemical Society, Copyright
2019.
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oxygenates, the vast majority of Cu-based alloys in CO,RR have been proven
to favor chemical reduction products of two-electron transfer toward CO.
This suggests that the chemisorption of CO intermediates on Cu sites is
suppressed by the secondary metal atoms on the surface. Another challenge
relates to the time stability of activity and selectivity. Faradaic efficiencies
evolve over the first few hours of catalysis and, in most cases, the competing
hydrogen evolution reaction outperforms the CO,RR processed due to de-
position of metal ion contaminants and/or evolution in the electrolyte which
boosts hydrogen evolution.

To date, the majority of catalyst studies are performed in H-cells that
suffer from massive CO, mass transport losses at the electrode interface.
These mass transfer limitations are a barrier for projections to large-scale
CO, electrolyzer performance. To overcome this issue, an up-scaled gas
diffusion layer-based gas-liquid flow electrolyzer cell proved most suitable to
test novel nanocatalysts under conditions relevant for commercial-scale
electrochemical reactors.*” The continuously circulated gas and liquid flow
in electrolysis flow cell reactors diminish the mass transport limitations.
Therefore, future investigations of new nanocatalysts, perhaps of all eCO,RR
catalysts, should focus on multilayer gas-liquid flow cells.
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5.1 Introduction

The extensive increase in fossil fuel depletion coupled with the rise in atmos-
pheric CO, levels is alarming environmental concerns which have potentially
huge impacts on climate change and the rise in ocean levels."” On one hand,
CO,, one of the key products of combustion of fossil fuel, is a major contributor
to the greenhouse effect. On the other hand, CO, is also a source of value-added
fine chemicals, in particular for fuels such as formic acid, methanol and/or for
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precursors such as CO or C1 source to produce industrial chemicals.>” Hence,
it is highly desirable to develop practical technologies, through which CO, can
be first captured and then activated and functionalized by using artificial
photosynthesis, electrochemical reduction, hydrogenation, and biochemical
approaches." However, the high stability and inertness of CO, hinder its ef-
fective reduction and instigates the design and development of appropriate
catalysts. In this regard, nature has developed a range of efficient pathways to
accomplish CO, functionalization under ambient conditions. A series of en-
zymes have been evolved to catalyse the breaking of the C-O bonds of CO, and
making new C-H or C-C bonds."® Relevant examples include Ni-Fe carbon
monoxide dehydrogenase (CODH) which interconverts CO, to CO, NADH-
dependent formate dehydrogenase (FDH) which directly transfers one hydride
from NADH to the C atom of CO,, remodeled nitrogenase FeMo-cofactor which
affects the eight electron reduction of CO, to methane, carbonic anhydrase
(CA) which converts CO, to HCO;  or minerals, and decarboxylases which
carries out in vitro biocatalytic carboxylation of epoxides, aromatics, hetero-
aromatics, and aliphatic compounds."® Inspired by the principles used in
nature, significant scientific effort has been channelized to develop homo-
geneous and heterogeneous catalysts working under benign conditions for CO,
transformations.” In this regard, the last few decades have witnessed fervent
attempts to elucidate reaction mechanisms, in general, from both experi-
mental and theoretical perspective to gain a better understanding of
each elementary step.® In particular, quantum chemical calculations have
been extensively used in this regard and indeed provide in-depth insights
into mechanistic details, thus broadening the information on catalytic
processes.®® The development of large computer clusters and reliable
accurate theories have united computational predictions with experimental
observations in a timely manner. Along with experimental developments,
computational studies have unveiled atomic-level mechanistic intricacies
resulting from the change in the electronic structure of the system during
chemical transformations. In fact, on the basis of detailed mechanistic
understanding, several pioneering theoretical works have successfully pro-
posed new ideas for the development of homogeneous and heterogeneous
catalysts for CO, reduction, subjugating the traditional trial-and-error
method."'™*® Therefore, we believe that profound information and insights
gained by computational studies can serve as a foundation for designing more
efficient catalysts for CO, functionalization.®

5.1.1 Difficulty in CO, Reduction

CO,, a linear 16 e~ molecule belonging to the D, symmetry group, features
very short C-O bond lengths (1.17 A)." Furthermore, its central carbon
possesses the highest oxidation state (+IV); hence, CO, is often the final
product in many chemical and biological reactions. As a consequence, it is
thermodynamically very stable and its functionalization requires high en-
ergy input. Although CO, is a non-polar molecule, the electronegativity
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difference between C and O imparts a partial electrophilic character on the
carbon centre and a weak nucleophilic character on the terminal oxygen
atoms. The molecular orbitals of relevance to its reactivity are the LUMOs,
the degenerate pair of antibonding 2, orbitals that are mainly localized on
the central carbon atom with more than 60% weightage, and the doubly
occupied 1m, nonbonding HOMOs which have substantial parentage of the
two oxygen atoms (Figure 5.1).° Hence, the basic oxygen atoms are the sites
for electrophilic attack, while the acidic carbon centre is the site for nu-
cleophilic attack. During CO, functionalization, one of the degenerate
LUMOs is filled up by electrons, thus resulting in elongation of the C-O
bonds and bending of the linear geometry. Note that CO,*~ has an optimum
0O-C-O angle of 134°. Thus, CO, reduction involves significant geometric
rearrangement as manifested by its exceedingly negative one-electron re-
duction potential (—1.90 V vs. normal hydrogen electrode (NHE)). As a result,
CO, transformation often has to overcome a large barrier arising from this
structural reorganization, leading to the significant kinetic inertness of CO,.
Taken together, CO, activation is a both thermodynamically and kinetically
demanding process that must be achieved at a large energetic expense.'°
Since a large energetic input is necessary for the one-electron reduction of
CO,, two- and multiple-electron reductions are more favorable.” At the same
time, bi-functional activation with concerted nucleophilic and electrophilic
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Figure 5.1 (a) Nucleophilic and electrophilic centres on CO,. (b) Important w
molecular orbitals of linear (OCO=180°) and bent (OCO =134°) CO,
with corresponding orbital energies.

Reproduced from ref. 6 with permission from Elsevier, Copyright 2014.



200 Chapter 5

attacks, such as proton-coupled electron transfer (PCET), is preferred. For in-
stance, the potential for two-proton/two-electron reduction of CO, at neutral
pH giving CO and H,O is increased to —0.52 V vs. NHE. In this chapter, we
present the different catalytic pathways for two-electron CO, reduction using
homogeneous catalysts with active participation of protons (PCET) or electron-
deficient metal centres (MCET, metal coupled electron transfer).

5.1.2 Present Status: Organo-catalysts and Transition
Metal-based Homogeneous and Heterogeneous
CO, Reduction

Utilization of CO, as a C1 building block in industrial chemical synthesis to
create a renewable carbon economy is an alternative to sequestration and
storage of CO,."*'® Over the past few years, CO, has been used as a starting
material for production of carbonates, polycarbonates, urea, salicylic acid, and
urethanes on an industrial scale, due to its low cost, abundance, and non-
toxicity.'>*° Another approach is to convert CO, to formate or CO, which has
promising scope for development.>"** In this regard, some success has recently
been achieved with main-group element mediated CO, functionalization. One
breakthrough research put forth by Stephan and co-workers demonstrated
binding of CO, to a frustrated Lewis acid-base pair (FLP) resulting in subsequent
stoichiometric conversion of CO, to methanol.> This has led to the discovery of
a series of ambiphilic systems consisting of P/Al or P/B pairs for stoichiometric
fixation of CO,.>***> Zhang et. al. used N-heterocyclic carbene and silane as a
hydrogen source to transform CO, into CH;OH.*® Furthermore, one study
utilizes carbodiphosphoranes for the reduction of CO, to CO.*” However, sys-
tematic investigations on the reactivity of CO, functionalization catalyzed by
metal-free organo-catalysts remain scarce,”®* which hinders development of
efficient catalytic techniques. Furthermore, in these reactions, formation of
undesirable side products such as highly stable Lewis acid coordinated oxygen
moieties is inevitable, which requires further work-up and largely precludes
their large-scale application because of the high energy requirement.*
Electrochemical reduction of CO, by organic mediators has been less studied
because organic compounds often form highly reactive species, thus pro-
moting irrevocable reactions, inhibiting the catalytic cycle of CO, reduction.”
To tackle this issue, stable organic radicals or anions are highly desired.
Although Bocarsly and co-workers reported that pyridine facilitates reduction
of CO, to methanol on Pd electrodes at —0.58 V vs. SCE,*® later studies by
Savéant et al indicated divergent results of methanol formation on Pt elec-
trodes which cast doubt on the reliability of the initial experiments by Bocarsly
and others.®' These contradictory results indicate that further investigations
are needed to get a clear picture and rationalize all observations.’” In general,
development of metal-free systems for CO, reduction remains far from ma-
turity and tremendous efforts are required to offer reliable clarifications.
Metal-based catalytic systems for CO, reduction are superior due to their high
product selectivity and catalytic efficiency. Electrochemical reduction with both



Theoretical Approach to Homogeneous Catalytic Reduction of CO, 201

homogeneous and heterogeneous systems has been intensively studied over the
last decade. However, owing to the kinetic inertness of CO,, large overpotentials
are often required for such transformations. To date, several unconventional
heterogeneous electrochemical catalysts have been discovered, which exhibit
an impressive overall reaction rate and enhanced product yield, but very little
knowledge about the reaction mechanism is known. Traditional catalysts in
this field were primarily single-element metallic electrodes in polycrystalline
forms.** Metals such as Pt, Ni, Fe, Al, Ga, and Ti have been tested for the CO,
reduction reaction (CO,RR) with CO being the major product.>® However, the
rate of the hydrogen evolution reaction (HER) on these metallic cathodes were
typically higher than that of CO,RR. This is because HER proceeds at a com-
parable thermodynamic potential (0 V vs. SHE = standard hydrogen electrode)
but has a lower overpotential on most electrode surfaces.>* Hence, efficient
CO,RR electrochemical catalysts should reduce the barrier as compared to
HER, to promote selective reduction of CO, at a low overpotential.*® Interest-
ingly, Au, Ag, and Zn have been demonstrated to produce CO at a high current
efficiency. Cathode surfaces were predicted to affect the rate of reaction
and product selectivity by preferential binding to given intermediate species
(e.g- CO) and changing the overall activation barrier. Sn, Pb, In, and Hg metal
electrodes produce formate as the major product during CO,RR.”* However,
Group VIB metals such as Cr, Mo, and W have been found to be poor catalysts in
this regard. Cu is the most well-known bulk metal catalyst to effectuate CO,
conversion to alcohol and hydrocarbons (methane, ethane etc.). It has high
preferential selectivity towards CO binding which allows it to produce higher-
order hydrocarbons more efficiently. Hence, it is proposed that the product
selectivity on metal surfaces could be easily tuned by the differential binding
energy of particular intermediates. However, Cu nanoparticle catalysts are
reported to have lower faradaic efficiency for formation of CO because the
low-coordinated sites on the catalyst surface promote HER over CO,RR.*?
Besides polycrystalline metal surfaces, single-crystal surfaces of Pt, Cu, Ag,
Au etc. are also reported for CO,RR to CO.** Furthermore, copper oxides have
been reported to have higher CO,RR activity than bulk copper. Frese has
investigated methanol formation on various oxidized Cu electrodes such as
anodized Cu foil, thermally oxidized Cu foil in air, and air oxidized Cu elec-
trodeposited on anodized or air-oxidized Ti foil, and found anodized Cu to give
the highest rate (1x10~* molem™>h™").*® Experiments revealed the formation
of methanol to be a voltage-independent process, illustrating that the reason
behind achievement of >1 faradaic efficiency is due to the contribution of
several chemical (non-faradaic) and electrochemical reactions together.**
Apart from heterogeneous electrocatalysts, recent reports have focused on
the development of homogeneous transition-metal complexes and surface-
bound molecular catalysts for CO, reduction with higher product selectivity.”
There has been a significant increase in the number of transition metal-based
homogeneous catalytic systems that are able to selectively reduce CO,, with
metal centres encompassing the entire periodic table. The majority of homo-
geneous catalysts reported thus far are made up of precious noble metals such
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as Ru, Rh, Pd, and Ir, while those with non-noble metals such as Mn, Fe, Co, Ni,
and Cu are limited.” In the past, Pd complexes were always the focus of research
for electrocatalytic CO, reduction. Dubois and co-workers reported electro-
reduction of CO, to CO and H,O with Pd-tridentate phosphine ligands in DMF
(dimethylformamide) or CH;CN solvents, with a small amount of Brensted
acids, e.g. HBF, or H;P0O,.*” A plethora of catalysts based on Ru and Os co-
ordinated to bpy ligands have been reported whose product selectivity is found
to be largely influenced by pH.?® For instance, at pH 6 the reaction catalysed by
[(bpy),Ru(CO)-Cl]" gave a mixture of CO and H,, while at pH 9 the reaction
furnished both HCOO- and CO. Recent work focuses on the use of low-valent
first-row transition metals to achieve dissociation of C-O and generate value-
added intermediates. Macrocyclic complexes of soft metals such as Co(r) and
Ni(1) have also been used as electrocatalysts since they are strong one-electron
reductants." Cyclam-based N4 complexes and their derivatives have been
extensively investigated for the electroreduction of CO,.”** Success has also
been achieved with surface-immobilized base metal catalysts. Berry and
co-workers have utilized Co(porphyrin) appendages covalently anchored on a
conductive diamond to reduce CO, at —1.55 V vs. Ag"/Ag.”® Cobalt meso-
tetraphenylporphyrin (CoTPP) immobilized on carbon nanotubes can achieve
remarkable enhancement of electrocatalytic activity at a low overpotential in
aqueous medium.*' Marinescu et al. reported that cobalt aminopyridine mac-
rocycles with pendant amine ligands were excellent catalysts for CO, reduction
with high Faradaic efficiency.*” However, most of these experimental electro-
kinetic studies of CO, reduction do not provide much insight into the rate-
determining step and the origin of the product selectivity. Although several
computational studies proposed the reaction mechanism of CO, electro-
reduction and underlined the role of kinetics in the elementary steps, more
detailed mechanistic understanding is required to develop sustainable complex
molecular systems that can work for prolonged hours under ambient con-
ditions. Along with experimental developments, computational studies have
provided valuable information that enhances the fundamental understanding
of CO, reduction and triggers novel ideas for better catalyst design.** In our
approach we have devoted ourselves to a comprehensive mechanistic under-
standing of CO, reduction with various homogeneous catalysts, using accurate
quantum chemical computations.>®''"'**® Needless to say, such in-depth an-
alysis may pave the way for constructing better catalysts with higher efficacy for
CO, reduction. Hence, in this chapter, we summarize our recent theoretical
works on elucidating the mechanisms of homogeneous CO, reduction in the
hope of providing more viable solutions for sustainable CO, functionalization.

5.2 Theoretical Background

5.2.1 Potential Energy Surface and Reaction Energetics

Theoretical understanding of chemical reactions is absolutely necessary to de-
cipher the underlying reaction mechanism, and rationalise different product
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formation, temperature and pressure dependence, etc. In particular, theoretical
knowledge about the thermodynamics and kinetics of a chemical reaction
provides crucial insights. It will be very helpful to recapitulate some conceptual
thoughts about chemical reactions, which should serve as the basis for analysing
and understanding the computational results in the field of catalytic CO, re-
duction. Catalytic reactions commonly involve several elementary steps that are
connected in a consecutive manner, and the overall rate of the reaction is usually
governed by the slowest step, commonly known as the rate-determining step
(RDS).** The RDS possesses the highest activation barrier in the overall catalytic
cycle and the barrier of the individual steps including the RDS can be deter-
mined by, for example, the transition state theory (TST).*’ It is a common
practice to connect each reaction species, viz. reactant, intermediates, transition
states (TS), and products on a potential energy surface (PES). The basic foun-
dation of PES is the Born-Oppenheimer (BO) approximation, which assumes
that in a molecule the motions of the nuclei and electrons can be separated. As
such, one can compute the electronic energy for a given nuclear arrangement
and construct the PES for all possible nuclear arrangements. Therefore, within
the BO approximation, molecules at their equilibrium geometries correspond to
local minima on the PES and a chemical reaction can be pictured as nuclei
moving from one minimum to another following a minimum-energy path
(MEP). The TST assumes a quasi-equilibrium between the reactants (R) and the
activated complex at the TS that decays to the product (P), R=[TS]'->P. In
practice, such MEPs are constructed by using free energies of the individual
reaction species and therefore commonly referred to as free energy profiles. The
reaction barrier (AG") for the elementary steps simply becomes the difference in
free energies between the reactants and the TSs (eqn (5.1)).

AGi = GR - GTS (5.1)

If one applies thermodynamic principles to the quasi-equilibrium between
reactants and TS, the famous Eyring equation (k is the rate constant of the
elementary step) is obtained (eqn (5.2)).

k= (’%) exp!~36'/&) (5.2)

This simple mathematical relationship between the rate constant (k) and
activation barrier (AG") serves as the basis to compute reaction rates of each
elementary step of a multi-step reaction and help identify the RDS. The key
thermodynamic parameter, Gibbs free energies, of the individual species are
obtained from quantum chemical calculations.

5.2.2 Relating Thermodynamics and Kinetics:
Bell-Evans-Polanyi (BEP) Principle
It is often intriguing to correlate the thermodynamic and kinetic properties of

a series of reactions of the same nature. Such understanding not only provides
insights into the fundamental properties of the reaction but also guides the
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Figure 5.2 Representation of the Bell-Evans-Polanyi (BEP) principle with (a) re-
action enthalpy surface and (b) linear correlation of enthalpic barrier
with enthalpic change.

Reproduced from ref. 8 with permission from John Wiley and Sons,
Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA.

design of more efficient catalysts. The Bell-Evans-Polanyi (BEP) principle
represents a linear relationship between the change in the reaction enthalpy
(AH), a thermodynamic property, and the activation enthalpy (AH') a kinetic
property, of a family of reactions as illustrated in Figure 5.2 (eqn (5.3)).*°

AH'= AH,' + oAH (5.3)

This translates as, the higher the exothermicity of the reaction is, the lower
the activation barrier becomes, or vice versa as depicted in Figure 5.2b. In
Section 5.3, we will demonstrate how the key steps of homogeneous CO,
hydrogenation follow the BEP principle. There are, of course, exceptions to
the BEP principle. A prototypical example of such exception includes the
oxygenation of organic substrates that encounters tremendous barriers
despite having high exothermicity, which is a result of the spin-forbidden
nature of the O, activation process.

5.2.3 Computational Methodology

Computational methods on catalytic reactions, such as homogeneous and
heterogeneous CO, reductions, are generally aimed at calculating reaction
mechanisms, activation barriers, reaction energies, and thermodynamic prop-
erties of the key intermediates. A variety of theoretical methods have been used
for this purpose. For homogeneous molecular catalysts, density functional the-
ory (DFT) is the method of choice to obtain geometries, vibrational frequencies,
and energies. Recent developments of local coupled-cluster methods, such as
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domain-based local pair natural orbital coupled-cluster with singles, doubles,
and perturbative triple excitations, DLPNO-CCSD(T) also has made it possible to
obtain highly accurate electronic energies for modelling catalytic reactions. For
heterogeneous CO, reductions over solid surfaces, periodic DFT calculations
have commonly been used. The combined quantum mechanical and molecular
mechanical (QM/MM) methods are also successfully applied to model hetero-
geneous CO, reductions. In the following section, we will briefly describe the
fundamental physics and working principles of the static DFT method.

5.2.3.1 Density Functional Theory (DFT)

DFT was founded upon the two Hohenberg and Kohn theorems; the first one
states that there is a unique correspondence between electron density p(r)
and external potential V(r) in which the electrons move. The ground-state
wave function can therefore be uniquely determined by the density and vice
versa. Thus, in principle there exists a universal functional that gives the
total energy. The second theorem states that, provided that the universal
density functional exists, the ground state energy can be obtained using
variational principle (eqn (5.4)).

Ev(r)[p(r)] = Ev(r)[po(r)] =Ep (54)

Here, po(r) is the exact density, and E, is the exact energy. However, the
universal density functional is not known and DFT calculations are practiced
in the framework of the Kohn-Sham (KS) approximation, which assumes a
system of non-interacting electrons having the same density as the real
system of interacting electrons. Analogous to the HF theory, the wavefunc-
tion of non-interacting electrons is a Slater determinant and the kinetic
energy of one electron can be obtained from this one. Then the orbitals of
the Slater determinant can be obtained by solving a set of eigenvalue
equations as in the HF theory. The resulting equations are called KS equa-
tion and the analogue Fock operator in this case is the KS operator, which
contains an effective potential consisting of three terms (eqn (5.5)).

p(r')

r—r

Vett () = Vext (1) + J dr + Vie(r) (5.5)

This expression contains the external potential (V.y), the classic Coulomb
potential, and exchange-correlation potential (Vxc). The energy of the KS
system then can be expressed as shown in eqn (5.6).

Bslp(r)] = Yo — [P0 arar + Bclp(r)]) - [epinar (5.0

Here, Vxc(r) is a functional derivative of the exchange-correlation func-
tional Exc. The Exc is given by eqn (5.7).

Exclp(N]=Tlp(r)]+ Tolp(r)] + Veel p(1)] = Jp(7)] (5.7)



206 Chapter 5

The parameter Ve.[p(r)] is the exact correlation energy and j{p(r)] is the
classical Coulomb energy. If exact exchange-correlation could be used, the
DFT computed energy would be exact. However, as the exact exchange-
correlation is not known, various approximations to the energy functional
have been developed and they are commonly referred as ‘‘density func-
tional”. The exchange-correlation Exc[p(r)] energy functional can be de-
composed into the exchange E,x[p(r)] and correlation E.[p(r)] functional

(eqn (5.8)).
Exclp(r)] = Ex{p(n)] + Ecclp(7)] (5-8)

There exist different approximations to the exchange-correlation func-
tional, such as local density approximations (LDA), generalised gradient
approximations (GGA), meta-GGA approximations, and hybrid functionals
featuring a portion of the HF exchange.

5.2.3.2 Coupled-cluster Singles, Doubles, and Perturbative
Triples [CCSD(T)] and Domain-based Local Pair
Natural Orbital [DLPNO-CCSD(T)]

The coupled cluster (CC) energy expression is obtained by many-body ex-
ponential functions of cluster operators, T1, T2, T3, ..., Tn that generates
excited-state determinants by exciting one, two, three, ..., n electrons from
the reference ground-state Hartree-Fock (HF) wavefunction. Excitation up to
the nth electron, n being the total number of electrons in a molecule, re-
sembles the full configuration interaction (CI) method, while in practice
even three electron excitations make CC calculations nearly unaffordable.
Therefore, truncated versions of the CC method are used, where single and
double excitations lead to the CCSD, and single, double, and triple exci-
tations to the CCSDT methods. Fortunately, already at the CCSD level, some
triple, quadrupole, and higher excitations are included owing to the fact that
the higher-order excitations can be expressed as a product of linked double
excitations.

) i TZ TZ
LT P N T Y 59)

The approximated CC method, CCSD(T), is regarded as the best com-
promise between computational cost and accuracy. In this approach, the
triple excitations are incorporated into the CCSD equation via a perturbative
approach rather than a full CC approach. The CCSD(T) method proved very
accurate for closed-shell systems and has been regarded as a ‘“‘gold-stand-
ard” of computational chemistry. Unfortunately, CCSD(T) requires large
one-electron basis sets to achieve the desired accuracy, which limits the
routine application of this method in modelling larger systems such as
metal-catalysed reactions.
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In recent times, the developments of local correlation methods have come
into the limelight as they have found a wide range of applications on rela-
tively larger systems. By exploiting the local nature of electron-electron cor-
relations in molecules, local pair natural orbital (LPNO) based CC methods
(LPNO-CCSD) were rejuvenated a few years ago. Further developments gave
rise to the domain-based version of the local CC, DLPNO-CCSD method. Fi-
nally, the incorporation of the perturbative triples to this method leads to the
DLPNO-CCSD(T) method, which is, so far, the best (near-)linear scaling
method that can compete with traditional DFT methods in terms of com-
putational cost and can achieve the CC-level of accuracy at the same time.

5.2.3.3 General Performance of DFT and DLPNO-CCSD(T)

As demonstrated in the previous section, it is crucial to accurately compute
the electronic energies for the unambiguous determination of the RDS in a
catalytic process. The popular DFT often breaks down in calculating reaction
barriers within the chemical accuracy (~3 kecalmol ). In fact, DFT calcula-
tions with different functionals could yield values for reaction barriers,
the gap between different energy levels, etc. with a common error of
~5 kealmol . The recently developed highly correlated ab initio method,
DLPNO-CCSD(T) can, therefore, play an important role in predicting highly
accurate reaction energetics and identifying the RDS.""'**” Most import-
antly, the computational expense required for DLPNO-CCSD(T) calculations
exceeds the cost of a hybrid DFT calculation (without using any approxi-
mations) by only 2-4 times.'™'?> Hence, the application of DLPNO-CCSD(T)
methods on large systems like transition-metal-catalysed CO, reduction be-
comes entirely feasible on a routine basis.

5.2.4 Calculation of Hydricity

Catalytic CO, hydrogenation to yield formic acid often involves metal-
hydride intermediates. Hydricity is an experimental measure of the nu-
cleophilicity or hydride donating ability of a hydride donor.*® Thus, it is
important to accurately compute this parameter, for which the pioneering
work has been reported by Dubois and co-workers.*® Recently, Muckerman
et al. proposed a simple thermodynamic scheme to estimate the hydricity,
(AG;,-)(MH), of metal-hydride species.’® The hydricity (AGj-) of a given
hydride donor (MH) is defined as the standard free energy change for the
following reaction: MH—M" + H™ in a particular solvent, often acetonitrile.
Therefore, the hydricity of a metal-hydride species is given by eqn (5.10).

AGy-(MH)=G°(M") + G°(H™) — G°(MH) (5.10)

However, it is difficult to calculate the absolute free energy of a solvated
hydride [G°(H )], so does AGyur(MH). Hence, the hydricity-half-reaction
(HHR) MH—M" is utilized to estimate the standard free energy change
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Figure 5.3 Correlation plot between experimental AGy_ P (x-axis) and calculated
AG ™ (y-axis) of seven different species given in Table 5.1.
Reproduced from ref. 11 with permission from American Chemical Society,
Copyright 2015.

Table 5.1 Experimental hydricities and standard free energies of the corresponding
hydricity half-reaction calculated at the M06-L/def2-TZVPP level of theory.
Reproduced from ref. 11 with permission from American Chemical Soci-
ety, Copyright 2015.

Species AG°y-* (kcal mol ) AG® 1™ (keal mol )
HCOO™ 43 442
Ph;CH 99 488
BNAH* 59 458
Rh(dppb)H” 34 425
[Pt(dmpp)H]*™* 50.7 445
[Ni(dmpp)H]*¢ 62.1 462
p-(Me,NCgH,);CH 74 457

“BNAH = 1-benzyl-1,4-dihydronicotinamide.
dppb = 1,2-bis(diphenylphosphino)benzene.
‘dmpp = bis(dimethylphosphino)propane.

AGyr(MH) to avoid calculating G°(H™). Thereby, the HHR free energy
change is given by eqn (5.11a) and (5.11b).

AG} i MH) =G°(M") — G°(MH) (5.11a)
=AG;; (MH) — G°(H") (5.11Db)

From eqn (5.11b) it is clear that hydricity (AGj;-) of a metal-hydride species
should be a linear function of the standard free energy change of the hydricity
half-reaction (AGy;) with the slope being one and G°(H ™) being the intercept.
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Table 5.2 Calculated hydricities of theoretically studied species. Reproduced from
ref. 11 with permission from American Chemical Society, Copyright 2015.

Species AG°y- € (keal mol %)
HCOO™ 471

HCOOH 134.6

HCOOH — NEt; 59.3

Fe(H)(H)(PP;Ph) 66.5

Ru(H)(H)(PP,Ph) 58.5
Co(H)(H)(PP;Ph)™* 100.0

“PP;Ph = tris(2-(diphenylphosphino)phenyl)phosphine.

This approach is useful to theoretically calculate the HHR free energy change
(AGyyyy) for a series of species whose hydricities (AG§;- ") have been deter-
mined experimentally by any of the following three techniques: hydride
transfer, H, heterolysis, and potential-pK, methods. Hence, AGy;- “P* (x-axis) is
plotted against AG;“¢ (y-axis) (calculated by using eqn (5.11a)) and then a
least-square linear fit is used to give a realistic value of G°(H ) from the
intercept. Using the G°(H ) thus obtained, one can easily compute a reliable
value of AGY; of a metal-hydride once the AG};z (MH™) is known. Thus, the
hydricity of a new species can be predicted very conveniently.

For example, from a linear regression of experimental hydricities of six
hydride donor species and HCOO ™ against the standard free energy change
of their corresponding HHR computed at the DFT MO6L level of theory, the
G°(H™) value was determined to be 402.2 kcal mol~' from the intercept of
Figure 5.3. On the basis of that, the hydricities of a series of Fe, Ru and Co
complexes of interest are calculated, as shown in Table 5.2.

5.2.5 Calculation of Standard Reduction Potential and pK,

The standard reduction potential of a given species in solution can be
conveniently calculated by using the standard Gibbs free energy change
(AGES) for the electron transfer process in eqn (5.12).

AGEA
E°= ——>d (5.12)
nr
Here, F is the Faraday constant, and n is the number of electrons involved.
AGES is computed from the thermodynamic cycle shown in Scheme 5.1(a)
using eqn (5.13).

AGES = AGg* + AGgo (A7) — AGson(A) — AGso(€ ) (5.13)

However, the exact solvation energy of a single electron is available neither
from experiment nor from theory. Following the proposal suggested by
Cramer and Truhlar, the relative standard potential rather than the exact
solvation energy of a single electron was calculated by externally adding the
effect in a linear fashion.”’ Hence, the standard reduction potential with
respect to the NHE was obtained by a rudimentary shift of —4.48 V to the
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Scheme 5.1 Thermodynamic cycles used for the calculations of (a) standard re-
duction potential and (b) pK,.
Reproduced from ref. 13 with permission from American Chemical
Society, Copyright 2014.

relative redox potential obtained for a species in acetonitrile. Thus, the final
relation of E° with free energy changes is given by eqn (5.14).

{AGSA + AGgon (A7) — AGsory (A)}
F

E°=—

—4.48 (5.14)

Similarly, the pK, value of a given proton dissociation reaction in solution
was estimated from the thermodynamic cycle in Scheme 5.2(b)."* Specific-
ally, the pK, value is computed by the Gibbs free energy change of proton
affinity, AGsy, using eqn (5.15).

AGPL
Ky = ——oL_ 5.15
Pa= 2303 T (5.15)
Here, R is the universal gas constant and T is the temperature in Kelvin.
On the basis of the thermodynamic cycles shown in Scheme 5.1(b),
eqn (5.16) ensues.

AG = AGg" + AGsoi(A™) + AGsor(H ) — AGyoi(AH) (5.16)

AGy" includes the gas phase standard Gibbs free energy of formation of a proton
whose value was set to —6.28 keal mol . Furthermore, the solvation energy of a
proton, AG,,(H "), was used from literature values (—260.2 kcal mol ).

The gas-phase Gibbs standard energy change was corrected to the stand-
ard state (1 M) using eqn (5.17) and (5.18).

AGZ"(1 M)=AGg"(1 atm) — 1.89 kealmol ' (5.17)
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where
AGg"(1 atm)=Gy4(A™, 1 atm) + G4(H ", 1 atm) — AG4(AH, 1 atm) (5.18)

In the literature, various approaches have been proposed to calculate hy-
dricities, redox potentials, and pK, values. Note that eqn (5.12), (5.13), and
(5.16) serve as the master equations for nearly all of them. Because accurate
values of solvation energies of the hydride, electron, and proton are not
known, various approximations are used in different methods. Here, we only
discuss those used in our own work.

5.3 Case Studies: Non-noble Metal Catalysed
Homogeneous CO, Reduction

The large number of reactions of two-electron CO, reduction found in the
literature can be classified into two primary categories, ie. (a) CO, reductive
dissociation and (b) CO, hydrogenation (Scheme 5.2). CO, reductive dissoci-
ation can occur via a C-O bond cleavage promoted by a metal ion (M"") or a
proton (H™) to yield CO (Scheme 5.2, left). Alternatively, two CO, molecules
can couple to yield CO; ~ and CO through reductive disproportionation. CO,
hydrogenation is usually assisted by a base to form HCOOH or HCO, as the
primary product (Scheme 5.2, right). Here, we summarize the most funda-
mental aspect of two-electron reduction of CO, with the help of a few case
studies. We focus on the mechanisms of these reactions which are extensively
studied by us with theoretical tools. We begin with the discussion on elec-
trocatalytic C-O dissociation by a Ni-Cyclam complex, followed by our
understanding on Cobalt-B-diketiminate complex-mediated reductive dis-
proportionation of CO,. We finish with the CO, hydrogenation process,
identifying the rate-controlling factor to design a new efficient catalyst.

5.3.1 CO, Reductive Dissociation

Conversion of CO, into CO is a promising strategy to develop fuel precursors.
The reverse-water-gas-shift reaction utilizes strategies found in Nature’s
photosynthetic processes to dissociate CO, into CO according to the following
reaction: CO, + H, —CO + H,0. The Fischer-Tropsch process is thereby util-
ized to produce higher-order hydrocarbons from CO and H,. Several Co(u),
Ni(n), Ag(u), and Pd(u) molecular electrocatalysts based on porphyrin and
phthalocyanines carry out efficacious CO, reduction to CO and HCOOH.! CO,

CO;+2H +2e +CO+H,0 | ' CQ, Hydrogenation
CO, + MM — CO+ M™-0-M™" | | ¢ 4 1y, + B: — HCOO- + BH" |
2C0,+2e —CO& +CO | '

Scheme 5.2 CO, activation pathways via two-electron reduction. Here “B” denotes
a base.
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reduction was proposed to be initiated by the addition of CO, to the metal
centre.

X-ray crystallographic analyses revealed that CO, binding to a transition
metal centre adopts three different binding modes, i.e. n'-C, n*-C,0, and
n'-0 (Figure 5.4a). Specifically, the n'-C mode is proposed for electron-rich
low-valent metal centres which facilitate electron transfer from metal-based
d-orbitals to the carbon-based m* antibonding orbitals. Experimentally,
n'-C binding to CO, was first observed in [Rh(diars),(Cl)(CO,)] (diars =
o-phenylene-bis(dimethyl)arsine) as reported by Herskovitz et al,>* while
n'-O coordination has been observed with electron-poor high valent metal
species. As early as 2004, Meyer and co-workers reported the first example of
an n'-0 binding CO, ligand in a hexa-coordinated uranium(m) species.” The
sterically very demanding adamantyl substituents on the supporting ligand
produce a narrow cylindrical passage above the metal centre, instigating a
linear CO, binding mode in n*-OCO fashion (Figure 5.4b). The n*-CO, mode
featuring a bent CO, ligand, which was first found for Ni(PCy;),CO,
by Aresta and co-workers, is the most common coordination mode found
for metal-CO, adducts.”* This coordination mode is also found in
PPMePNi(n*-CO,) (PPMeP = PMe[2-PiPr,-C¢H,],)*> and (dtbpe)Ni(n>-CO,)
(dtpbe = 1,2-bis(di-tert-butylphosphino)ethane).’® Notably, computational
studies predict a preference of n*-CO, binding for low-valent Cr and Ni
B-diketiminate complexes.’” In particular, n>-CO, adducts are often reported
to undergo heterolytic C-O bond cleavage to generate CO.

Starting from n*-CO, adducts, two-electron reduction of CO, is typically
achieved by PCET or MCET. Alternatively, reductive disproportionation
of two CO, molecules generates CO and CO;>  assisted by binuclear

o
(@) 0 %
M----C M----0=C=0 w2
\ Seify
o
n'-C n'-0 n3-c,0
(b) 0

[Rh(diars),(CI)(CO,)]  [((*“ArO)stacn)UV(CO,)] Ni(PCy,),CO,

Figure 5.4 (a) Different coordination modes of CO, to a single metal centre.
(b) Representative examples of CO, bound metal complexes (see text).”>™>*
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macrocyclic complexes (Scheme 5.2). It is to be noted that CO, coordination
to a reduced metal centre develops substantial negative charge on the bound
CO, ligand. To form CO in the end, C-O bond breaking must involve transfer
of an oxide-like group to protons, or to electron-deficient positively charged
metal centres or even to a second molecule of CO,. This process is expected
to involve a high energetic penalty; therefore, C-O bond cleavage is often the
RDS of the entire reaction.

Experimental and computational studies indicate that the proton or a
second metal centre functioning as a Lewis acid can interact with the un-
bound oxygen atom."** As a consequence of this interaction, the electron-
accepting capability of CO, becomes enhanced. Relevant examples include
the electrochemical reduction of CO, to produce CO mediated by a
Fe(porphyrin) system where addition of Brensted acids, such as CF;CH,OH,
improves the rate of catalysis.”® Furthermore, intramolecular hydrogen
bonding with ligand -NH protons has been demonstrated to provide
stronger fixation of CO, to a Co(1) macrocyclic complex."** This favourable
anchorage promotes two-electron transfer from the metal centre to CO,,
leading to the formation of a Co(ui)-carboxylate adduct. In line with this
reasoning, the closely placed Ni and Fe centres in the active site of
[NiFe]CODH are proposed to induce cooperative C-O dissociation for revers-
ible conversion of CO, to CO.”” Similar to [NiFe]CO dehydrogenase, very high
catalytic activity has been found in a bimetallic palladium complex platform
in which two triphosphine units are bridged by a -CH, group.®® Here, weakly
coordinating solvent molecules dissociate from the metal centre to provide a
vacant coordination site for binding CO, and assisting in C-O bond
cleavage. Recent research focuses on earth-abundant complexes such as
the Ni(1) -cyclam complex (cyclam = 1,4,8,11-tetraazacyclotetradecane).®
Significant understanding on this topic has been achieved through both
thermodynamic/kinetic analysis and computational studies.'***®

5.3.1.1 Homogeneous Electrochemical CO, Reductive
Dissociation

Several transition metal complexes are found to selectively reduce CO, to
formate or CO, with modest overpotential and Faradaic efficiency.®> Among
them, the reactivity of [Ni(cyclam)]>" is particularly interesting because it
selectively furnishes CO at a low overpotential in water. On the contrary,
both CO and formate (75%) are generated in low water content DMF
solvent.® The active catalyst is believed to be the one-electron reduced
[Ni(cyclam)]* species. Furthermore, it has been shown that the reaction
predominantly takes place on a mercury electrode as [Ni(cyclam)]” gets
adsorbed on it.°*®> The catalytic activity plateaued with an increment in
catalyst concentration due to saturation of the adsorbed complexes on the
metal surface, casting doubt on the homogeneity of the reaction.®*®* How-
ever, a recent study by Froehlich and Kubiak demonstrated homogeneous
CO, reduction by [Ni(cyclam)]*" on an inert glassy carbon electrode.’*
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We hypothesized that different binding modes of CO, with Ni is responsible
for the product selectivity.> An '-CO, adduct undergoes C-O bond cleavage
to yield CO while HCOO™ originates from a n'-OCO intermediate. Our
computational analyses revealed that the binding of CO, to [Ni(cyclam)]" in
a n'-CO, fashion is energetically more favourable (a thermoneutral process
with AG=—1.6 kcalmol ') than formation of the n'-OCO intermediate
[Ni(n"-0CO)(cyclam)]", (AG=12.4 kcalmol ) (Figure 5.5a). The thermo-
dynamics of the CO, adduct controls the product selectivity. Notably, the
LUMO of CO, is primarily C 2p centred. Hence, the overlap between the
Ni dz* orbital with the C-centred lobe of CO, 7* in n'-CO, mode is more
effective than with the O-centred lobe of CO, n* in the n'-OCO mode which
accounts for the differential binding energies. However, the frontier orbital
analyses of [Ni(n'-CO,)(cyclam)]" reveal that binding of CO, to [Ni(cyclam)]*
only causes a partial single electron transfer from Ni* to CO,. Hence, the
second electron transfer must proceed through an outer-sphere electron
transfer mechanism assisted by a proton (Scheme 5.3). In this case, a
concerted PCET pathway is found to be the feasible route rather than
sequential electron-proton transfers. Our calculations therefore highlight

(a) W @,&@

n'-Co, n'-0Co
AG = 0.0 14.0

(keal/mal)

Ni-dz?
+ 4
5=0893

COg 1"
+ Ni-dz? Ni0.62, CO,: 0.38

Ni-dz2
HEH
S=055
CO,m.*

Ni 0.82 ip

Ni 0.26, CQ,: 0.74

Figure 5.5 (a) n'-CO, and n'-OCO adducts of Ni-cyclam with relative free energies.
Important non-orthogonal orbitals of (b) n'-CO, and (c) n'-OCO Ni
complexes.

Reproduced from ref. 13 with permission from American Chemical
Society, Copyright 2014.
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Scheme 5.3 Schematic representation of the mechanism for CO, reduction to CO by
Ni-cyclam.
Reproduced from ref. 13 with permission from American Chemical
Society, Copyright 2014.

that binding of external protons increases the electron affinity of the CO, in
[Ni(n"-CO,)(cyclam)]" to enable acceptance of electrons from Ni' and the
electrode. Hence, a feasible C-O bond cleavage to CO is then possible, for
which generation of H,O provides the added driving force (Scheme 5.3).

5.3.1.2 CO, Reductive Disproportionation by a
Cobalt-B-Diketiminate Complex

In an analogous stoichiometric reduction of CO, by a Co complex coordin-
ated by B-diketiminate (L‘Bu) ligands (L‘Bu = 2,2,6-6-tetramethyl-3,5-bis[(2,6-
diisopropylphenyl)imino]hept-4-yl), a metal carbonyl, L‘BuCo(CO), and a
carbonate-bridged dinuclear compound, L‘BuCo(p-OCO,)CoL‘Bu, are
formed (Scheme 5.4).*> Here, we proposed that after the rate-determining
slippage of the xN,n’-arene isomer to the traditional xN,N' coordination
mode of the ligand, CO, binding takes place on an uncoordinated metal site
in an m*CO, fashion (Scheme 5.4). Similar to the previous case, coordin-
ation of CO, to the metal initiates partial electron transfer from the Co' dz,
orbital to the n* of CO,. Hence, the subsequent C-O cleavage following the
CO, association is found to be energetically unfavourable. However, co-
ordination of the distal oxygen atom of the CO, motif to a second xN,N’ Co"
complex generates a k'C,x*(O, O) CO, bridged dinuclear species whose
formation is predicted to be highly exergonic (AG< —20 kcalmol '). The
heterolytic C-O bond cleavage assisted by bimetallic centres is found to
traverse a much lower barrier which signifies the use of the second metal
centre as a Lewis acid. Importantly, it is rather facile to oxidize each metal
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Scheme 5.4 (a) Reaction steps during the rate-determining ligand slippage for CO,
addition to a cobalt-B-diketiminate complex. (b) Schematic representation
of the mechanism for CO, dissociation following mononuclear and bi-
nuclear pathways. Reported Gibbs free energies are in units of kecal mol .
Reproduced from ref. 43 with permission from the Royal Society of
Chemistry.

'Co: 0.70, CO,: 0.33 Co: 0.34, CO,: 0.69
L'Col(n*C0O;)  L'Coll(k!-C,k2-(0,0)CO,)CollL!

Figure 5.6 Orbital interaction between CO, and the Co centre in mononuclear and
binuclear adducts.
Reproduced from ref. 43 with permission from the Royal Society of
Chemistry.

centre by one unit rather than a single metal centre working as a two-
electron reductant. Hence, binding of oxygen to a second Co centre ensures
transfer of an additional electron and also facilitates complete electronic
transfer from the first Co' centre.

Furthermore, analyses of the frontier orbitals show that for the electron-
rich [CO,]*” moiety in the CO, bridging dinuclear species, the bonding
orbital is predominantly carbon-based (Figure 5.6). This is essentially an
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example of MCET, in principle similar to the electrochemical reduction
of CO, by [Ni(cyclam)]" following a PCET process."” In both reactions, the
n'-CO, adduct is partially reduced and requires a proton or a second metal
to recover sufficient electron affinity of CO, for the second electron transfer.
However, unlike [Ni(cyclam)]” where an outer-sphere second electron
transfer takes place, the second L‘BuCo species also furnishes the required
additional electron to complete the reduction process. The dinuclear species
then follows a heterolytic C-O bond cleavage to transform to a u-oxo
intermediate and releases CO to form the metal carbonyl. The p-oxo inter-
mediate subsequently reacts with a second CO, molecule to yield the final
products. An associative pathway where a nucleophilic addition of the
electron-rich (CO,)*>~ dianion to another CO, to form a (CO,),>” bridge is
computationally identified to be another feasible channel. Further hetero-
lytic cleavage of C-O followed by geometrical rearrangement then yields the
desired products.

5.3.2 CO, Hydrogenation

Homogeneous hydrogenation of CO, using molecular H, is one of the most
attractive ways of CO, functionalization with formic acid being the imme-
diate product. The reaction is usually performed in the presence of a base,
which increases the thermodynamic driving force of the reaction by forming
an acid-base complex as the final product. The fundamental thermo-
dynamic requirements of CO, hydrogenation are illustrated in eqn
(5.19-5.21), where the use of a base clearly increases the driving force.

CO, (g)+ H, (g)—>HCOOH (1) (5.19)

AG°=7.8 kealmol ™ '; AH® = —7.5 keal mol '; AS° = —51.2 cal (mol K) "
CO, (g)+H, (g) + NH; (aq) > HCO,  (aq)+NH," (aq)  (5.20)

AG® = —2.3 kealmol *; AH° = —20.1 keal mol *; AS° = —59.5 cal (molK) "
CO, (aq)+ H, (aq) +NH; (aq)»HCO, (aq)+NH," (aq)  (5.21)

AG®° = —8.4 kcalmol *; AH° = —14.2 keal mol *; AS° = —19.3 cal (molK) ™"

Since Inoue et al. reported the first example of homogenous CO, hydro-
genation in 1976,°¢ a plethora of noble as well as non-noble metal catalysed
processes have been developed.®”*® Some ground breaking examples based on
noble metals include [RhCI(TPPTS);] (TPPTS = tris(m-sulfonatophenyl)phos-
phine) developed by Leitner et al (turnover number, TON =3439),
[IrH;(PNP'Pr)] (PNP'Pr = 2,6-(CH,P'Pr,),CsH;N)® prepared by Nozaki et al
(turnover frequency (TOF)=150000 h™'; TON =3500000)"° and [RuCl(H)-
(CO)(PNP'Bu)] (PNPtBu = 2,6-(CH,P‘Bu,),CsH;N) developed by Filonenko et al.
(TOF =1 100000 h™").”" In contrast to the noble metals, only a handful of non-
noble metal-based CO, hydrogenation catalysts have been reported so far and



218 Chapter 5

their reactivity is not comparable with their noble metal counterparts.
The catalyst systems, NiCly/dcpe (dcpe = Cy,PCH,CH,PCy,) (TON = 4400;
TOF=20 h™') developed by Jessop and co-workers,”> [Fe(PP;Ph)(H,)(H)]
(PP;Ph = tris(2-(diphenylphosphino)phenyl)phosphine) (TON=1897; TOF=
95 h™") in situ generated by Beller et al.,”* and [Co(dmpe)H] (dmpe = 1,2-bis-
(dimethylphosphino)ethane) (TOF = 74 000 h™") developed by Appel et al. are
some representative examples of the non-noble metal category.”*
While highly applicable ambient reaction conditions have been developed
for noble metal-based reactions, non-noble metal catalysis requires harsh
reaction conditions that limit their applicability. Therefore, design and
developments of non-noble metal catalysed CO, reduction processes is now
at its pinnacle. Undoubtedly, a detailed mechanistic understanding of the
catalytic processes is a prerequisite for such developments and computa-
tional techniques is an irreplaceable choice in this context.

Most CO, hydrogenation follows a common mechanism that involves two
key steps, i.e. (i) base-promoted heterolytic H, splitting to generate a metal-
hydride intermediate, and (ii) hydride transfer from the metal-hydride to
CO,. More importantly, either of those two steps could function as the RDS
of the overall catalytic cycle. This has been experimentally demonstrated in a
single study involving [(n°®-Ce¢Meg)Ru(bpy)(OH,)]*" and [Cp*Ir(bpy)(OH,)]* "
(Cp* =1n°-C5Mes) catalytic systems, which showed H,-splitting RDS for the
former and hydride-transfer RDS for the latter complex.”” Computational
mechanistic investigations predicted H, splitting to be the RDS for CO, re-
duction with [(PNP)Ir(H),],”® [(PNP)Co(H);], [(PNP)Fe(H),(CO)] (PNP = 2,6-
bis(dialkylphosphinomethyl)-pyridine), —and [Cp*M(6,6’-O -bpy)(H,O)]
(M =Co, Rh, and Ir; bpy = 2,2"-bipyridine) complexes.® The hydride transfer
was suggested to be the RDS for a Co complex [Co(dmpe),H] (dmpe =1,2-
bis(dimethylphosphino)ethane).®

The chemical nature of the RDS for CO, hydrogenation remains fickle. In
order to pin-point the governing factor that controls the chemical identity of
the RDS, we undertook computational investigations on a phosphine
coordinated Fe(u) catalyst, [Fe(H)(n>-H,)(PP;Ph)]" (Rg.) performing CO, hy-
drogenation to formate (Scheme 5.5)."""'* The mechanistic sequence follows
a base (NEt;)-promoted heterolytic H,-splitting for Rg. to generate metal-
hydride species Ig. (Scheme 5.5). Iz undergoes hydride transfer to CO, to
form a formate-bound complex Py, that eventually releases formate and re-
generate Rp.. The reaction free energy profile obtained using DLPNO-
CCSD(T) calculations revealed that the H,-splitting step features the highest
barrier in the catalytic cycle and is therefore the RDS (Figure 5.7). In order to
investigate how a different metal with the same electronic configuration
might alter the nature of the reaction, we examined the CO, hydrogenation
reactivity with the corresponding Co(m) complex, [Co(H)(n*-H,)(PP;Ph)]*"
(Reo)- The theoretical results revealed that the H,-splitting by Re, traverses a
much lower barrier than that by Rg.. However, the hydride transfer starting
from I, appeared to involve a prohibitive barrier and is hence rate-
determining. Evidently, changing the metal centre from Fe(un) to Co(m)
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Scheme 5.5 Key steps for the CO, hydrogenation catalytic cycle using a metal-
phosphine complex.
Reproduced from ref. 8 with permission from John Wiley and Sons,
Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA.
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alters the CO, hydrogenation RDS from H,-splitting to hydride transfer

(Figure 5.7).
The H,-splitting barrier for Rg. is computed to be higher than that for Re,,
and at the same time, the corresponding driving force of the former reaction
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is lower than the latter. Furthermore, a correlation between barrier (AG*) and
driving force (AG) was also observed, indicating that the reaction follows the
BEP principle. The variation of the H,-splitting driving force originates from
the differential metal-hydride bonding (M-H) strength in intermediate I,
which can be quantified by hydricity or hydride affinity, AGy,_(MH). In
line with this analysis, the calculated hydricities of Ig. and Ig, are 58 and
100 kcalmol ', respectively, rationalize the distinct H,-splitting driving
forces. As hydricity measures the ability of a metal-hydride complex (e.g. I) to
donate its hydride, it also plays a crucial role in the hydride transfer step.
As such, CO, hydrogenation reactions via the “in situ generated” metal-
hydrides have to attain a delicate balance between hydride generation and
hydride transfer for an overall efficient catalytic process to occur. On the
basis of this analysis, we developed the following dichotomic ligand design
strategies. Specifically, for low-hydricity species (e.g. Rge), we used an
electron-withdrawing group such as -NO, in the ligand sphere that pulls
electron-density from the metal centre and increases its hydricity of the
metal-hydride intermediates. For high hydricity species (e.g. Rco), anionic
anchors C™ and Si~ were added to the phosphine ligands that push electron-
density to the metal centre and thereby lower the hydricity of the metal-
hydride intermediates (Figure 5.8a)."> Following this ligand modification
strategies, we designed a series of Fe and Co-based catalysts, and our cal-
culations indeed showed that such modifications lower the RDS barriers in
the respective cases.

For the parent complexes, Rco, Rre and their ligand modified complexes,
[Co(H)(n>-H,)(CP;Ph)] (CP;Ph = tris(2-(diphenylphosphino)-phenyl)methyl)
(Reosc), [Co(H)(n*H,)(SiP;Ph)] (SiP;Ph = tris(2-(diphenylphosphino)phenyl)silyl)
(Reossi)y [Fe(H)(n*H,)(PPsPhNO,)]" (PPsPhNO, = tris(2-(diphenylphosphino)-4-
nitrophenyl)phosphine) (Rge/no,); Rre/c and Ryessi (Figure 5.8a), we observed
good correlations between the hydricity of the “in situ generated” hydrides
and barriers for the key steps (Figure 5.8b). In such a volcano plot, the two
correlation curves cross at a point which is 59.7 kcal mol " on the hydricity
scale and is the optimal hydricity that the “in situ generated” hydrides should
possess to function as an efficient catalyst for CO, hydrogenation in the
presence of NEt;. Most importantly, the correlation suggests that beside Rg,,
Recossi and Reoc Would be active catalysts for homogeneous CO, hydrogen-
ation. The hydricity of CO, is 44 kecal mol " and any hydride donor having a
hydricity value higher than that, in principle, is not a good hydride donor for
CO, hydrogenation. One should not confuse this with the “in situ generated”
metal-hydrides described above. In fact, for the “in situ generated” metal-
hydrides, the optimal hydricity value should be in between the hydricity of
CO, (44 kecal mol ') and hydricity of H, (76 kcal mol ') as found here.®

5.4 Summary and Future Outlook

To summarize, we discuss two different processes of two-electron reduction
of CO, by non-noble metal catalysts, namely, CO, dissociation and CO,
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hydrogenation. Both are fundamental steps in formation of higher-order
alkanes or fuel precursors utilizing CO, as a starting material. Our case
studies highlight the importance of bifunctional activation for proton-
coupled and metal-coupled CO, dissociation to CO. In this regard, for-
mation of water or dinuclear-oxo bridged species are crucial for driving
forward the C-O bond breaking. CO, hydrogenation to formate involves two
crucial steps, namely, heterolytic H,-splitting and hydride transfer, either of
which could be the RDS. Here the hydricity or hydride affinity of the in situ
generated metal-hydride intermediate dictate the nature of the RDS and its
barrier. Based on hydricity, we show how promising catalysts could be de-
signed with non-noble metals, to compete with noble-metal analogues.
Taking CO, hydrogenation as an example, we further highlight how sys-
tematic computational investigations could lead to better understanding of
the RDS and thereby could be translated into the design and development of
more efficient systems. Such theoretical analyses are much reliant on the
computational method used. Often the DFT method is preferred to under-
stand reaction mechanisms due to their lower computational cost. However,
relative energetics computed by DFT methods are found to have an error of
up to 10 kcal mol ', depending on the choice of the exchange-correlation
functional. Hence, it is important to use wavefunction based highly-
correlated ab initio approaches to compute the relative energetics and
more reliably determine the RDS. Calculations with DLPNO-CCSD(T) can
furnish chemical accuracy in the order of ~2 kcal mol " and are particularly
helpful in predicting reliable potential energy surfaces. Thus, this theory
could be utilized for better understanding of the catalytic steps which open
up the possibility of discovery of in silico designed 3d transition metal
catalysts.
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6.1 Introduction

The continuous usage of fossil fuel materials as energy and fine chemical
sources have raised greenhouse gas emissions leading to global climate
change.' Current statistics suggest that the level of carbon dioxide will reach
up to 800 ppm by the end of this century, and may increase up to 2000 ppm
by 2300, which will cause intense temperature increase and ocean acidifi-
cation.>? To maintain, or even reduce, the CO, level in the atmosphere,
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2.Electron transfer:
Electron energy to
Chemical energy

1.Light harvesting:
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Figure 6.1 Carbon fixation in oxygenic photosynthesis processes.
Reproduced from ref. 4, https://dx.doi.org/10.1186%2Fs40580-016-0079-5,
under the terms of the CC BY 4.0 license, http://creativecommons.org/
licenses/by/4.0/.

shifting towards more sustainable pathways are essential; such as
utilization of CO, as a feedstock material for chemicals. Interestingly, plants
and certain bacteria use photosynthesis (see Figure 6.1) as a key process for
the conversion of carbon dioxide and water into sugar and oxygen using
sunlight as an energy source (6CO,+ 6H,0 + light—CeH;,06+ 60,)." In-
spired from this natural process, various approaches have been suggested,
and one among them is the electrochemical conversion of CO, to fuels and
chemicals.

6.1.1 Bridging Homogeneous and Heterogeneous Catalysts

The electrocatalyst is the most important component in an electrochemical
system because it is involved in the chemical transformation of the react-
ants. Both homogeneous and heterogeneous electrocatalysts have been
extensively studied and utilised for the electrochemical CO, reduction re-
action (eCO,RR).>""> Homogeneous catalysts can exhibit high activity and
selectivity towards specific reactions because of their well-defined active
sites and tunability by adopting different ligand environments.’”® However,
they usually exhibit low current density due to their low solubility in
aqueous electrolytes, and limited current density caused by the diffusional
kinetics (substrates and catalysts) and catalytic kinetics.">™"® In com-
parison, only the catalytic kinetics is the dominant factor as the active sites
and electrodes are electronically coupled in the heterogeneous catalysts
and high current density can be attained easily.'®'® However, as the
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reactions occur at the heterogeneous interface between a solid (catalyst)
and liquid (electrolytes), only the atoms at the catalyst surface can be dir-
ectly involved in the reaction. As a consequence, heterogeneous catalysts
have disadvantages with respect to atom utilization. Furthermore, as the
surface of the heterogeneous catalysts consists of various kinds of crys-
tallographic surfaces, selective production of desired products is chal-
lenging due to the heterogeneity of the active sites.

To increase the atom efficiency and selectivity of catalysts, enormous ef-
forts have been devoted to developing nanostructured electrocatalysts.'®*®
By adopting nanostructures, a high surface area to volume ratio can be ob-
tained and higher catalytic current can be achieved (see Figure 6.2a). By
controlling the morphology of nanoparticles, selectivity towards specific
CO,RR products can be enhanced.'®>* However, even the nanostructured
electrode surfaces consist of various kinds of crystallographic phases which
can exhibit different activities. Furthermore, it is difficult to identify which
surface sites are active for a reaction, especially, in the case of CO,RR where

(a] A
Atom ‘
Cluster a
- Nano 3
&
@
& Bulk Oxide Support Metal Support
3 £ e
£ High P e
A Specific e B e D
Activity G e e i
5 = s 2 o . Graphene S t
Minimizing Active Site Size Albib sl
(c) " (d)
.- S : Inductive Effect Coordination
: Ligand Atom P e /" Structure
14 coordination ™. Control - L

/ sphere\ "
i '.
] Graphene
/ Lattice

w
2" coordination

Axial Coordination

sphere

Figure 6.2 (a) Relationship between metal sizes vs. surface free energy and specific
activity. (b) Schematic representation of atomically-dispersed metal
atoms anchored on a metal oxide, metal surface, and graphene.
(c) Schematic representation of coordination spheres of metal atoms
on a graphene lattice. (d) Most important factors affecting the catalytic
ability of the metal center.
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various reaction pathways are possible. To achieve both high product se-
lectivity and high current density, it is important to design catalysts which
bridge the merits of both homogeneous and heterogeneous catalysts.

The simple way to bridge homogeneous and heterogeneous catalysts is
through immobilization of homogeneous catalysts to heterogeneous
supports.>>” By immobilizing the homogeneous catalysts on the electro-
conductive supports, such as carbon nanotubes, graphene sheets, or carbon
black, the current density can be increased due to the high surface area of
nanostructured carbon supports and by decreasing the effect of diffusion
limiting current of the catalytic active sites. The other approach is to directly
create atomically-defined active sites similar to those of homogeneous
catalysts on the surface of heterogeneous catalysts. To make atomically-
defined active sites, it is necessary to reduce the size of the active sites from
the nano to sub-nano level. In such a context, the ADMAs will be the ultimate
size-limit of active sites.

Recently, atomically dispersed metal atom catalysts (ADMCs) emerged as
an alternative catalyst to bridge the gap between homogenous and hetero-
geneous catalysts.***? Various supports such as oxides, metal nanoparticles,
and carbon materials can be used to stabilize the ADMAs (see Figure 6.2b).
ADMCs can have the merits of two different catalytic systems. With
atomically-defined and uniform local structure, ADMAs can exhibit high
activity and selectivity similar to that of homogeneous catalysts. Further-
more, ADMAs can maximize the efficiency of metal atom use, which is
particularly important for supported noble-metal catalysts. Furthermore, as
the active sites can be directly embedded in the electroconductive supports,
facile electron transfer from electrodes to active sites and the effect of dif-
fusion limiting current is significantly lowered.** *°

6.1.2 Carbon-based Electrocatalysts

The utilization of ADMAs on the catalytic reaction was first introduced in
oxide-supported heterogeneous catalysts.>® In heterogeneous catalysis, it is
important to increase the exposed active surface area to increase the
partially-coordinated metal atoms which act as the catalytically active sites.
By reducing the size of the metal particles, the active surface area can be
increased to enhance both the performance and atom efficiencies of such
catalysts. In fact, by reducing the size of active sites to the atomic level,
catalysts can achieve 100% active-metal atom utilization and high specific
activity. Such efficiency of atom utilization is necessary, in particular for rare
earth metal porphyrins or noble metal-based catalysts, such as Platinum (Pt),
Palladium (Pd), Ruthenium (Ru), Iridium (Ir), etc.

However, as the surface free energy of metals increases significantly with
decreasing particle size, the use of an appropriate support material becomes
indispensable to compensate for the high surface energy and stabilize the
small-sized active sites or ADMASs. As the surfaces of oxides are full of oxygen
ligands that can strongly coordinate with the metal atoms, oxide materials
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have been extensively studied as supports for nano-sized catalysts.”” In 2011,
Qiao et al. successfully demonstrated the stabilization of atomically dis-
persed Pt atoms by iron oxide (FeOx).>® By atomically dispersing Pt active
sites, extremely high atom-efficiency can be achieved and the catalyst shows
excellent stability and high activity for CO oxidation. The Pt atoms embed-
ded in the FeOx are suggested to have a high oxidation state because of
oxygen coordination, significantly different from that of Pt atoms in clusters
or metal surfaces. Density functional theory (DFT) calculations suggested
that the partially vacant 5d orbitals of Pt atoms, induced by the electron
transfer to FeOx, is responsible for its high catalytic activity.*® Since this
seminal work, numerous ADMAs supported on various supports have been
developed across a wide array of catalytic systems.*®?%*?

The oxide materials are excellent supports for ADMAs, which are suitable
for thermal reactions but not suitable as the electrocatalysts for the
reduction reactions. In eCO,RRs, the reactions typically occur at a high re-
ductive potential due to the sluggish kinetics which requires a high over-
potential. At this potential, most of the oxide supports can be reduced to
zero-valent metal species, resulting in severe structural deformation of
supports and weakening of the interaction with the ADMAs. Therefore, de-
sirable support materials, which are not only inert under the reductive po-
tentials but also allow strong interaction with metallic atoms, are needed.
Among the suitable candidate materials to support metal atoms, carbon-
based materials stand out because they exhibit high stability, good electron
conductivity, and large surface areas. In addition, their structures and sur-
face environments can be rationally designed for the stabilization of the
atomically dispersed metal catalysts.*>™*°

To achieve strong stabilization of the ADMAs on the surface of carbon-
based materials, it is important to understand the interactions between the
carbon support and the ADMAs, and how this can affect catalytic activities of
metal atoms (see Figure 6.2¢). Incorporation of heteroatoms such as oxygen
(0), nitrogen (N), phosphorus (P), and sulphur (S) is typically indispensable,
not only to activate chemically inert n-conjugated carbon surfaces but also to
develop active sites which have similar environments to those of homo-
geneous catalysts. In particular, nitrogen atoms in carbon lattices can co-
ordinate with metal atoms (M) to form M-Nx active sites. The electrocatalytic
activities of various kinds of metal and nitrogen-doped carbon materials
have been studied for renewable energy applications, including the hydro-
gen evolution reaction (HER), the oxygen reduction reaction (ORR), and
CO,RR.*

In this chapter, recent advancement in carbon-based ADMCs for CO,RR
will be reviewed, with emphasis on the unique structure of those catalysts in
comparison with homogeneous catalysts and biological enzymes. For ex-
ample, in nature, enzymes catalyse many different reactions with slightly
modified local structures and by adopting different local environments to
match the required energetics of the reactions. Inspired by the active sites of
the enzymes, we endeavoured to understand how the local coordination
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structure can affect the activity of metal centres (see Figure 6.2c and d).
In Section 2 and 3, the synthetic methodology adopted for preparing ADMCs,
and the characterisation methodology utilised for the identification of the
local structure, will be discussed. In Section 4, the structure-activity rela-
tionship of the ADMCs is discussed by adopting the structure-function
strategy used by Nature in various aspects such as M-N4-C and M-Nx-Cy
structures, axial ligand coordination, inductive effect as well as the effect of
the secondary coordination sphere. In Section 5, the perspectives to expand
the catalytic selectivity towards C1 hydrocarbons and C2-Cn products are
discussed.

6.2 Preparation of Carbon-based Atomically
Dispersed Metal Catalysts

Developing new synthetic methodologies for ADMCs is one of the main re-
search focuses in this field because of the challenging issues related to the
fabrication of atomic level dispersion on the carbon support. However, many
different methods have been successfully adopted for the synthesis of
ADMAs on the carbon support using various precursor molecules. The im-
portant methods include atomic layered deposition (ALD), wet chemistry,
and high-temperature pyrolysis. Each method has its own merits and de-
merits in terms of cost and yield of the final product. ALD has a unique
ability to deposit the atoms in a well-controlled manner. Wet chemistry is
considered to be the most cost-effective method for the synthesis of ADMCs.
Pyrolysis is especially beneficial for making carbon materials as the ADMAs-
doped carbon materials can be directly prepared by carbonizing various
kinds of precursor.

6.2.1 Atomic Layer Deposition

ALD is a vapour phase technique typically used for preparing high-quality
conformal thin films on three-dimensional substrates. This technique is a
special variant of chemical vapour deposition (CVD), in which gaseous
reactants are introduced into the reactor to form the desired products
through chemical surface reactions. The sequential and self-limiting
nature of the ALD technique offers many advantages such as thickness
control with near-atomic precision. Due to these features, ALD has been
used to stabilize ADMAs (Pt and Pd, in particular) on 2D carbon materials.
For example, ALD with (methylcyclopentadienyl)trimethylplatinum
(MeCpPtMe;) and O, as the precursors and N, as the purging/carrier gas
has been used to deposit Pt species from nanoparticle-to-sub-nanometer
clusters and atomically-dispersed Pt atoms over (N-doped) graphene.*®*°
The Pt size and site-density can be controlled by adjusting the number of
ALD cycles. Atomically-dispersed Pt species with a loading of 2.1 wt% have
been obtained after 50 ALD cycles. Despite the controlled ALD process,
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diffusion and agglomeration of metal atoms are a risk and likely to occur if
the interactions between the atoms and the support are weak, resulting in
the failure of their stabilization. This suggests that the selection of opti-
mum supporting materials is crucial for the preparation of atomically-
dispersed metal catalysts using the ALD process. As mentioned earlier, the
introduction of heteroatoms, such as nitrogen, enhances the interaction
between the metal atoms and the graphene support. The grain boundary
and edge site of the graphene supports can also provide stabilization sites
for metal atoms during the ALD process.’®>! The synthesis of catalysts with
atomically-dispersed Pd active sites by the alternate exposure of palladium
hexafluoroacetylacetate (Pd(hfac),) and formalin precursors on anchor
sites generated by the oxidation of graphene in acid, and its subsequent
thermal deoxygenation prior to the ALD process, has been reported.’?
Although ALD is an efficient method to achieve atomic-dispersion of ac-
tive metal sites, its application is limited by sluggish kinetics and the use of
expensive metal precursors.

6.2.2 Wet Chemistry Process
6.2.2.1 Conventional Wet Impregnation Method

In heterogeneous catalysis, wet impregnation is one of the most widely
used and simplest method to prepare supported metal catalysts. In this
process, a solid support is brought into contact with a liquid solvent con-
taining the active metal precursors to be deposited on the solid surface.
After a certain time, the liquid solvent is removed by drying/evaporation
and the solid compound is separated. The active metal precursors de-
posited on the support are then transferred to active metal species by H,
reduction at a relatively high temperature (<500 °C, typically 200-300 °C).
Since active metal precursors are dissolved as ion species in the solvent, the
purpose of the process is to bind those ions strongly on the support and to
maintain a good dispersion during the post-treatments and reactions.
However, since the carbon surface is chemically inert, the stable isolation
of metal atoms/ions is highly limited to very low metal loadings of
<0.5 wt%. For example, Pd/carbon nanofibers, which are prepared by
impregnation with an aqueous palladium dichloride (PdCl,) solution, and
the subsequent H, reduction at 250 °C, have a maximum Pd atom loading
of 0.2 wt%.>® To increase the metal loading as stable atomic species,
carbon supports with a large surface area and strong anchoring sites are
required. Among the various kinds of carbonaceous material,
zeolite-templated carbon (ZTC) is a promising candidate for ADMAs
stabilization. ZTC consists of highly curved three-dimensional networks of
graphene nanoribbons with abundant edge sites and has a microporous
structure and extremely high surface area of >2500 m®g~'. Owing to its
unique carbon structure, ZTC can be doped with a large amount of S
(17 wt%) to effectively stabilize Pt atoms (5 wt%).>*
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6.2.2.2 In Situ Generation of Atomically Dispersed Metal Sites

The wet impregnation method typically involves a H, reduction process at high
temperatures. Another suggested way to stabilize ADMAs on carbon supports is
to attach the metal atoms on N-doped carbon materials during CO,RRs. Under
the reductive conditions, metal ions are preferentially adsorbed on the
electron-rich N sites, thus inducing metal-N interactions. The feasibility of the
in situ generation of metal active sites on carbon was demonstrated in a CO,RR
system.>® In electrolytes containing iron ions, the applied potential for the
CO,RR leads to the selective adsorption of iron ions from the electrolyte on the
electron-rich N sites, resulting in the formation of highly dispersed metal-N
sites. It has been confirmed that the in situ generation of atomically-dispersed
metal species can also occur in the presence of other metal impurities such as
nickel (Ni), zinc (Zn) and copper (Cu). The CO,RR activity of these catalysts
depends on the type of metal impurity, and the in situ generated metal-N sites
improve the durability of the resulting catalysts. Nevertheless, further research
is required to improve and validate this method.

6.2.3 Pyrolysis at High Temperature

Pyrolysis methods have been extensively used for the preparation of carbon
materials with ADMAs by thermal decomposition of a mixture of precursors
at elevated temperatures in a controlled atmosphere (Ar, N,, NH3, or H,). In
general, the stabilization of transition-metal atoms/ions on carbonaceous
supports is achieved by the ligation of precursor metal ions with heteroatom
moieties (typically nitrogen) in the presence of carbon materials or their
precursors. This is followed by the subsequent pyrolysis of the precursor
mixture at temperatures >800 °C in the presence of an inert gas. Since this
method involves the impregnation of metal and nitrogen precursors on
carbon or carbon precursors, this method can be considered as a part of the
wet impregnation process. However, this method involves a pyrolysis step,
which requires a temperature higher than that required for H,-treatment or
calcination during the wet impregnation process. Furthermore, the wet
chemical mixing process is not a prerequisite, i.e. physical mixing of pre-
cursors under dry conditions is also possible before pyrolysis.”® The ob-
jective of the pyrolysis step is the simultaneous introduction of nitrogen
moieties and the anchoring of atomically dispersed metal species within the
graphitic network, resulting in the formation of M-N, moieties on the
support. To improve the physicochemical properties of atomically dispersed
metal sites, additional pyrolysis steps such as pyrolysis under an NH; at-
mosphere have been used. Pyrolysis at high temperatures can induce ag-
glomeration of transition metal atoms, resulting in the formation of bulk
metal species. These bulk metal species can be easily removed by post-acid
treatment owing to their instability in acidic environments.”” Unfortunately,
all the bulk metal species exposed to the acid solution cannot be completely
eliminated by the post-treatment, and the acid treatment introduces
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unintended oxygen functionalities on the carbon surface. Hence, many
different methods have been put forward to develop an efficient pyrolysis
process for producing atomically-dispersed metal catalysts with effective
anchoring sites and minimum agglomerations.

6.2.3.1 Carbonization of Metal-doped Polymer Complexes

This method involves the formation of polymers with abundant functional
groups and metal ions coordinated with them. Then, carbonaceous ma-
terials with metal active sites were produced via high-temperature pyrolysis.
Synthesis of the catalysts from polymer precursors is highly advantageous
because it offers mass production using inexpensive precursors. Polymers
with low vapour pressure like polyacrylonitrile, polyaniline, and polypyrrole
are well-known precursors for preparing carbon materials.”®°* Also, as these
polymers have a large number of anchoring N-sites for the metal atoms, they
can serve as both the carbon and nitrogen sources for the ADMAs.%* °°
Atomically-dispersed metal nitrogen carbon can be synthesized by for-
mamide condensation followed by a pyrolysis method.®” Carbon nitride also
allows the atomic dispersion of dense metal sites stabilized by multiple ni-
trogen ligands.®®®® Since polymers exhibit good adhesivity with other ma-
terials, activated carbon, carbon nanotubes, or graphene oxides can be
introduced during the polymerization process to increase the surface area
and electric conductivity of the resulting catalysts.”® ">

6.2.3.2 Carbonization of Ionic Liquids

Most organic molecules with low molecular weight are usually evaporated or
decomposed to gaseous products during high-temperature carbonization.
However, ionic liquids with low-vapour-pressure can endure and yield
carbonaceous materials under harsh carbonization conditions.” Lee et al.
successfully demonstrated that the nitrogen-rich porous carbons can be
produced from ionic liquids with cross-linkable nitrile-functionalized cat-
ions (1-cyanomethyl-3-methylimidazolium ([MCNIm]") and 1,3-bis(cyano-
methyl)imidazolium ([BCNIm]*)).”* Similarly, Paraknowitsch et al. prepared
nitrogen-rich carbon by direct carbonization of dicyanamide-anion-based
ionic liquids.”> These ionic liquids possess high nitrogen contents, so
carbon materials with high nitrogen contents can be obtained.”® As these
precursors are liquids at room temperature, they are ideal candidates for
making nanomaterials with various geometries.”” Furthermore, metal salts
can be easily dissolved in ionic liquids to produce nitrogen-coordinated
metal active sites after the carbonization process.””

6.2.3.3 Carbonization of Metal-Organic Frameworks

Metal-organic frameworks (MOFs), in particular zeolitic imidazolate
frameworks (ZIFs), are considered as promising platforms for stabilizing
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atomically-dispersed metal sites on N-doped carbon substrates. ZIFs con-
sisting of tetrahedral-coordinated transition metal ions [e.g., Fe, Co (cobalt),
Cu, Zn] connected by imidazolate linkers is an all-in-one platform providing
atomically-dispersed metal sites and carbon/nitrogen sources. Their pyr-
olysis leads to the formation of carbon-based materials with M-N, active
species. Synthesis of atomically-dispersed metal catalysts using MOF sub-
strates offers some potential advantages. First, the size, surface area, and
porosity of the pyrolyzed carbon can be tailored by controlling the synthesis
conditions of MOFs. Second, the target metals can be easily and uniformly
introduced in the metal nodes, ligands, or MOF pores. Besides, the tuneable
carbon structure, metal type, abundant node sites and nitrogen content
from imidazolate linkers can effectively anchor the metal at an atomic level
even after the pyrolysis. Furthermore, when zinc is used to construct the ZIF
structure, the pyrolysis at temperatures >900 °C leads to the evaporation of
zince because of its lower boiling temperature of 907 °C. This introduces
microporous structures in the carbon support which is advantageous for
increasing the surface area of the resulting catalysts and for stabilizing the
atomic metal species. This approach has been further developed to syn-
thesize bimetallic catalysts and to prepare structurally more complex carbon
materials.”®®® The target metal ions are introduced during the initial MOF
synthesis step, or by mixing the metal precursors with the MOF prior to the
pyrolysis. For the latter case, other nitrogen sources (e.g., phenanthroline)
are typically introduced into the metal precursor/MOF mixture to increase
the number of anchoring sites for metal atoms.

6.2.3.4 Other Methods

The silica-protective-layer-assisted approach also offers preferential gener-
ation of atomically-dispersed metal catalysts while suppressing the for-
mation of bulk metal particles.®*" This method involves the adsorption of
metal porphyrin precursors on carbon substrates, silica layer over-coating,
pyrolysis, and subsequent silica layer etching. During the pyrolysis, the silica
layer prevents the sintering of metal species to their bulk form.

Unlike conventional pyrolysis methods, thermal emitting and the sub-
sequent trapping of metal atoms uses bulk metallic foams or nets as the
metal precursors for the preparation of atomically-dispersed metal catalysts.
In this method, the metal, nitrogen, and carbon precursors are not
homogenized before the pyrolysis. However, they are separately introduced
into the reactor. For example, the carbon precursor (e.g., graphite oxide and
ZIF-8) is loaded on one side of a quartz boat and a piece of a bulk metal is
located at the other side.®” The quartz boat is placed at the middle of a
furnace chamber and heated for pyrolysis under a continuous flow of am-
monia gas. During the pyrolysis, ammonia coordinates with the bulk metal
and forms volatile M(NH3;), species owing to the strong Lewis acid-base
interactions. After the transportation of the M(NHj;), species under the
ammonia atmosphere, they are trapped at the defect sites on the carbon
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support, producing isolated metal sites. As alternatives to the toxic ammonia
gas, solid-phase nitrogen sources such as dicyandiamide can be used.*
Except for its in situ generation of gaseous reactants, this technique is
similar to CVD.

6.2.4 Graphite-conjugated Catalysts

To achieve the atomic level decoration of the molecular systems on the
graphitic substrate, a molecular conjugation strategy has been successfully
used, which enhances the catalytic activity of the molecular systems.>® It has
been established that the level of electronic coupling of the molecular sys-
tem with the electrode surface plays an important role in maximizing the
activity of the covalently linked molecular systems. The edge sites of the
graphitic carbon substrate can have acidic and o-quinone functionalities,
which can be utilised to conjugate the molecular systems with amine
functionalities. The covalent linking of the molecular systems with the
graphitic substrate can enhance the electronic coupling of the substrate with
the catalytic sites to boost the activity of the system. Such a strong electronic
coupling of the redox sites with the substrate is limited in the molecular
systems dissolved in the solvents due to the distance between the substrate
and redox sites, which is separated by the solvents.***>%*

6.3 Characterization of Atomically-dispersed Metal
Catalysts

The local structures of ADMAs are strongly related to their electrocatalytic
properties. In order to design high-performing catalysts with atomically-
dispersed active metal moieties, a better understanding of their morpho-
logical/electronic structures and coordination is imperative. Unfortunately,
this information cannot be successfully provided by conventional charac-
terization tools such as X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), scanning electron microscopy (SEM), and Raman
spectroscopy. Hence, various ex/in situ techniques have been developed to
examine the local structures of atomically-dispersed metal sites. Comple-
mentary analyses with other tools should be adopted for comprehensive
identification of the active sites.

6.3.1 Identification of Atomically-dispersed Metal Atoms

The presence of isolated metal sites on carbon has been investigated using a
combination of aberration-corrected high-angle-annular-dark-field scanning
transmission electron microscopy (HAADF-STEM) and X-ray absorption fine
structure (XAFS) spectroscopy. Furthermore, conventional spectroscopy
techniques, such as infrared (IR) and nuclear magnetic resonance (NMR)
spectroscopies are very useful to investigate how the substrate interacts with
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active sites. In the case of iron active sites, Mdssbauer spectroscopy is also
useful to understand the spin state of metal sites.

6.3.1.1 Electron Microscopy Techniques

Among the various kinds of characterization methods, direct imaging of
ADMAs on supports is the most convincing and intuitive approach to prove
their presence. The direct observation of ADMAs was achieved using electron
microscopy techniques due to an improvement of their resolution to the
angstrom scale. HAADF-STEM is a powerful tool to examine ADMASs on
carbon supports. As the HAADF detector collects electrons that undergo
Rutherford scattering, images can be acquired at an intensity that is
approximately proportional to the atomic number of the scattering atoms
(Z-contrast).*® In particular, ADMAs on carbon supports can be easily
distinguished by the HAADF-STEM analysis because of the significant dif-
ference in atomic numbers between metal and carbon atoms. As shown in
Figure 6.3a, bright spots in aberration-corrected HAADF-STEM images cor-
respond to isolated metal atoms.*® In addition, it was observed that the
metal atoms are stabilized by the vacancy site in the graphene lattices
(see Figure 6.3b and c).

Another benefit of STEM is that it can be simultaneously combined with
techniques such as electron energy-loss spectroscopy (EELS) and energy-
dispersive X-ray spectroscopy (EDS). Using simultaneous spectroscopy
measurements, not only the metal atoms are distinguished by Z contrast, but
also the local electronic states of the metal atoms and bonding configur-
ations can be characterized.* >

From HAADF-STEM images, it is difficult to distinguish whether the iron
atoms in graphene lattices are coordinated with carbon atoms (Fe@DV) or
nitrogen atoms (Fe + 4N) (see Figure 6.3d and e).”’ From measuring with
EELS, one can clearly see the characteristic peak around 410 eV which in-
dicates the presence of nitrogen atoms around iron atoms (see Figure 6.3f).
Furthermore, the change in the fine structure of the L,; edge of the transi-
tion metal in the spectrum can also be noticed. By comparing L;/L, intensity
ratios, it can be shown that the Fe@DV retains the high-spin state
(Ls/L,~3.38), while Fe + 4N shows a significantly smaller value (L3/L,~1.91)
signifying the lower oxidation state than the Fe@DV site. In other words, the
lone pair of pyridinic-like nitrogen can interact with iron atoms at Fe + 4N
and electrons can be transferred from the nitrogen to the iron atoms.”!

6.3.1.2 Spectroscopy Techniques

Considering that the activity and stability of ADMAs on carbon supports
are greatly affected by how the metal atoms are coordinated with the
carbon supports, it is important to study the metal-carbon support
interaction. X-ray absorption spectroscopy (XAS) is one of the few techniques
that can investigate the metal-support interaction in detail. XAS is highly



238 Chapter 6
(a) (b) §

(d) —Fe @ DV L/L, = 3.38+0.05
---Fe+4N
! B,
x0.3 ] "
P i
I o
g s W i
"L, = 1.910.04
4CIID 4-‘-;0 '6.80 TCII'U 7l21:l 74‘10

Energy (eV)

Figure 6.3 Electron microscopic characterisation: (a) HADDF-STEM image of
atomically-dispersed nickel atoms on defected graphene. (b) Zoomed-
in view of a di-vacancy site on graphene. (¢) Zoomed-in view of nickel
trapped in a di-vacancy site. (d) HADDF-STEM images of iron at di-valent
sites with a simulated atomic model. (¢) HADDF-STEM images of iron at
4N sites with a simulated atomic model. (f) Comparison of the electron
energy loss spectra of iron at di-valent and 4N sites.

Reproduced from ref. 88 with permission from Elsevier, Copyright 2017,
and from ref. 91, http://dx.doi.org/10.1103/PhysRevLett.115.206803, with
permission from the American Physical Society, Copyright 2015.

sensitive to the oxidation state, bond length, coordination number, and
coordination structure. Hence, this technique provides a practical and
relatively simple approach to examine the chemical state and local geometric
structure of active sites. In general, XAS is implemented at a synchrotron
radiation facility with a tuneable and intense X-ray source. As the energy
of X-ray radiation is scanning through the binding energy regime of a core-
level electron, a sudden increase of absorption appears when X-rays have
sufficient energy to eject a core electron from an atom. This sharp increase in
absorption is called the absorption edge. As the core electron binding energy
is strongly dependent on the atomic number, each atom has a different
absorption edge position.

However, the absorption edge is not just a simple discontinuous increase
in absorption. There are typically two different regimes on an XAS spectrum.
The structure in the vicinity of the absorption edge is referred to as X-ray
absorption near-edge structure (XANES). The potential from 50 to 1000 eV
above the edge is referred to as the extended X-ray absorption fine structure
(EXAFS).”® XANES and EXAFS complement each other and XANES spectra are
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inevitably measured when measuring EXAFS spectra. XANES spectra can
provide information about the oxidation state of the absorbing atom and the
coordination structure. EXAFS can provide information on the radial dis-
tribution of atoms around the absorbing metal atom.*?

Usually, XANES spectra are much easier to measure than EXAFS spectra
due to their higher intensities. However, the complexity of XANES spectra
makes it difficult to carry out anything but a qualitative analysis. The ab-
sorption edge energy of XANES is sensitive to the oxidation state of the metal
atoms and very useful for comparing the oxidation state with metal active
sites. As higher X-ray energy is required to eject a core electron from a metal
centre with a higher oxidation state, linear relationships between the ab-
sorption edge energy and the oxidation state have been observed.’® In
addition, several features in the XANES spectra can explain specific features
in the electronic structure of X-ray absorbing metal centres. For example,
several specific features can be seen in the XANES spectra of iron and
nitrogen-doped carbon materials (see Figure 6.4a).”” The pre-edge peak A
was assigned to a dipole forbidden 1s— 3d transition.”® The second peak B
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Figure 6.4 X-ray absorption spectroscopy: (a) XANES spectra of various iron ma-
terials. (b) Calculated XANES spectra of the Fe-N4-C8 model (inset) with
different iron atom displacements. (c) Fourier transformed K-edge
EXAFS of atomically-dispersed metal centres (Ni, Fe, Co) with their
reference samples with calculated EXAFS spectra.

Reproduced from ref. 95 with permission from American Chemical
Society, Copyright 2015, and from ref. 99 with permission from Springer
Nature, Copyright 2018.
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can be assigned to the 1s—4p, transition which is a fingerprint of
the compounds with D, symmetry.”®®® Peak C can be attributed to the
1s — 4p,, transition, and peak D can be attributed to the multiple scattering
processes of the metal centres.”” Finally, the structural change of metal
centres can be estimated with the computational approaches to XANES an-
alysis (see Figure 6.4b).

XAFS can provide information about how metal atoms are dispersed on
the carbon supports. By comparing EXAFS spectra with those of other related
materials such as metal or metal oxide, the co-existence/absence of bulk
metal particles can be revealed (see Figure 6.4c).”” Furthermore, EXAFS fit-
ting analysis can provide quantitative information on the average coordin-
ation number of metal atoms with surrounding atoms and the average
interatomic distance between them.’® However, it is difficult to attribute an
EXAFS oscillation to a specific structural feature of the metal centre since
EXAFS spectra are spectroscopically detected scattering patterns. The
structure of the metal centre should be analysed using both XANES
and EXAFS.

Mossbauer spectroscopy is a powerful tool to investigate the electronic
structure of iron (or other selected elements) containing coordination
complexes and materials."”® The basic principles rely on the ‘Mdssbauer
effect” which describes a nucleus that can emit or absorb gamma rays
without loss of energy to a nuclear recoil. Using this method, the transitions
between the nuclear ground state (I, = 1/2) to the excited state (I. = 3/2) can
be measured. Importantly, the oxidation and spin state of a particular metal
centre and coordination environment can be identified using Mossbauer
spectroscopy because of the interaction of electron spin with magnetic nu-
clei, called hyperfine splitting.”>'%°%?

From the Md6ssbauer spectra, which usually consists of doublet signals,
two important kinds of information can be obtained, i.e. quadrupole
splitting (AEq) and isomer shift (d;5,). The information on valence state
and ligand contribution can be obtained from the AE,. The J;5, parameter
measures the s-electron density around the nucleus and provides infor-
mation on the oxidation state and spin states of the metal centre due to the
shielding effect of the d-electrons population. The nature of the
atomically-dispersed iron centre can be identified by numerous doublet
signals obtained from the Mdssbauer spectra corresponding to different
iron local structures with different spin states (see Figure 6.5).
The quantification of each iron site can be carried out by peak analysis and
the results are correlated with the electrocatalytic performance of
atomically-dispersed iron catalysts to identify the active site structure
(see Figure 6.5a —c).

6.3.2 In Situ/Operando Measurement Techniques

In situ/operando characterizations provide the fundamental information
about the molecular structure-activity/selectivity/stability relationships of
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Figure 6.5 Mossbauer spectral characterisation. (a) Schematic representation of
various kinds of iron sites at graphene. (b) Various spin-states of the
Fe(n) center. (c) Mossbauer spectral signals for the different spin-states
of the iron center.
Reproduced from ref. 101 with permission from Royal Society of Chem-
istry, and from ref. 102 with permission from the National Academy of
Sciences, Copyright 2018.

atomically-dispersed metal catalysts under realistic operating conditions.
These methods can identify the nature of catalytic sites and can even
monitor the dynamic behaviour of the active sites at the atomic scale
during the reactions. In situ/operando TEM,'*>'** Fourier-transform IR
spectroscopy,'®>'°® and ambient-pressure XPS (APXPS)'°”'°® have been
developed for the direct observation of the dynamic process of stabiliza-
tion of metal atoms, to confirm the existence of isolated metal atoms,
and to examine the surface chemistry of atomically-dispersed metal cata-
lysts, respectively. In this section, we highlight in situ/operando charac-
terization methods based on XAS and online mass spectroscopy, which
provide key information about the nature of active species and structural
dependence of the activity/selectivity/stability of atomically-dispersed
metal catalysts.
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6.3.2.1 In Situ X-ray Absorption Spectroscopy

In situ/operando XAS has been extensively used to study electrocatalysis on
ADMCs. For example, nickel atoms on N-doped carbon catalysts were sug-
gested to have a Ni(1) valence state during CO,RR through an in situ XANES
study.'” The change in Ni-N bond length with CO, adsorption on active nickel
moieties can be examined by means of in situ EXAFS. The combination of
in situ XANES and EXAFS spectra enables the analysis of the role of atomically-
dispersed Fe(u) sites or polyatomic iron sites in improving the faradaic
efficiency (FE) of the catalysts and their selectivity towards acetic acid.'"’
Furthermore, in situ XAFS studies with cobalt phthalocyanine (CoPc) catalysts
revealed insignificant modifications in the spectra at CO,RR conditions,
showing a stable presence of Co(i1) moieties at the highly reduced potentials.""*
These observations highlight the advantages of the in situ/operando XAFS
techniques for monitoring changes in the geometric structure and electronic
environment at the atomic scale during the reactions. However, the complexity
of the reaction mechanisms and the heterogeneity of active species can induce
large variations in the data interpretation. Since the variations in the XAFS
spectra of ADMAs may originate from very complex changes in their valance
states, coordination environments, and electronic states, other ex/in situ
methods are typically required to obtain a deeper insight into the complex
electrocatalysis mechanism of atomically dispersed metal catalysts.

6.3.2.2 Online Electrochemical Mass Spectrometry

Identifying reaction intermediates and products is highly important to
understand the electrocatalytic reaction mechanism of atomically-dispersed
metal catalysts. Since the intermediates and products stabilized at a certain
potential are not identical, their identification on the basis of potential
changes can elucidate the underlying reaction mechanism. Online differ-
ential electrochemical mass spectroscopy (DEMS) is a powerful tool to
analyse gas and volatile intermediates and products obtained during elec-
trochemical reactions. Several designs of the DEMS measurements have
been suggested."'>"''> However, the electrochemical cell connected with the
mass spectrometer typically consists of highly porous hydrophobic mem-
branes, at which the gas and volatile species are separated from the liquid
electrolyte and transported to the mass spectrometer. In principle, both
qualitative and quantitative measurements are possible. On the other hand,
metal dissolution during the electrochemical measurements can be ob-
served when the scanning flow cell is connected to an inductively coupled
plasma mass spectrometer (ICP-MS)."**'"” This technique provides infor-
mation about the catalytic stability, i.e. the dissolution of active species. An
identical tool with an atomic/optical emission spectrometry (AES/OES) de-
tector can also be used for this purpose. However, online ICP-MS provides
much more sensitive resolution.
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6.4 Structure and Activity of Atomically-dispersed
Metal Catalysts

In this section, we attempt to highlight how the coordination structure of
the ADMAs decorated on carbon materials play crucial roles in determining
their CO,RR activities using the available experimental and DFT studies
and by correlating with the strategy used by natural enzymes. To correlate
the structure-activity relationship of the ADMAs, we have also used the
structure-function versatility of the enzymes in this section. In our opin-
ion, this approach may enhance the understanding further, and may help
in finding the missing structural aspects to improve the activity and se-
lectivity of the ADMAs. In nature, many different enzymes carry out various
kinds of extraordinary chemical reactions. The functions of enzymes are
primarily dependent on the local electronic structures of the active sites.
Inspired by natural enzymes, various kinds of molecular catalysts have
been developed to understand and mimic the function of enzymes.
The type and number of ligand donors coordinated with the metal center
play crucial roles in determining the efficiency and activity of catalysts.
Therefore, understanding the key factors such as coordination number
and asymmetry in local structure is crucial to improve the catalytic
performances.

Similar to the homogeneous system, the local coordination structure plays
an important role in the heterogeneous counterpart. For example, in metal
nanoparticles, generalised coordination number (GCN) can be used as a
descriptor for the catalytic activity. The GCN which can be varied based on
the crystal facet and size of the nanoparticle directly affects the catalytic
activity. Previously, it has been studied thoroughly for platinum nano-
particles catalyzing CO oxidation.""® In addition, DFT calculations have been
performed to study the effect of GCN in CO, reduction catalyzed on a copper
surface. It was suggested that an average coordination number of 7.5 is
appropriate for high CO, reduction activity.""

In particular, supported active sites are beneficial for controlling the co-
ordination number. As the active metal atoms are stabilized by the surface
ligands on the supports, they can be designed to possess different co-
ordination numbers by introducing metal atomic clusters on the support
surface. In the previous study, copper ad-particles were formed on the me-
tallic copper surface to acquire a high density of low coordinated copper
active sites (see Figure 6.6a).">° The low-coordinated surface sites increased
both the adsorption of CO and stabilized two-carbon intermediates to pro-
mote the generation of propanol as a product. Furthermore, the surface
adatoms can affect the lattice structure of the inactive supports to give un-
expected catalytic activity. For example, photoexcitation of atomically-doped
copper on titanium dioxide (TiO,) undergo structural reorganisation on the
TiO, surface leading to the reversible photocatalytic ability of the system
towards HER (see Figure 6.6b)."*"
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Figure 6.6 Importance of coordination number: (a) Various coordination structures

of copper adparticles on a copper crystal. (b) Schematics of the gener-
ation of local structural distortion during the photo excitation process of
atomically-dispersed copper atoms on TiO,.
Reproduced from ref. 120, https://doi.org/10.1038/s41467-018-07032-0,
under the terms of the CC BY 4.0 license, http://creativecommons.org/
licenses/by/4.0/, and from ref. 121 with permission from Springer
Nature, Copyright 2019.

The understanding of the structure-activity relationship of ADMAs is
particularly interesting as they can bridge the structural tunability of homo-
geneous catalysts and the stability of heterogeneous catalysts. Various ADMCs
having different metals with various local coordination structure have been
developed as catalysts for CO,RR."**""** Below, we review the CO,RR activities
of individual catalysts and discuss how differences in the local structure and
secondary coordination sphere of ADMAs can affect the activities.
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6.4.1 Structure of Dispersed Metal Atoms on Carbon
Supports

To understand the activity of ADMAs, it is important to know how the metal
atoms can be stabilized by carbon supports as they determine the coordin-
ation structure of ADMAs. Since atomically-dispersed active metal moieties
are highly unstable and prone to agglomerate, the stabilization of ADMAs
with specific sites on the supporting materials is important. The basal plane
surfaces of defect-free pristine graphene consist of sp> carbon. Three pos-
sible metal adsorption sites are suggested: on top of a carbon atom (T), on
the bridge of a C-C bond (B), and at the centre of hollow hexagons sites (H)
(see Figure 6.7a)."* Among them, H sites are considered as the most stable
sites for the ADMAs.'>*™"%”

To investigate if the pristine graphene layers can effectively stabilize the
ADMAs, the binding energies of selected metal atoms on the H sites were
calculated.”® The adsorption energies of metal atoms on defect-free H sites
are calculated to be 0.2 — 1.5 eV. The adsorption energies are lower than the
corresponding cohesive energies of the transition metal (TM) atoms.'*® As a
result, the metal atoms on the pristine graphene surfaces are prone to
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Figure 6.7 (a) Hollow (H), bridge (B), and top (T) metal adsorption sites on
graphene. (b) Typical atomic configurations of TM atoms adsorbed on
SV and DV in a graphene sheet. (c) Binding energies of selected metal
atoms at SV and DV sites.
Reproduced from ref. 125 and ref. 130 with permission from the American
Physical Society, Copyright 2008 and 2009.
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agglomerate forming metal nanoparticles. Also, migration barriers for metal
atoms on the H sites are low and calculated to be in the range of
0.2 — 0.8 eV."*>"*° Therefore, pristine graphene surfaces are not appropriate
to stabilize the ADMAs and specific binding sites on the graphene lattice
acting as trap sites for the metal atoms are necessary.

Edge sites in the graphene lattice are one of the possible defects that can
stabilize the metal atoms."*" However, due to the high surface area of the
basal plane compared to the edge site, only a small fraction of the graphene
layer can be utilized. Vacancies in the graphene are excellent sites for trap-
ping and stabilisation of the ADMAs. Mostly, two kinds of vacant sites are
considered, i.e. single vacancy (SV) where one of the carbon atoms in the
graphene lattice is removed, and double vacancy (DV) where two of the ad-
jacent carbon atoms are removed from the graphene lattice. Typical atomic
configurations of ADMAs stabilized by the SV and DV in a graphene lattice
are shown in Figure 6.7b. Binding energies of selected metal atoms on SV
and DV are shown in Figure 6.7¢."*° Most of the metal atoms in the SV shows
strong binding energies of ~7 eV which is significantly higher than the ad-
sorption energies on a pristine graphene layer (<1.5 eV). Some atoms with
almost fully occupied d-shells, such as copper and zinc, show slightly lower
binding energies, but still over 1 eV. The metal atoms in the DV show similar
trends in the binding energies, the exception being the vanadium atoms
suggested to have a different configuration.'”® As metal atoms in SV/DV
defect sites show higher adsorption energy than cohesive energies of metal
atoms, their atomically-dispersed states are stable without agglomeration on
the surface.

The other interesting defect sites on graphene lattices are heteroatom
substituted sites. In particular, nitrogen-doped carbon materials have at-
tracted much attention due to their unique electrochemical activities toward
HER, ORR, and CO,RR. The nitrogen atoms can be doped in graphene
lattices via three different ways: pyridinic, graphitic, or pyrrolic (see
Figure 6.8a)."%” Nitrogen atoms in the graphene lattice play several import-
ant roles in the formation of ADMAs on carbon materials. First, nitrogen
doping during the synthesis promotes the formation of defects on the car-
bon surfaces that can facilitate metal doping.'® Nitrogen atoms have a lower
thermal stability than carbon atoms. During the high-temperature annealing

Figure 6.8 (a) Schematic representation of various kinds of nitrogen atom on the
graphene surface. (b-g) HAADF images and corresponding atomic
models of various nitrogen decorated vacant sites on graphene. (h)
Difference in electron energy loss spectra of the graphitic-N and
pyridinic-N along with the DFT calculated spectra. (i) Various configur-
ations of TM atoms embedded in nitrogen-doped graphene.
Reproduced from ref. 132 with permission from American Chemical
Society, Copyright 2009, from ref. 92 with permission from American
Chemical Society, Copyright 2015, and from ref. 133, https://doi.org/10.
1063/1.4922841, under the terms of the CC BY 3.0 license, https://
creativecommons.org/licenses/by/3.0/.
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or carbonization process, nitrogen atoms can thus evaporate from the car-
bon lattice leaving vacancies where metal atoms can be trapped. Second,
nitrogen atoms enhance the structural stability of ADMAs on the carbon
supports as nitrogen atoms have lone pairs of electrons and bind with
ADMAs more strongly than carbon atoms.'*® Third, the N-doping contrib-
utes to the tuning of the local density of state around the Fermi level of the
material. This plays a pivotal role in tuning the electronic and catalytic
properties of ADMAs."**

The ADMAs in nitrogen-doped carbon materials can have various kinds of
local coordination structures based on the defect structure of carbon lattices.
Figure 6.8b — g show HAADF-STEM images of nitrogen-substituted vacancy
sites on graphene lattices.”> The presence of pyridinic nitrogen that can be
coordinated with metal atoms is revealed by the EELS measurement (see
Figure 6.8h).”> The structural stability of 3d TM adatoms embedded
in N-doped graphene was investigated using DFT calculations.™* Since the
pyrrolic nitrogen in the graphene lattice is thermodynamically less stable
compared to the graphitic or pyridinic nitrogen, graphitic or pyridinic ni-
trogen was considered in the DFT calculations.”® Among the various defect
structures, it is suggested that the ADMAs on the 4N-centered structure
(N4V,) with the highest binding energies of >7 eV are the most stable con-
figurations (see Figure 6.8i). It is worth mentioning that the ADMAs stabil-
ized by the N,V, sites of the graphene lattice have a coordination structure
similar to that of heme enzymes or porphyrin-based metal complexes. In
particular, iron or cobalt porphyrins and phthalocyanines have been widely
investigated for their oxygen activation or CO2RR activity."**>"%°

6.4.2 CO, Reduction Activities of Atomically-dispersed Metal
Catalysts

The activity and selectivity of catalysts are determined by the way the active
sites stabilize the reaction intermediates. Among the various kinds of pos-
sible CO,RR products, CO and formic acid are the simple reduction products
of CO, requiring two electrons and two protons. Spectroscopic measure-
ments on metal electrodes during CO,RR have shown that the reaction
intermediates, such as *COOH, *OCOH, and *CO, are key reaction
intermediates.”*”'*° Moreover, the CO,RR products are determined by what
kinds of intermediates are involved and stabilized on the active sites.
For example, CO will be produced when *COOH intermediates are
stabilized, and formic acid will be produced with *OCOH intermediates
(see Figure 6.9a). The reduction path of CO, to CO is suggested in
eqn (6.1) — (6.3)."'1"?®

CO,(g)+*+H"(aq) + e «>*COOH (6.1)
*COOH +H " (aq) +e «<*CO +H,0 (6.2)
*CO <> * + CO(g) (6.3)
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Figure 6.9 (a) Possible reaction intermediates involved in CO,RR. (b) Illustration of
a metal surface (left) and porphyrin-like structure (right) for the Volmer-
Tafel vs. Volmer-Heyrovsky mechanism. (c¢) Comparison of the free
energy diagram of binding of either COOH* + H* or H* + H* on the Fe
porphyrin-like structure and the Cu metal.
Adapted from ref. 144 with permission from American Chemical Society,
Copyright 2017, and from ref. 154 with permission from Elsevier, Copy-
right 2017.

To facilitate the CO production, the metal surfaces should favorably ab-
sorb the CO, to form the *COOH intermediate. At the same time, *CO should
not bind too strongly to allow its desorption from the metal surface to
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produce the gaseous CO. The adsorption energy of *COOH can serve as an
indicator of the CO production activity since a linear relationship between
the COOH and CO adsorption energies is expected.'*"'**> A so-called vol-
cano-type relationship has been established between the *COOH adsorption
energy and the catalytic activity.'*>'**

Therefore, developing a highly efficient CO generating electrocatalyst re-
quires precise tuning of the *COOH adsorption energies on the active sites.
In the case of homogenous catalysts such as iron or cobalt-modified por-
phyrin complexes with *COOH and *CO intermediates, the binding affinity
can be tuned by substitution in the porphyrin ring for the selective CO,-to-
CO reduction activity."*™'*® Several nickel macrocyclic complexes have
shown selective CO-producing activity suggesting that the nitrogen co-
ordinated metal active sites can be active for the CO,-to-CO reduction.**?™*>3
Furthermore, DFT calculations on the M-N, sites on the carbon supports
suggested that they can have favourable COOH adsorption to promote the
COZRR_154—157

Importantly, to have an efficient and dominant CO,RR the competing HER
in the aqueous electrolyte should be suppressed. Bagger et al. suggested on
the basis of DFT calculations that the atomically-dispersed Fe-N, active sites
in the graphitic lattice have an advantage in this respect by limiting the
competing HER."* The activity of Fe-N, active sites was evaluated by cal-
culating the formation energies of *COOH and *H, used as activity de-
scriptors for CO,RR and HER, respectively. The binding of COOH* or *H
intermediates on the Fe-N, ADMAs is compared with what is occurring on a
Cu metal surface. In the latter case, the first and second H* intermediates
interact with two similar metal sites, so the energy required for the second
H* binding is similar to that of the first H* binding."** This means that the
Tafel reaction is possible (see Figure 6.9b and c). In contrast for the Fe-N,
sites, the second H* binding requires considerably more energy as it should
be bound at the metal-nitrogen bond.">* Thus, it is suggested that the HER
now occurs by the Heyrovsky reaction mechanism which is not as ener-
getically favoured as the Tafel mechanism in the ADMA case (see Figure 6.9b
and c). In this manner, the HER on the Fe-N, sites becomes successfully
suppressed. On top of this, the selective CO,RR on ADMA is benefitted by the
Fe-N, active sites having an overpotential for the reduction of CO, to *COOH
that is lower than the corresponding one for adsorbing H" followed by re-
duction. In comparison, Cu shows lower H* formation overpotentials than
what is required for the first CO, reduction step, resulting in this case in a
dominant HER instead of CO,RR.***

In nature, the M-N4 structure can be found in heme-containing iron
proteins and enzymes which carry out a wide range of biologically important
redox reactions.'®® The M-N4 planar structure shows both stability and
versatility towards many different functions such as oxidation, reduction
and hydrolysis reactions. Inspired by the natural enzymes, and to under-
stand the reaction mechanism of the enzymes, synthetic metalloporphyrin
catalysts have been developed''®! and later it was extended to ADMCs."*°
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To corroborate the activity of M-N, sites experimentally, metal and nitrogen
co-doped carbon catalysts (M-N-C) were prepared and investigated. Varela
et al. synthesized M-N-C by pyrolyzing a mixture of polyaniline and metal
salts.'® Mn (Manganese), Fe, and MnFe on N-doped carbon catalysts showed
higher activity compared to polycrystalline gold with 100 mV reduced onset
potential. Furthermore, the CO selectivity was high [80% at —0.5 V vs. Re-
versible Hydrogen Electrode (RHE)] compared to carbon-supported gold
catalysts. Although the nitrogen-doped carbon catalyst prepared with no metal
centres also shows selectivity toward CO production, but the current density
was much lower. Likewise, the current density for CO production was in-
creased eight times by the presence of the metal active centre, underlining the
central role of the metal active sites for CO production.

Later efforts have been made to understand the trends in the activity of a
series of M-N-C catalysts (M = Mn, Fe, Co, Ni, Cu). Ju et al. used a two-step
protocol to prepare M-N-C catalysts, involving the synthesis of N-doped
porous carbon and metallation by a solution impregnation method followed
by high-temperature pyrolysis (see Figure 6.10a).'°> The electrochemical
measurements revealed that Fe-N-C shows the lowest overpotential for CO
production and Ni-N-C shows the highest selectivity for CO production
(see Figure 6.10c). In terms of the CO production per unit weight of catalysts,
Ni-N-C shows the highest CO,-to-CO conversion activity with the trend fol-
lowing Ni> Fe > Co (see Figure 6.10c). To understand this, binding energies
of *H, *COOH, and *CO on the M-N, active sites were investigated using
DFT calculations and correlated with the experimental results. Based on the
computational hydrogen electrode model, the proton-coupled electron
transfer reduction of CO, to adsorbed *COOH is suggested to be the
potential-determining step. Accordingly, the Co, Fe, and Mn with low
*COOH formation energy exhibit a small overpotential for CO production,
while Ni and Cu require a higher overpotential (see Figure 6.10e).

Besides the COOH* formation energy, the M-N, active sites should have a
high overpotential for H* formation to show selectivity for CO,RR. In fact, if
the *H formation is more favoured than the *COOH formation, the active
sites will produce H, rather than reduce CO, to CO. As shown in
Figure 6.10d, downhill HER energy pathways of the Fe-, Co- and Mn-based
catalysts suggest that they can strongly catalyse the HER (see Figure 6.10c).
As a result, they show low CO,RR selectivity in a highly reductive potential
range, even though they have a low CO,RR overpotential. In contrast, the Ni-
and Cu-based catalysts exhibit very weak binding of *H which makes the
HER thermodynamically unfavourable, giving rise to high FE¢o for the CO,-
to-CO conversion. In this respect, Ni-N, becomes the most preferable for
selective CO,RR, while Fe-, Co- and Mn-N4 are more suitable for HER than
CO,RR.

Another key factor for efficient CO,-to-CO conversion is the binding energy
of CO*. In the case of Ni-N, and Cu-N,, their weak binding of CO* promotes
the facile desorption of CO from the active sites and CO (g) can be easily
produced. However, Fe-N, and Co-N, with strong CO affinity make the
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Figure 6.10 (a) Schematics of the local structure of atomically-dispersed metal atom
catalysts (i.e. M-N-C). (b and c) FEy, and FE¢ as a function of applied
potential using M-N-C catalysts respectively. (d and e) Free energy
diagram for H, and CO production at —0.6 V vs. RHE, respectively.
Reproduced from ref. 163, https://doi.org/10.1038/s41467-017-01035-z,
under the terms of the CC BY 4.0 license, http://creativecommons.org/
licenses/by/4.0/.

potential-independent chemical CO desorption process become the rate-
determining step (RDS), i.e. the active sites can be poisoned by strong *CO
binding.

Similar activity trends among the first-row transition metal-based active
sites can be found in other studies."®*'°® Hu et al. compared the CO,RR
activity of M-N-C (M =Fe, Co, and Ni) prepared by carbonization of
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phenylenediamine and metal salts precursors with silica templates.”” A se-
lectivity trend for CO,-to-CO conversion was observed as Ni>Fe > Co. Jeong
et al. also found a similar selectivity trend with metal and nitrogen-doped
reduced graphene oxides (N-RGO). M-Nx sites were fabricated on the RGO
surfaces using metal complexes of tris(2-benzimidazolylmethyl)amine
ligands."®

To prepare atomically-dispersed Ni active sites (Ni ADMAs), it is important
to avoid agglomeration. Various synthetic methodologies using different
precursors have been adopted to synthesize Ni ADMAs on the electro-
conductive carbon supports. These include the metal complex precursor
method, immobilization of transition metals on N-doped graphene, and ZIF-
8 based topochemical transformation."®”~*7°

Su et al. developed nickel and nitrogen-doped graphene by stabilizing the
nickel ions with pentaethylenehexamine (PEHA) on graphene oxide (GO)."*’
PEHA can adsorb on the surface of GO, and subsequently coordinate with
nickel ions, due to electrostatic interaction. By annealing this precursor
mixture at 900 °C, nickel and nitrogen-doped reduced GOs were prepared.
The isolated nickel atoms were revealed by XAS. The nickel ADMAs exhibit
high electrocatalytic activity for CO,RR with FEco exceeding 90%, signifi-
cantly outperforming that of N-doped graphene and the Ni metal electrode.
Although the nickel ADMAs were proven to be active sites for CO,-to-CO
conversion, the local coordination structure was not well characterized.

To achieve well defined Ni-N, sites, Li et al. developed a topochemical
transformation strategy where nickel and nitrogen-doped carbon was de-
rived from a nickel doped carbon nitride precursor (see Figure 6.11a)."%®
In this method, carbon nitride was used as supports for nickel atoms
to prevent their agglomeration. The Ni-doped graphitic carbon nitride
(g-C3N,) were synthesized by a polycondensation reaction of the mixture of
dicyandiamide, ammonium chloride (NH,Cl), and nickel dichloride (NiCl,)
at 550 °C followed by carbonizing the prepared Ni doped g-C;N, with
glucose as a carbon source. Well-dispersed nickel atoms can be observed by
TEM analysis (see Figure 6.11b). The catalysts exhibit a high CO,-to-CO
reduction activity with a current density of 28.6 mAcm™ and a maximum
FE of 99% at —0.81 V vs. RHE. The active sites are determined to be Ni-N,
sites since an introduction of thiocyanate anion (SCN ™) to the electrolyte
causes a dramatic depression of the catalytic activity due to the blockage of
metal centres by SCN'.

Zhao et al. produced nitrogen-doped carbon with atomically-dispersed
nickel sites (NiSACs/N-C) by carbonizing Ni-doped ZIF (see Figure 6.11c).'”°
Ni-doped ZIF was prepared by an ionic exchange reaction involving nickel
ions and Zn-nodes MOF. During the carbonization step of Ni-doped ZIF, the
imidazole molecules are decomposed and carbonized. While the Zn-nodes
evaporates, it leaves the N-rich defect sites which can anchor Ni*" ions.
Nickel ADMAs were confirmed by TEM analysis (see Figure 6.11d). On the
basis of the EXAFS fitting analysis, it was suggested that the nickel atoms are
coordinated by three nitrogen atoms. The NiSACs/N-C showed a high
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Figure 6.11 Synthetic protocols for preparing ADMAs: (a) Topo-chemical transfor-

mation strategy for the formation of atomically-dispersed Ni along with
(b) HAADF-STEM image. (c) Scheme of the formation of ZIF derived
atomically-dispersed Ni along with (d) magnified HAADF-STEM im-
ages. (e) Template assisted synthetic strategy of atomically-dispersed
nickel on N-doped 3D porous carbon along with (f) HAADF-STEM
images. (g) Ion adsorption methodology for Ni-doping on N-doped
nanographene along with (h) HAADF-STEM images.
Reproduced from ref. 168 and 170 with permission from American
Chemical Society, Copyright 2017, from ref. 171 with permission from
the Royal Society of Chemistry, and from ref. 169 with permission from
John Wiley and Sons, Copyright © 2018 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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current density of 10.48 mAcm 2 for CO production at an overpotential of
0.89 V vs. RHE.

Jeong et al. produced porous carbon catalysts with nickel ADMAs using
nickel ion-dissolved ionic liquids as precursors (see Figure 6.11d)."”" Silica
spheres were used as templates and etched away after carbonization to
generate a three-dimensional porous structure. After etching, the inter-
connected porous structure and nickel ADMAs can be characterized by TEM
(see Figure 6.11f). The porous catalyst structure was beneficial for CO,
transport, allowing a high current density exceeding 300 mAcm > for CO
production to be obtained.'”*

Bi et al. used an ion adsorption method (wet impregnation method) to
decorate nickel atoms on the surface of N-doped graphene to avoid con-
ventional harsh pyrolysis and acid-leaching procedures (see Figure 6.11g)."*
The N-doped graphene was produced from pyrolyzing the mixture of carbon
nitride and glucose. Then, nickel ions were immobilised on N-doped gra-
phene via an ion adsorption process in aqueous solution, followed by mild
annealing at 300 °C in Ar atmosphere to improve the stability. Absence of
metal agglomeration after the annealing process can be confirmed with TEM
(see Figure 6.11h). The synthesised catalysts show high CO selectivity (92%)
compared to the Fe- or Co-doped counterpart and N-doped graphene
samples.'®’

Other nickel-based ADMCs also exhibited high selectivity for CO
production.’”*"'”® However, the low CO,RR activity of Fe-N, or Co-N, sites
in previous studies are particularly interesting, in that, the porphyrin-
complex of iron and cobalt with similar M-N, coordination structure ex-
hibited high activity.’”"**'®® This suggests that the trends observed on
homogeneous catalysts cannot be directly translated to M-N-C materials.
This could be attributed to a different chemical environment surrounding
the metal centre. The defects on the carbon lattices can also affect the sur-
rounding environment of ADMAs and can alter their activity trends. The
possible coordination structure of those active sites will be discussed.

Several other ADMCs containing metal centres such as Mn,'®>'"’

163,178-187 188-191 : 167,192-207 208 209-211 212,213 :214
Fe, > Co, Ni, "7 Cu, Zn, Sn,” and Bi

have been reported which usually exhibit high selectivity and stability to-
wards eCO,RR. Moreover, most of the Mn, Fe, Co, Ni, Sn, and Zn ADMCs are
able to produce CO dominantly. Copper-based ADMC is able to produce
methanol and tin-based ADMCs can produce formic acid. Recently, it has
been reported that atomically-dispersed bismuth can produce CO selectively.

6.4.3 Metal Active Sites with Low Coordination Number

In molecular catalysts, the coordination number of the active metal centre
plays a crucial role in determining the activity and stability of the system.
Similarly, the control of the coordination number of ADMAs on carbon
catalysts is particularly interesting to manifest their CO,RR activity. Several
attempts have been made to study the role of coordination number on the
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catalytic activity of the catalysts. In particular, the M—-N-C catalysts prepared
by carbonizing the ZIF supports are suggested to have low coordination
numbers. !>

Wang et al. prepared and compared the CO,RR activities of series of
atomically-dispersed cobalt catalysts with different nitrogen coordination
numbers.>'*> Cobalt and nitrogen co-doped carbon catalysts were prepared
by carbonization of cobalt doped ZIF-8 (see Figure 6.12a). The EXAFS an-
alysis shows the change in the coordination number on the carbonization
temperature (see Figure 6.12b). By controlling the carbonization tempera-
ture, catalysts with different coordination number, i.e. Co-N,, Co-Nj3, and
Co-N, were prepared at 800, 900, and 1000 °C, respectively. While the
catalyst with Co-N, active sites prepared at 800 °C exhibits negligible CO,RR
activity and mainly produces hydrogen, the catalyst with Co-N, active sites

(a) Carbonization -
Reduction Co Zn®c N
* .,_}:_é Evaporation 0 v ©ce

Co NPs
ey T—
-0.8 0.7 -0.6 0.5
E (V) vs. RHE

Figure 6.12 Low coordinated ADMAs for CO,RR: (a) Synthetic protocol for Co-N4
and Co-N2 sites. (b) EXAFS spectra of the atomic-dispersion of Co with
low coordination number Co-N2, Co-N3, and Co-N4. (c¢) FEgo of
Co-N2, Co-N3, and cobalt nanoparticles as a function of applied
potential. (d) Local defects of N dopants and Ni-Nx single-atom sites
identified by the atomic column intensity.

Reproduced from ref. 188 with permission from John Wiley and Sons,
Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
and from ref. 205 with permission from Elsevier, Copyright 2018.
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prepared at 1000 °C exhibits selective CO,RR activity (see Figure 6.12c). The
high HER activity of Co-N, active sites matches with other reported ex-
perimental observations and DFT calculations. The easier formation of *H
intermediates relative to the formation of *CO,~ promotes the HER on Co-
N, moiety. Based on the DFT calculation, usually the Co-N4 moiety can
exhibit smaller hydrogen adsorption energy than that of the binding with the
CO,. Also, the potential RDS in the CO, reduction is the formation of a
*COOH intermediate from CO,, which is unfavourable at the Co-N4 sites.*®*
On the other hand, catalysts with a low coordinated Co-N, structural motif
exhibit high CO,-to-CO activity with a current density of 18.1 mAcm > at
—0.63 Vvs. RHE and a maximum FEgg of 95% at —0.68 V vs. RHE in 0.5 M
potassium bicarbonate (KHCO3). From the DFT calculations, the formation
energy of the *CO,  intermediate on Co-Nj, is revealed to be low compared
to Co-N, active sites which should facilitate CO,RR, in accordance with
experimental observations. Co-Nj; exhibit a moderate selectivity that is be-
tween that of Co-N, and Co-N, with FE;o =63% at —0.53 V vs. RHE.

With a similar approach, Yan et al. prepared a porous Ni ADMAs-doped
nitrogenated carbon through pyrolysis of Ni-doped ZIF.*'® From EXAFS fit-
ting analysis, it is suggested that the Ni ADMAs were coordinated with two
nitrogen atoms, forming unsaturated Ni-N active sites. The catalysts ex-
hibited a current density of 71.5 mAcm > and a high FEgo of 98.0% at
—1.03 V vs. RHE. The DFT calculation indicated that *COOH can be more
easily adsorbed on these unsaturated nickel active sites than on fully co-
ordinated Ni-N, active sites, implying the superior CO,RR activity of the Ni
ADMAs with low coordination number.*'®

Cheng et al. developed a Ni ADMAs on three-dimensional microwave ex-
foliated GO (Ni-N-MEGO).”"” Ni-N-MEGO was prepared by annealing the
mixture of MEGO, nickel nitrate, and urea under an ammonia atmosphere.
Interestingly, the atomically-dispersed nickel atoms were found to be
predominantly anchored along the edges of nanopores (<6 nm) by
HAADF-STEM (see Figure 6.12d). The Ni-N-MEGO exhibits a CO2RR current
density of 53.6 mAmg ' and FEco = 92.1% at an overpotential of 0.59 V vs.
RHE.>"” The high CO,RR activity was suggested to originate from the high
loading of unsaturated nickel single-atoms on edge sites. The DFT calcu-
lation suggested that the edge-anchored unsaturated nickel sites with three
nitrogen coordination would exhibit better CO,RR activity compared with in-
plane Ni-N, active sites.

6.4.4 Metal Active Sites with Carbon Coordination

ADMAs dispersed on the nitrogen-doped carbon are usually suggested to be
coordinated with nitrogen atoms as the metal-nitrogen bonds are stronger
than metal-carbon bonds. However, it is also possible that the metal atoms
are co-coordinated by both carbon and nitrogen. Metal on graphene layers
can have different numbers of nitrogen coordination as shown experi-
mentally by Lin et al.®" Various defect sites were introduced by treating
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graphene layers with the ozone (O;) and N, mixed plasma. Chromium (Cr)
atoms were deposited on the plasma-treated graphene by thermal evapor-
ation and heated at 500 °C to fill up the Cr atoms on defect sites. The spin
state of chromium atoms on the graphene layers with different coordination
numbers of nitrogen atoms was investigated by means of HAADF-STEM and
EELS. In particular, the L;:L, branching ratio of chromium with sur-
rounding nitrogen atoms was thoroughly investigated. With an increasing
number of nitrogen coordination, the L;:L, ratio shows a gradual decrease
as the electrons from N atoms can be transferred to chromium atoms.”!
This observation showed that chromium with a different number of co-
ordinated nitrogen atoms can be present on the surface of graphene with
different amounts of charge transfer occurring between the nitrogen and
chromium atoms.

Furthermore, Jiang et al. demonstrated that the carbon coordinated nickel
atoms can be active for CO,RR.>"® Nickel-doped carbon nanowire was pre-
pared by carbonizing a nickel-containing electrospun polymeric nanofiber.
As the nickel nanoparticles produced during the carbonization are covered
by a graphene shell, it seems that the nickel active sites in the catalysts are
passivated (see Figure 6.13a). Nevertheless, the catalyst shows a CO current
density of 60 mAmg ' with FEco> 90% in KHCO;. On this basis it is sug-
gested that the graphene shell possesses atomically-dispersed nickel atoms
as active sites. The local chemical structure of nickel sites in the graphene
shell was proven by three-dimensional atom probe tomography (APT).

The APT analysis revealed that most of the nickel atoms are ADMAs with
no neighbouring nickel atoms closer than 2.2 A (see Figure 6.13b). It was
proposed that nickel atoms are stabilized by the vacancy sites in the gra-
phene lattice, while nitrogen atoms promote the generation of vacancy.
Interestingly, only 0.2% of the nickel atoms were suggested to be directly
anchored with nitrogen atoms, while 98% were anchored within carbon
defects in the graphene vacancies. To understand the activity of the catalysts,
free energies of reaction intermediates on possible nickel sites were ob-
tained by DFT calculations (see Figure 6.13c). Nickel atoms trapped in single
or double vacancies of the graphene sheet, with a variety of N coordination
to nickel sites, were considered as possible active sites. Among the various
kinds of nickel coordination structure considered, Ni@SV and Ni@DV
showed a more favourable reaction pathway because of facile *COOH for-
mation and weak CO binding. Recalling the finding of carbon coordinated
nickel atoms in APT, the DFT calculations suggested that the nickel atoms
coordinated in the graphene vacancies without nitrogen coordination, such
as Ni@SV and Ni@DV, can also be active for CO, reduction to CO. The
benefit of having mixed nitrogen and carbon coordination for improving the
activity of nickel atoms was also suggested by Méller et al.'”® Although no
experimental evidence for the carbon coordination was presented, the DFT
results clearly showed that the carbon coordination enhances the activity of
the Ni-based ADMAs on carbon supports. Compared to the Ni-N, coordin-
ation motif, the Ni-N;C and Ni-N,C, motifs are active towards *COOH
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sheet (NiN-GS) after catalysis. (b) 2D atom map of NiN-GS. (c) DFT
structures of different atomic configurations in graphene. (d) Free
energy diagram of CO,RR pathways on different atomic structures at
—0.12 V vs. RHE.

Reproduced from ref. 192 with permission from Elsevier, Copyright
2017.

intermediates formation and *CO desorption (see Figure 6.13d), while the
Ni-C, and Ni-NC; motifs are highly active for *COOH formation but tend to
bind CO too strongly.

6.4.5 Metal Active Sites with Axial Coordination

To understand the importance of axial coordination in CO,RR catalyzed by
the M-N5 motif, we have adopted the approach used by nature in biological
enzymes. Even though both cytochromes P450 (cyt P450) and Horseradish
peroxidase (HRP) utilize high-valent iron-oxo species as active intermediates
during their reactions, HRP catalyzes monooxygenation of thioethers and
acts as a poor oxidant for C=C epoxidation and C-H hydroxylation which, in
contrast, can be catalyzed by cyt P450.>"° The intrinsic reactivity differences
between the intermediate species of these two enzymes depend on the axial
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ligands. Cyt P450s have a thiolate ligand in the axial position, while most of
the peroxidases have histidine as an axial ligand.?*° The electrostatic effects
of the neutral histidine ligand and anionic cysteine ligand on the catalytic
centres are very different for HRP and cyt P450. Cysteinate can push elec-
trons to the iron centre, while histidine can pull electrons from the iron
centre.?*°

The activity enhancement induced by the axial coordination has also been
verified in CO,RR using metalloporphyrin and phthalocyanine
catalysts.”**>** The coordination of an axial ligand on the Co-N, moiety
increases the energy level of the cobalt dz* orbital compared to the Co-N,
moiety, leading to the Co(i) centre becoming a stronger nucleophile that
binds with the Lewis acidic carbon of CO, during CO,RR.*** Furthermore, it
is anticipated that the electrostatic and covalent contributions of an axial
ligand enhance the push effect, which makes the CO desorption easier. Also,
DFT calculations suggest that the axial ligand is not only enhancing the CO,-
to-CO conversion but also the formic acid production over hydrogen in the
metal-porphyrin-like active sites on graphene (G-Por-M).”**> When the axial
ligand is coordinated to G-Por-M, the stronger binding of *OCHO inter-
mediates than that of *H was observed to favour the formic acid production
and suppress HER.

The nitrogen atoms in N-doped carbon materials can also act as axial
ligands to the molecular complex system. The CO,RR activity enhancement
by means of axial coordination has been demonstrated with CoPc anchored
on polymer-derived hollow N-doped porous carbon spheres (NHPCS) (see
Figure 6.14a).>*°® The CoPc anchored on NHPCS leads to the formation of
Co-Nj sites via axial ligation of the nitrogen atoms in NHPCS. Compared to
the CoPc without axial coordination, CoPc on NHPCS exhibited both higher
current density and selectivity (see Figure 6.14b).>*° A high CO selectivity
with FEco =99.4% can be reached at —0.79 V vs. RHE, which is significantly
higher than for CoPc itself at the same potential. DFT calculations suggested
that the Co-Nj site is efficient in CO, activation by favouring the rapid for-
mation of the COOH* intermediate and CO desorption to a much higher
extent than if CoPc is without axial ligands.

Axial ligand coordination can also affect the activity and spin-state of the
metal atoms in nitrogenated carbon. For example, it has been suggested that
the iron atoms on Fe-N-C can have different spin-states based on their
geometry such as axial coordination.”>'% Mainly three different doublets
corresponding to low (D1), intermediate (D2), and high (D3) spin-states are
assigned to Fe-N, sites with a +2 oxidation state determined by Mdssbauer
spectroscopy.'®® Interestingly, iron active sites exhibited spin-state
dependent reactivity towards ORR. The low-spin (D1) and, in particular,
high-spin (D3) states are suggested to be responsible for the high ORR ac-
tivity of Fe-N-C.”

Interestingly, high oxidase-like activity was observed with the Fe-N5 motif
on a carbon nanoframe (Fe-N;—CNF).>*” Iron phthalocyanine (FePc) has
been used as an iron precursor and ZIF has been used as a N-confined
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Figure 6.14 Effect of axial ligation on catalytic activity: (a) Schematic illustration of
the synthesis of Co-N5 sites. (b) FE of CO and H, production of Co-N5
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Comparative free energy diagram of the intermediates in the electro-
reduction of CO, to CO for the Fe-N4 and Fe-N5 sites.
Reproduced from ref. 190 with permission from American Chemical
Society, Copyright 2018, and from ref. 228 with permission from John
Wiley and Sons, Copyright © 2019 Wiley-VCHVerlag GmbH & Co.
KGaA, Weinheim.

carbon precursor acting as an axial ligand provider during the carbonization
process. Fe-N5s-CNF was suggested to have a similar structure to the natural
heme enzyme with an axial ligand and oxidase-like activity was tested.
Fe-N;-CNF exhibited enhanced oxidase-like activity, which is 17 and
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70 times higher than that of the square planar Fe-N, catalyst and com-
mercial Pt/C catalysts, respectively. Theoretical calculations identified that
the electron donation mechanism of axial N coordination in Fe-N;—CNF
plays a vital role in the high oxidase activity.**’

For the application of Fe-N-C to CO,RR, the strong binding affinity of CO
on the iron sites can be a problem causing poisoning and a decreased
CO,RR activity. Recently, the positive effect of axial coordination on the
CO,RR activity of Fe-N-C was demonstrated.”*® The pyrolysis method was
utilised to decorate atomically dispersed Fe-Nj5 sites on the graphene layer
using hemin and melamine as precursors and graphene as the carbon
support (see Figure 6.14c). Interestingly, the atomically-dispersed Fe-N5
catalyst displayed high FEco (~97%) at low overpotential (0.35 V vs. RHE)
for CO production from CO, (see Figure 6.14d). The DFT calculations sug-
gested that the axial coordination plays a crucial role in reducing the binding
strength of *CO (Fe-Nj site = 0.54 eV; Fe-N, site = 1.35 eV), thus facilitating
the CO desorption step (see Figure 6.14e).

Moreover, the formation of heterostructures with other inorganic ma-
terials can enhance the activity of metal centres. Cheng et al. prepared an
iron and nitrogen co-doped carbon nanofiber (Fe-N-CNF) featuring a core-
shell structure consisting of iron nitride nanoparticles encapsulated within
iron and N co-doped carbon layers.”* The experimental results and DFT
calculations illustrate that the introduction of an iron nitride core can fa-
cilitate the CO intermediate desorption from the Fe active sites by means of
the axial coordination, thus enhancing the catalytic performance of CO,
reduction. Only few attempts have been made to study the axial N-ligand
coordination to enhance the CO, reduction ability of the ADMACs. The axial
ligand effect of other dopants such as S and P may be considered as well.

6.4.6 Effect of Second Coordination Sphere (SCS): Inductive
Effect

The central metal ions and the ligands attached directly to the active sites are
called the first coordination sphere, while the atoms around the first co-
ordination sphere constitute a SCS. The active site structure and function are
affected by not only changing the ligand donor functionalities coordinated
with the metal center but also by the SCS (not directly bonded with the metal
center). Similarly, substituent nearby ligating atoms can influence the active
site electronically. In particular, the substituent nearby ligating atoms can
change the electronic nature of the metal centre through the inductive effect,
triggered by their electron-withdrawing/donating properties.

Nature has utilised various heme proteins to carry out a variety of both
oxidation and reduction reactions. The nature of the central metal atom is
tuned by many different factors such as the type of porphyrin (categorized by
substituents on the heme moiety), axial ligand, spin-state of the metal
centre, distortion in the macrocyclic ring, surrounding protein side chains
etc. These structural factors are responsible for the tuning of the reduction
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potentials of naturally occurring heme proteins in the range from —550 to
+450 mV vs. SHE.>** Among various factors, the inductive effect of the
substituents is important in varying the nature of the active site. In par-
ticular, the redox properties can be altered due to the electronic influence
exerted by the substituents on the heme moiety.

For synthetic porphyrins and phthalocyanines the inductive effect has
been systematically investigated by introducing various substituents and
studying their role in tuning the active sites and catalytic ability in ORR and
CO,RR. Zhu et al. sequentially varied the substituents on the immobilised
cobalt porphyrins and demonstrated the key role of the inductive effect in
tuning the redox properties of the metal centre and, consequently, the
catalytic activity.>*" Furthermore, it has been established that the electron-
donating substituents enhanced the activity by increasing the electron
density on the cobalt centre and facilitated the electrosorption of CO,, while
the cationic substituents tend to increase the CO, reduction activity by
the electrostatic stabilization of the transition state associated with the
rate-determining electron transfer to carbon dioxide. Furthermore, the
relationship between the turnover frequency (TOF) of cobalt porphyrin de-
rivatives for CO production vs. calculated Hammett ¢ values demonstrated
the inductive effect of substituents on the tuning of the redox potentials and,
thus, the CO, reduction activity.”*"

As is the case for homogenous catalysts, the inductive effect can influence
the activity of the metal centre in graphene lattices. Here, the heteroatoms at
the SCS of ADMAs can act as an electron-acceptor or donor, tuning the ac-
tivity of ADMAs. In particular, the enhancement of catalytic activity caused
by using more than two types of dopants such as nitrogen, sulphur, and
phosphorous was extensively investigated for the development of ORR
catalysts. The electronic influence of the doping atom has been successfully
observed in ORR catalyzed by the atomically-dispersed Fe atoms supported
on the nitrogen, phosphorus and sulphur co-doped hollow carbon.?*® The
sulphur and phosphorus-doping resulted in an increase of the catalyst
performance with enhanced kinetics and activity for oxygen reduction in
both alkaline and acidic media. It was suggested that the electronic effect
from surrounding S and P atoms contributes favourably to the ORR activity
of iron centres. The DFT calculation supported that sulphur and phosphorus
in the SCS can donate electrons to the iron centres making the charge of iron
less positive to weaken the binding of adsorbed hydroxyl (-OH) species.**°

Zhang et al. suggested a synergic effect of the nitrogen dopant around the
metal active centres for CO,RR."®** To study the inductive effect of doped
nitrogen, the amount of nitrogen on the graphene layer was controlled by
annealing under a NH; atmosphere and using various pyrolysis tempera-
tures. The synthesized materials exhibit variations in the reactivity,
dependent on the pyrolysis temperature, suggesting that the level of
nitrogen-doping plays a crucial role in the CO, reduction activity (see
Figure 6.15a). Fe-N4 moieties with different amounts of nitrogen dopant in
the secondary coordination sphere was modelled for DFT calculations
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Figure 6.15 Importance of the inductive effect: (a) Partial current densities of CO on
Fe-nanographene catalysts with different nitrogen content. (b) Opti-
mised structure of Fe-N4 sites on a graphene layer along with potential
nitrogen-doping sites. (c) Free energy diagram for CO, to CO conversion
on Fe-N4 moieties with various nitrogen-doping.

Reproduced from ref. 122 with permission from John Wiley and Sons,
Copyright © 2018 Wiley-VCHVerlag GmbH & Co. KGaA, Weinheim.

(see Figure 6.15b). Different graphitic nitrogen-doping configurations illus-
trated that the additional nitrogen substitution on graphene improves the
catalytic activity by lowering the energy barrier of *COOH formation, as well
as by facilitating the *CO desorption step through the change of occupied
density of states (DOS) (see Figure 6.15¢c). The inductive effect of nitrogen-
doping near the single-atomic sites on the electrochemical CO, reduction
has been documented using DFT calculations.

6.4.7 Effect of SCS: Local Proton Environment

In natural enzymes, the active site is surrounded by protein side-chains,
which make unique SCSs around the active sites, enhancing the activity of
the enzymes during their catalytic reactions.>** Various factors in the SCS
can affect the activity of the metal centre, i.e. a pendant proton source,
charged moieties, steric functional groups, and bimetallic active species.
Among them, a pendant proton source near the active site can enhance the
CO,RR catalytic activity by stabilizing the CO, bound metal centre and
facilitating the proton transfer/shuttling (see Figure 6.16a).>*
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selectivity. (b) Structure of CoPc encapsulated within a hydrophobic
poly-4-vinylpyridine (P4VP) membrane highlighting SCS effects. (c and d)
Hangman effect on CO,RR.
Reproduced from ref. 233, https://doi.org/10.3389/fchem.2019.00397,
under the terms of the CC BY 4.0 license, https://creativecommons.org/
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under the terms of the CC BY 4.0 license, https://creativecommons.org/
licenses/by/4.0/, and from ref. 236 with permission from American
Chemical Society, Copyright 2018.

In the [NiFe] CO dehydrogenase enzyme the histidine (H93) and lysine
(K563) residues in the SCS play crucial roles in the activation and conversion
of CO to CO,. While binding the CO at the nickel center, the hydroxide
bound to the iron becomes deprotonated by the lysine residue (K563) and
then the Fe-oxo species interacts with the carbon of CO to form a new C-O
bond and generate the p>-n*-CO, adduct. This CO, bound NiFe centre with
the pu>-n>-CO, binding mode is stabilized by two hydrogen bonds, one from
the histidine residue (H93) and the other from the lysine residue (K563),
showing the importance of the SCS.**?

The McCrory group attempted to elucidate the mechanism of the proton
transport through the polymer chain. The encapsulated CoPc on the poly-
mers such as polystyrene, poly-2-vinylpyridine and poly-4-vinylpyridine and
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exhibited involvement of protons in the RDS during CO, reduction re-
action.”®*** It was demonstrated that the axial-coordination of the pyridyl
moieties in poly-4-vinylpyridine with the metal centre enhanced the catalytic
activity. Moreover, the involvement of proton transfer in the RDS was
experimentally observed by measuring the kinetic isotopic effect (KIE) value
(see Figure 6.16b and c). It is known that if the KIE > 1, the proton is involved
in the RDS. Interestingly, the observed high KIE of 3.1 for the py-CoPc was
diminished to ~2 for the CoPc encapsulated in the poly-2-vinylpyridine and
poly-4-vinylpyridine. From these results, it was suggested that the proton relay
mechanism was involved in the RDS in the coordination polymers. Also, it was
suggested that controlling the proton supply to the active site during CO,RR is
important to achieve high selectivity and to limit the competitive HER.>**

Likewise, the 5,10,15,20-tetrakis-(2,6-dihydroxyphenyl)-porphyrin with
8 local ~OH protons as substituents showed high activity for the CO,-to-CO
production compared to the catalyst without -OH groups. The pendant OH
moieties caused appreciable catalytic current enhancement at a decreased
overpotential. It was proposed that the CO,*™ radical anion coordinated with
the iron centre is stabilized via hydrogen-bonding interactions with the
pendant proton donor.'*”***

It is noteworthy to mention the effect of SCS in CO, reduction, catalyzed by
a few molecular complexes, where the substituents on the ligand backbone
stabilized the CO, intermediate bound with the metal center. Nocera and co-
workers utilised different kinds of “Hangman-type” porphyrin architecture
to understand the role of pendant groups on the catalytic activity towards
CO,-to-CO conversion (see Figure 6.16d).”*® Based on functional groups such
as phenol, guanidinium, and sulfonate, the hangman effect on the catalytic
activity has been observed (phenol>guanidinium > sulphonate). DFT cal-
culations predicted that the intramolecular hydrogen bonding ability of the
phenol and guanidinium groups (2.1-6.6 kcalmol ') stabilized the CO,
within the hangman active site pocket, while hanging sulfonate group de-
stabilized the CO, adduct because of the unfavourable electrostatic inter-
actions. Consequently, the rate of CO, reduction activity was altered.

Accordingly, along with the change of ligand-donor functionalities, the
introduction of other useful functionalities such as hydrogen-bonding
groups on the carbon matrices is expected to enhance the proton shuttling
pathway or stabilize the intermediates during the catalytic CO, reduction
reactions of the ADMAs on the carbon support. So far, no attempt has been
made to study the effect of the secondary coordination sphere during the
ADMAs catalyzed CO, reduction reactions. Thus, the introduction of a
functional group on the carbon needs to be considered to improve the CO,
reduction activity of ADMCs.

6.4.8 Effect of the Oxidation State of the Metal Centre

During eCO,RR most of the metal centers are reduced to a low-valent state to
bind and activate the CO,. As such, not only the local structure of the ADMAs
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but also the electronic structure of the metal center can play crucial roles in
activating the substrate and reducing the overpotential of the eCO,RR. Re-
cently, it has been demonstrated that by introducing a sulphur-containing
molecule such as r-cysteine in the pyrolysing mixture or by increasing the
population of pyrrolic nitrogen atoms in the carbon lattice, the atomically-
dispersed Ni(i) sites can be stabilized. The synthesized catalysts exhibited a
low overpotential for the eCO,RR compared to the Ni(u) sites (see
Figure 6.17).>°° Similarly, it has been demonstrated that the overpotential of
eCO,RR catalyzed by an atomically-dispersed iron(ui) centre is reduced
compared to the other ADMCs based on iron. The iron(m) center has been
stabilized by increasing the population of pyrrolic nitrogen contents in the
carbon matrix. It has been achieved by pyrolyzing the Fe-doped ZIF-8 at
900 °C. The reported catalysts displayed the production of CO at a very low
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Figure 6.17 Effect of oxidation state of the metal center: (a) High-resolution XPS Ni
2p spectra for the Ni(1) species; (b) Ni K-edge XANES spectra of various
Ni materials (peak A: 1s—3d transition; peak B: 1s—4pz transition;
peak C and D: 1s —4px,y transitions and multiple scattering processes
respectively; (c) CO Faradaic efficiency of Ni materials at various applied
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Reproduced from ref. 109 with permission from Springer Nature,
Copyright 2018.



268 Chapter 6

overpotential (80 mV). Furthermore, it was suggested that the Fe(in) center
enables faster CO, adsorption and decreased the CO absorption compared
to the Fe(n) sites, displaying better activity.”®” Moreover, the atomically-
dispersed Sn®" sites (0 < d <4) displayed a very low overpotential (60 mV) for
the eCO,RR to formate production.*'? Interestingly, the atomically-dispersed
Sn(u) sites exhibited only CO production, so the oxidation state of the
ADMAs plays crucial roles in both reducing the overpotential, as well as in
product selectivity.*"?

6.5 Production of Highly-reduced C1 and
Multi-carbon Products

Most of the ADMAs-based catalysts exhibit good selectivity and stability to-
wards CO production from CO,. To expand the applicability of the ADMAs
towards the production of other valuable hydrocarbons such as C1 to Cn
products, a different approach is needed. Their production is considered
promising because of the applicability and high energy density of those
molecules. C1 products such as methane and methanol have high energy
densities and can be directly used as fuels, storing renewable energies har-
vested from photovoltaics or wind turbines. Furthermore, C2 products, such
as ethylene, are versatile chemical feedstocks in the chemical industry.

6.5.1 Production of C; Hydrocarbons

To produce highly reduced C1 products such as methane and methanol
from CO,, controlling the CO binding energy is crucial because CO is sug-
gested to be a key intermediate in the formation of hydrocarbons from CO,.
Unfortunately, the ADMCs favour the CO desorption due to the weak binding
affinity of the CO molecule, but by tuning the local structure of the ADMCs it
can be achieved nevertheless.

Varela et al. showed that Fe- or Mn-doped nitrogenated carbon derived
from polyaniline can produce traces of CH, from CO,.'®* Later, Ju et al.
noted that the relatively strong binding of *CO on Fe-N, and Mn-N, active
sites is responsible for the ability of these two catalysts to produce CH,.">* In
simple terms, the CO molecule must be bound strongly and long enough
with active sites to undergo subsequent dissociation and hydrogenation
steps to arrive at CH,. For comparison, further transformation of CO to
hydrocarbons is prevented by Ni ADMAs because of the energetically-
favoured *CO desorption.

To understand the mechanism of CH, production in detail, the Strasser
group studied the effect of the pH of the electrolyte on the product selectivity
catalyzed by Fe-N-C (see Figure 6.18). It was found that the selectivity of CO
was unaltered by pH during CO,RR. The proton-decoupled electron-transfer
pathway was therefore suggested to explain the pH independency of the CO
production. However, at low pH, methane was detected due to the higher
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Reproduced from ref. 239 with permission from American Chemical
Society, Copyright 2019.

proton concentration which favours the hydrogenation of CO. Still, the FE of
CH, was very low due to the dominant HER.”*® To understand what kind of
intermediate is involved in the CO,-to-CH, conversion, CO and formalde-
hyde were considered as seed reactants and the reduction products were
analysed at different pH and applied potential (see Figure 6.18b and c).
Based on the CH, formation from formaldehyde, but not CO, it was sug-
gested that the most favourable pathway of CO,-to-CH, conversion is the
formaldehyde formation pathway, while the CO reduction pathway produces
methanol. Indeed, DFT calculations suggest that the CH,O-to-CH, con-
version follows a low energy pathway compared to the CO-to-CH, pathway. In
particular, the Fe-N-C catalysts followed the second hydrogenation step of
the *CHO intermediate into CH,O rather than *CHOH, which leads to the
formation of methane rather than methanol.>*° Moreover, the effect of
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controlling the local pH by means of electrode morphology needs to be
considered, in that a shift in product selectivity from ethylene to ethane has
been demonstrated in the heterogeneous system.>*°

Interestingly, atomically-dispersed copper-decorated carbon nanofibers
have exhibited high methanol production with FE of 44% at —0.9 V vs.
RHE.*"! According to DFT calculations, Cu-N, active sites possess a rela-
tively higher binding energy for the *CO intermediate than the Ni-N, sites.
Therefore, *CO could be further reduced to products such as methanol,
instead of being released from the catalyst surface as CO.>*' However, it
should be noted that the Cu-N, sites under the reductive potential can
become unstable as the d-orbital of Cu® and Cu'" is fully occupied.>** Also,
during the CO,RR experiments with copper phthalocyanine, the formation
of Cu nanoparticles was found after prolonged bulk electrolysis under a
reductive potential. Hence, the actual active sites of the catalysts were de-
rived from metallic copper particles.*** In situ XAS analysis of the Cu-N-C
revealed the formation of Cu agglomeration under CO,RR conditions.
Cu-N-C with atomically-dispersed copper atoms was prepared via a typical
ZIF pyrolytic route. During electrolysis, the isolated sites transiently convert
into metallic copper which are likely to be the catalytically-active species.**?
Interestingly, it is found that the initial Cu ADMAs can be recovered after
electrolysis suggesting that further agglomeration of Cu atoms was effi-
ciently inhibited and only sub-nanometer sized copper agglomerations
(~0.5 nm) were formed. This uncommon behaviour of Cu-N-C emphasizes
the unique interaction between metal atoms and the carbon support, and
can provide a new approach to develop CO,RR electrocatalysts.

Previously, to study the effect of metal dimers towards CO, reduction, the
metal dopant pairs M2@2SV on graphene supports were considered. It was
found that MnCu@?2SV sites selectively produced methane and NiCu@2SV
sites produced CH3;OH. The crucial role played by the oxophilicity of the
incorporated metal dimer on the product selectivity was explored.”** The
strategy used in binary metal alloy catalysts to enhance the catalytic activity
for CO,RR through the binding mode of CO, could be extended to ADMCs to
alter the product selectivity.”*® In other words, decoration of ADMAs on
carbon matrices might be considered to achieve highly selective production
of methane/methanol from CO,. Also, the lessons learned from other cata-
lytic systems, such as controlling the pH and oxophilicity of the metal center,
can be adopted to control the CO binding energy to achieve methanol or
methane from CO, by ADMCs before desorption from the active site.

6.5.2 Production of Multi-carbon Products

Producing C2 to long-chain hydrocarbons are considered more advan-
tageous than the production of C; products, in terms of volumetric energy
density. The higher volumetric energy density of long-chain products
[e.g. butanol (26.9 MJ L™ ")>ethanol (21.4 MJ L ™")>methanol (15.9 MJL™")]
produced from CO, makes them suitable candidates for replacing at least
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some of the petroleum-based fuels.>*® However, the production of C, or long-
chain hydrocarbons from CO, is challenging because it requires C-C bond
formation steps.>*’

Nature has addressed the issues in making long-chain hydrocarbons using
efficient CO, fixation. This has inspired the scientific community to develop
synthetic catalysts for producing the desired value-added fuels with high
selectivity.>*® For instance, acetyl-coenzyme A (acetyl-CoA) participate in
more than 100 different reactions and among these the most important one
is C-C coupling of short-chain carbon building blocks.*** Clostridium
acetobutylicum can biochemically produce butanol by the direct conden-
sation of two acetyl monomers followed by subsequent reduction re-
actions.*”® Initially, the C-C coupling pathway of acetyl groups are triggered
through the Claisen condensation reaction and then the produced butyryl-
CoA is reduced to butanol with the help from other electron-transfer
proteins (see Figure 6.19).

Among the various CO, reduction electrocatalysts, copper-based catalysts
have displayed exceptional abilities in C-C coupling, and produced C,-C;
products such as ethylene, ethanol, and propanol. A moderate binding
affinity of the *CO intermediate at copper-based catalysts is suggested to be
responsible for the formation of hydrocarbons.>**>** The possible reaction
pathways for the reduced C; and C, products are described in Figure 6.20.
DFT calculations predicted that the direct reduction of CO follows different
pathways, depending on the pH at the copper (111) electrode. At acidic pH,
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Figure 6.19 Schematic illustration of the biological synthesis of long-chain liquid
fuels.
Reproduced from ref. 248 with permission from American Chemical
Society, Copyright 2017.
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the C, pathway is favoured while the C, pathway is kinetically blocked.
In contrast, at neutral pH the C-C coupling is dominant through adsorbed
CO dimerization, while the C; pathways are suppressed to give high select-
ivity for C2 products.>®* As depicted in Figure 6.20, the *CO dimerization
proceeds through various intermediates such as *OCCHO, *OCHCHO,
*OCHCHOH, *OCHCH, and *OCHCH, on the copper surface.

As the CO dimerization step is crucial for producing multi-carbon prod-
ucts, metal-dimer or bi-atom active sites, where two CO molecules can be
bound simultaneously, may be beneficial to achieve C-C coupling. In
homogeneous catalysis, it has been previously reported that dimeric copper
complexes with nitrogen and/or sulphur coordination have produced oxalic
acid by coupling two CO, molecules, either chemically or electro-
chemically.>*>**® Decoration of copper dimers on carbon matrices may be
considered as a good option for achieving selective production of C, prod-
ucts in high yield. DFT calculations also predicted that copper dimers sup-
ported on a nitrogenated holey graphene (C,N) layer boost the CO,RR.>*’
Cu,@C,N exhibits a high catalytic ability to produce CH, rather than
CH;0H, while at the same time favouring the effective CO coupling to make
ethylene.

However, the decoration of targeted dimeric or multimeric metal atoms on
carbon matrices is challenging. He et al. studied the structure of an iron
dimer in the lattice of monolayer graphene.**® Fe dopant atoms were loaded
on the clean surface of graphene by drop-casting iron(ui) chloride (FeCls)
solutions. HAADF-STEM was used to investigate the atomic structure of iron
pairs and real-time dynamics of iron atoms in graphene vacancies. Several
iron dimer structures were observed embedded in the tri-vacancy, quad-
vacancy, or two adjacent mono-vacancies of the graphene lattice. The dimer
structures were found to evolve from an initial single iron atom which acts as
trapping centre for the second Fe atom. The energy driving this process
comes primarily from the focused electron beam.**® Lu et al. fabricated Pt
dimers on reduced-GO with a bottom-up approach using the ALD techni-
que.’® During this process, the preliminarily deposited monomeric Pt atoms
act as nucleation sites to selectively attach secondary Pt atoms, forming Pt
dimers. The Pt dimers exhibited superior activity in hydrolytic de-
hydrogenation of ammonia borane compared with monomeric Pt atoms or
nanoparticles on graphene.*® Instead of using the high vacuum method
such as ALD, Zeng et al. tried a wet-chemical route to fabricate dimeric active
sites on carbon materials.”*® First, Fe-N-C was prepared by conventional
pyrolysis methods using ZIF-8, 1,10-phenanthroline, and iron acetate as
precursors. The then-prepared Fe-N-Cs was treated with a solution of
chloroplatinic acid (H,PtClg) and exposed to a mild heat treatment at 450 °C
under an Ar atmosphere. Pt atoms were suggested to be preferentially
grafted onto the iron centre through a bridging oxygen atom creating a new
active moiety of Pt;-O,-Fe;-N,. The active sites showed high catalytic ac-
tivities toward OER and HER by outperforming the benchmark ruthenium
oxide (RuO,) and were comparable with Pt/C, with overpotentials of 310 mV
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for OER in alkaline solution and 60 mV for HER in acidic media. Thus, in
future work, attempts need to be made to explore and understand the im-
portance of metal nuclearity in the C-C bond formation during CO,RR.

6.6 Conclusions

This chapter highlighted the CO,RR activities of ADMAs on carbon supports
and focused on the structure-activity relationship of their active centres. The
methods to synthesize various ADMCs and the approaches to tune the ac-
tivity using structural modifications were discussed. Various ADMCs have
shown promising CO, reduction activity, mainly for CO production and in a
few cases minor C1 hydrocarbon production. Despite the recent advances in
the synthetic and characterization methods, preparation of ADMCs with
well-defined coordination structures comparable to the corresponding
homogenous catalysts is still challenging. Based on the above discussions,
we believe that the approaches for the future development of ADMAs on
electrocatalytic CO,RR may focus on: (1) finding suitable synthetic methods
to decorate appropriate active sites for a particular CO, reduction product,
and (2) detailed characterization of ADMAs to understand the structure—
function relationship at the atomic level. Furthermore, the cooperative ef-
fects used by the natural enzymes should be adopted to advance the per-
formance of the electrocatalysts. By controlling the second coordination
sphere around the active centres, the activities of ADMAs can be tuned by
exploiting the inductive effects from nearby dopants or from changes in the
local proton environments. Furthermore, production of multi-carbon prod-
ucts requires further exploration to expand the applicability of the ADMCs.
Compared to processes in Nature, producing multi-carbon products by ef-
ficiently catalyzing C-C coupling reactions using CO, as a feedstock, elec-
trochemical C, product formation with ADMCs is still challenging. To this
end, the formation of atomically-controlled bi- or multi-metallic active sites
on the supports is a great challenge.
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7.1 Introduction

The fast development of our society requires a vigorous increase in energy
demand, which is currently provided by fossil fuels." However, the limited
supply of fossil fuels cannot sustain usage over a long period and the re-
sultant carbon footprint (e.g. CO,) will threaten the living environment
through the greenhouse effect and ocean acidification. To address both the
potential energy crisis and CO, issue, achieving the so-called artificial
photosynthesis via a photoelectrocatalytic (PEC) process is highly desirable.?
During this process, sunlight will drive the CO, reduction reaction (CO,RR)
on a semiconductor photoelectrode with CO, and H,O as the feedstock.
Different from the electrocatalytic (EC) process, where a high overpotential is
needed for CO,RR,’ the PEC process can reduce the energy requirement
since the solar energy will compensate a large ratio of the overpotenial.*®
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Ideally, an unbiased PEC process is desired where the CO,RR on the cathode
and water oxidation on the anode will occur spontaneously once the pho-
toelectrode is stimulated, mimicking photosynthesis in plants.”

CO, can be converted into potential platform chemicals for industrial
production. For example, CO, has been reported to be converted into olefin,
CO, or methanol via the PEC process.”® CO is an important source of syngas
for the Fischer-Tropsch reaction, while methanol is used either directly as a
fuel or in the methanol-to-olefin (MTO) process. In order to make CO,RR
viable, three key parameters require attention during the CO,RR process on
photoelectrodes:*’

(i) CO, reduction activity. This indicates how much CO, can be reduced
during the CO,RR as indicated by the CO,RR photocurrent (jco ). This
is not only limited by the surface reaction kinetics but is also sig-
nificantly affected by the dissolved CO, concentration during the
reaction. Moreover, since some competitive reactions occur during
CO,RR (e.g. H, evolution reaction), not all photocurrent will be ap-
plied for CO, reduction. Besides the jco,, the onset potential (Eonset)
also indicates the effectiveness of the photoelectrodes: the higher the
Eonset 1S, the easier the CO,RR will be processed in the PEC process.

(if) Product selectivity. CO,RR normally has wide product distribution,
including CO, HCOOH, CH;0H, CH,, and various C,. products. To
achieve a highly selective CO,RR process not only means less cost in
product separation, but also provides insights into the CO,RR path-
way. The selectivity is normally described with the product faradaic
efficiency (FE) following eqn (7.1):

FE=n-N-F/Q=n-N-F/(jt) (7.1)

where n is the number of electrons transferred during the CO,RR
(e.g., n=2 for CO production; n=6 for CH;0H production), N is the
mole amount of the production, F is the Faradaic constant (96485
Cmol ), Q is the total charge amount passing the electrode, which
can be calculated from the total current (j) and the reaction time (¢).

(iii) Stability of the photoelectrode. A long-term stable photocathode is
critical for the practical application of CO,RR. Two major corrosion
processes may happen on a photocathode: chemical corrosion and
photo-chemical corrosion. The chemical corrosion is caused by the
reaction between the electrolyte solution and the semiconductor, e.g. Si
in an alkaline solution or Cu,O in an acidic solution. The photo-
chemical corrosion is due to the presence of photogenerated charges
(electrons or holes) which can trigger the corrosion reaction in solu-
tion. For example, CuO can remain stable in the electrolyte, but will be
reduced further with light. Coating the electrode with robust layers (e.g.
TiO,, Al,0;) and adjusting the pH of the electrolyte can effectively
suppress the corrosion. Herein, our focus is not as much on corrosion
issues as on the design of effective photocathodes for CO,RR.
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Considering that many good reviews have been published to com-
prehensively discuss the materials applied in PEC CO,RR,”*° we are not
going to add another one but rather address some fundamental under-
standing of this process. In this chapter, we will discuss the photoconversion
process in a photoelectrode and the thermodynamics and kinetics of the
surface reactions of PEC CO,RR. In the following part, three major topics
will be focused on to highlight the research statues in PEC CO,RR, i.e. (1) the
physicochemical process in semiconductor photoelectrodes; (2) the co-
catalyst selection for CO, conversion; and (3) the influence of the electro-
lyte solution. We mainly focus on the aqueous electrolyte unless otherwise
mentioned.

7.2 The Physicochemical Process at the
Semiconductor Photoelectrode

To convert solar energy, semiconductor materials are used for photoelec-
trode fabrication. A semiconductor with a suitable bandgap (E,) can absorb
light, and an electron from the valence band (VB) can be excited to the
conductive band (CB), leading to the generation of electron-hole pairs
provided the semiconductor is stimulated with light that has a higher energy
than the absorption threshold. The energy carried by photons is stored in
electron-hole pairs for further chemical reactions."'™** Further driven by the
photovoltaic (PV) effect of the semiconductors, the photogenerated electrons
can be used in CO,RR and holes in water oxidation. Generally speaking, due
to the PV effect, the applied bias for CO,RR on photoelectrodes can be
largely compensated, leading to less applied bias compared to the tradi-
tional EC."*"'®> Depending on the structure of the photoelectrode design, the
PV effect can be generated from either a semiconductor/electrolyte (S|E)
junction or a buried junction, as shown in Figure 7.1. In the following sec-
tion, we will briefly introduce them.

7.2.1 The Semiconductor/Electrolyte Junction

Figure 7.1(a and c) shows that the S|E junction is formed at the interface
between the semiconductor and the electrolyte solution.'®'” There exists a
Schottky contact between the semiconductor and the electrolyte. At the S|E
interface, the energy level of VB and CB is pinned. Since the photogenerated
electron needs to be transferred from the CB to CO, (see Figure 7.1c), the CB
position is strictly required to be high enough for the CO,RR to occur at the
S|E interface. Taking this into consideration, it is helpful to compare the
standard redox potential (E°) of various CO, reduction reaction potentials
with the band structure of the semiconductors (Figure 7.2). As shown, some
available semiconductors for CO,RR are Si, GaP, InP etc. Moreover, the CO,
reduction potential is within a narrow range of —0.2 to ~0.17 V vs. Standard
Hydrogen Electrode (Vsyg) for different products, including HCOOH, CO,
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Figure 7.1 (a and b) Schematic band bending at the S|E junction and the buried
junction. The grey zone shows the junction. (¢ and d) Schematic charge
transfer during CO,RR at the S|E junction and buried junction.
The built-in electric field is indicated by Vj;.

HCHO, CH;0H, and CH,. The small thermodynamics difference among
these CO,RR processes indicates the challenges in controlling the product
selectivity.

In the semiconductor, band bending will happen at the S|E interface due
to the Fermi Level (Eg) flatting between semiconductors and the electrolyte
(see Figure 7.1c).'"® For the CO,RR, the adopted p-type semiconductor
(photocathode) normally has a lower Er than the electrolyte, which will result
in downwards band bending (Figure 7.3a). In this case, a built-in electric
field (V) directed towards the electrolyte will be established with a field

strength expressed as eqn (7.2) and (7.3)."*'®
N,
V() = 2 (2 — W) (7.2)
€sc

(7.3)

Here, W(E) is the width of the electric field (also called space charge layer)
under the applied potential of E, as shown in Figure 7.3a, in particular W, is
the width without applied bias, e is the elemental charge, ¢ is the dielectric
constant of the semiconductor, N, is the carrier concentration in the semi-
conductor, and Vy, is the flat band potential.
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Figure 7.2 Band structure of different semiconductors and standard reduction
potential for CO,RR.
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Figure 7.3 (a) Detailed band bending of a photocathode at the semiconductor-
electrolyte interface. (b) Ideal j-V curve (dashed line) derived from the
Gartner equation and the schematic practical curve (solid line).
Reproduced from ref. 19 with permission from Elsevier, Copyright 2018.
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Once the photoexcited electrons exist on the CB in the space charge layer,
they will be swept to the surface for reaction. By assuming the ideal surface
catalytic process without resistance, the photocurrent of the PEC process
(j-E curve) can be predicted via the Gartner equation (eqn (7.4)).***°

Jlo=1—exp(—aW)/(1 + oLmin) (7.4)

The parameter « is the light absorption coefficient, I, is the incident light
intensity and Ly, is the diffusion length of minority carrier (electrons
for p-type semiconductor, see Figure 7.3a). According to the equation, the
Eonset of an ideal PEC process is predicted to be close to the Vg, of a semi-
conductor (see Figure 7.3b) and the theoretical photocurrent is determined
by its light absorption (I, and «), i.e. the light intensity and bandgap.

The S|E junction model is frequently used to illustrate the PEC process at
the junction. In this simple structure, it does not need very strict interface
modification since the semiconductors are directly in touch with the solu-
tion. Therefore, nanostructure engineering can be applied in fabricating a
complex structure for facilitating charge transfer and surface reaction.*’™?
For example, the nanobranched Cu,O/CuO has been reported to exhibit
much better CO,RR performance than the corresponding nanorod arrays.*?
Jang et al. loaded the ZnTe on ZnO arrays for highly selective CO production
during the PEC process.”®> However, the S|E junction is not the best choice
for solar conversion since the produced photovoltage is normally low, lim-
ited by the band bending. This normally results in serious charge re-
combination at the S|E interface or in the bulk of the semiconductors. It will
lead to a large fraction of photocurrent loss as indicated by Figure 7.3b. To
realize more efficient PEC CO,RR, a buried junction structure can be a better
choice for the photoelectrode design.

7.2.2 The Buried Junction

A buried junction is created with a p-n junction beneath the electrode/
electrolyte interface as shown in Figure 7.1(b and d). At the top layer, an
Ohmic contact is built between the surface catalyst layer and the buried
junction (Figure 7.1b).>* Due to the absence of direct contact with the elec-
trolyte, the VB and CB of the buried structure are no longer pinned. In this
case, the CB can be easily shifted with the applied bias to make it suitable for
CO,RR. The buried junction, normally a p-n junction, can produce a much
larger space charge layer for photocharge separation and transfer.>>® The
photovoltage will be determined by the Fermi level difference of the two
semiconductors. For the photoelectrode with a buried junction, it works like
an all-in-one PV driven EC system, with the buried junction functionalized as
the PV part and the electrocatalyst layer coated outside. Actually, most of the
buried junction photoelectrode can be correlated with similar heterojunc-
tion cells as shown in Table 7.1.

The resemblance between the buried junction photoelectrode and the
heterojunction solar cells allows us to apply well-developed strategies in
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Table 7.1 Comparison between buried junction photoelectrode and heterojunction
solar cells.”

Photoelectrode
Buried junction Catalyst Correlated solar cell ~ Ref.
p-i-n Si/TiO, Au p-i-n amorphous 34,81
Si solar cell

p-n” Si/Ti Au Si solar cell 82,83
Cu,0|Al:ZnO| TiO, Re molecular catalyst Cu,O-TCO solar cell 27,84
CZTS/CdS N.A. CZTS solar cell 85,86
CZTS/In,S;

PTAA |MAPDI; |Cgo | BCP|Cu  In-Bi alloy Perovskite solar cell 87,88

“CZTS: Cu,ZnSnS,; PTAA: poly(triaryl)amine; TCO: transparent conductive oxide; BCP:
Bathocuproine.
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Figure 7.4 Simulating the PEC process based on the PV and EC responses. (a)
Current-potential curves for PV (I, II) and EC processes (i, ii), respect-
ively. For the PV processes, they are featured with different short circuit
current, open voltage, and fill factor. The EC processes, featured with
different Tafel slopes and overpotentials. (b) The calculated PEC re-
sponse curves (I-i and II-ii) based on the numeric simulation in (a). The
applied potential is produced by calculating the potential gap at the
same current for the PV and EC processes in (a).

Reproduced from ref. 28 with permission from the Royal Society of
Chemistry.

heterojunction solar cell for improving the CO,RR in PEC processes. For
example, to facilitate the selected electron transfer, an electron transfer layer
(ETL) will be applied in the solar cell. In the photoelectrode, it is normally
the TiO, layer taking similar roles in CuZnSnS, (CZTS), Cu,O or Si-based
photocathodes.>>*” According to the PV performance of the buried junction
and the EC performance of the surface catalyst, we can predict the per-
formance of CO,RR on the buried junction photoelectrodes.”® Figure 7.4
shows that the PV + EC (PVEC) processes can be well reproduced from the
response of the individual parts. The applied bias (E,pp1) in the PVEC process
can be calculated as shown in Figure 7.4a and the maximum photocurrent is
determined by the buried junctions.
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7.3 Co-catalyst Selection for CO, Reduction

CO, molecules have a very stable structure with a C=0O bond energy of 732
kJ mol . The highly symmetric linear structure (O—=C=0) leads to a very low
ground state. Meanwhile, the additional m bond further strengthens the
linkage of C and O (Figure 7.5).”° As a result, it needs a huge activation
energy to initiate the CO,RR, leading to weak reactivity on bare semi-
conductors. In order to accelerate the surface reaction process, a suitable co-
catalyst is needed. As an important component of effective photoelectrodes,
the co-catalyst plays multiple roles in CO,RR: on the one hand it can ac-
celerate the surface reaction by reducing the reaction barrier; on the other
hand, it can change the surface property of the photocathode and modulate
the product selectivity.

It is commonly realized that the CO,RR starts from the formation of CO,*~
(an intermediate of CO, with one electron). According to the molecular or-
bital of CO, in Figure 7.5b, the additional electron will be accommodated on
the anti-bond (*) orbital, which will weaken the C=0 bond for further re-
action. A further ab initio study indicates that the CO,"" is no longer a linear
molecular but with an angle of 135.3° between the two C-O bonds.”® A
possible reaction pathway for the CO,RR is shown in Figure 7.6.>" The CO, is
absorbed on the surface of the catalyst first, followed by an electron transfer
(ET) to form the CO,° . In Figure 7.2, it is shown that the CO,/CO,°" has a
standard potential of —1.9 Vg, which makes the CO,°~ formation the rate-
determining step. Then, a series of proton coupled electron transfer (PCET)
processes will happen, leading to the formation of different products, such
as HCOOH, CO, CH;0H, and CH,.” If the catalyst can realize a dimerization
process, it can also produce C,; compounds, e.g., C,H,, C,Hs0H, C,Hj etc.
The product selectivity is determined by the adsorption-desorption

(@) (c) c co, 20
/g £ =
0 C 0 -
1.16 A 2p /
B -H;1: 4 — o)
(b) 25 %4
C <1.244 TR A
O 1355 O o
gl e 2s

Figure 7.5 (a and b) Geometric structures of CO, and CO,"". Redrawn from ref. 30.
(c) CO, molecular orbital. Reproduced from ref. 29 with permission from
American Chemical Society, Copyright 2018.
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capability of the intermediates. Therefore, it is helpful to further understand
the intrinsic properties of different co-catalysts for CO,RR.

Three categories of co-catalyst exist for PEC CO,RR: (1) heterogeneous
catalysts, which include transition metals and the derived metal oxides; (2)
homogeneous catalysts, which are mainly composed of transition metal
molecular complexes; (3) enzyme catalysts. Due to the significant differences
among these three different co-catalysts, the interaction between co-catalyst
and photoelectrode is also drastically different. Below, we will discuss how
these co-catalysts cooperate with the photoelectrode to achieve efficient
CO,RR.

7.3.1 Heterogeneous Catalysts

The heterogeneous catalysts include transition metal clusters and the cor-
responding metal oxides. They are widely used to accelerate the CO,RR on
photoelectrodes since they are robust and can create intimate contact with
the photoelectrodes. These co-catalysts normally show electrocatalytic
CO,RR capabilities even without light stimulation, therefore, referring to
their EC capability can shed light on the design of co-catalysts on photo-
electrodes. Hori has summarized the electrochemical CO,RR on metal
electrodes (Figure 7.7),>°° indicating that the H, evolution reaction (HER) is
favoured on many metal electrodes, e.g. Ti, Pt, Ir, Ni, Fe, and Co. As for CO
production, it can be observed on Zn, Ag, Au, Pd etc. Other metals, such as
Bi, Sn, In, and Pb show high selectivity in HCOOH formation. Especially on
Hg, it shows almost a single product of HCOOH.

Moreover, Lee et al. have compared the binding energy of four different
intermediates (COOH*, CO*, OCHO* and OH*) on different metals
(Figure 7.8), including Pt, Cu, Au, Ag, Zn, Ni etc.® The volcano shape curves
are observed when plotting the binding energy versus CO,RR activity. Since
the adsorption capability of these intermediates is strongly related to the
product selectivity, this result provides insights into the co-catalyst choice in
pursuit of high selectivity. Among all the reported metals, Cu is the most
unique catalyst since it can lead to a wide range of products, including CO,
hydrocarbons, formate, olefine etc.?***

In PEC CO,RR, the catalyst choice is within the candidates for EC, and the
final products are in accordance with the EC as well. Kaneco et al. investi-
gated a series of metals, including Pb, Ag, Au, Pd, Cu, and Ni on a p-InP
photocathode for CO,RR.*? It is observed that CO is mainly produced on Pd,
Ag, and Au, while H, is produced on Ni. Moreover, they also observed that
the loading amount can affect the final products. An increase of Cu can lead
to a gradual decrease of CO and increase of HCOOH.

Au is the most frequently used metal catalyst in PEC CO,RR (Table 7.2).
With p-Si as the photocathode, the CO selectivity is profoundly improved
after Au loading.>* A FE of ~50% was achieved on a Au coated Si photo-
cathode. Similar promotion effects of Au is observed in p-GaN, copper-oxide
photocathodes.>** Alloying Au with another metal such as Cu is also
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Figure 7.7 The periodic table showing metal catalysts for CO,RR in EC processes.
Reproduced from ref. 6 with permission from American Chemical Soci-
ety, Copyright 2015. Data from Hori.>°

reported to have promoted CO,RR efficiency.’® Kong et al. reported that
assembling an Au;Cu alloy on Si nanowire arrays not only improves the
CO,RR photocurrent but also leads to higher CO selectivity.*® Other kinds of
alloys, e.g. Cu-In, Cu-Sn, Cu-Pd, Sn-In-Bi etc., have been explored for
electrocatalytic CO,RR.>" The alloy metal catalyst deserves our attention in
photoelectrode design since the alloying effect can greatly change the elec-
tron structure of the metal and adjust the surface absorption/desorption
capability. Finely tuning the alloy composition is promising to realize highly
active CO,RR catalysts.®" Other metals such as Cu,>” Sn,*” Ag*® etc. have been
applied in different photocathodes, with the majority of products being CO
or HCOOH during the PEC CO,RR.

Besides metal catalysts, the metal-oxides have also been reported to pro-
mote the CO,RR on photoelectrodes. TiO, has been reported to work as a co-
catalyst on p-GaP and Cu,O photocathodes to realize a CO,-to-methanol
conversion.’®*! Kang et al., deposited TiO, on the top of a Cu,O photo-
cathode and achieved over 90% FE of methanol production.*' RuO, was also
reported to promote the conversion of CO, into CO on a Cu,O photo-
cathode.*” Moreover, reduced tin oxide (SnO,) can efficiently convert CO..
With SnO, coated on a CuO electrode, Schreier et al. successfully demon-
strated stable CO production from CO, with FE over 70%." It is also inter-
esting to note that a metal-oxide can be used to modify metal catalysts.
Taking the Cr,O; coated Rh as an example, after forming this core-shell
Rh/Cr,0;3 on a p-GaN photocathode, the CO,RR is promoted with improved
CO selectivity.** Actually, in EC CO,RR, it has been reported that there exists
a promotion effect at the interface between the metal and metal-oxide sub-
strates.”>*® This indicates that a more efficient CO,RR process can be
achieved by taking advantage of metal-substrate interactions.



Figure 7.8 Calculated binding energy for different absorbed intermediates, including (a) COOH* and CO*; (b) OCHO* and OH*.
Reproduced from ref. 3 with permission from the Royal Society of Chemistry.
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Table 7.2 Metals and metal-oxide catalysts applied in PEC CO,RR.”

Major
Catalyst ~ Photocathode Photocurrent product Ref.
Au ZnTe/ZnO —16 mAcm ?@ —0.7 Vg CO, 23

(0.5 M KHCO; aqueous FE =63%
solution, 100 mW cm >
simulated sunlight)

Au p-i-n Si —6 mAcm @ —0.1 Vggg  CO, 34
(0.1 M KHCO; aqueous FE=70%
solution, 100 mW cm >
simulated sunlight)

Au p-n Si —12.5 mAcm ’@ —2.0 Co, 82
Vsug (0.2 M KHCO, FE=91%
aqueous solution, 100
mW cm 2 simulated
sunlight)

Au p-GaN —1.8 pAcm @ —0.8 Vggp CO:H,=5:1 35
(0.05 M K,CO3, 500
mW cm™?, 2>495 nm)

Au;Cu p-Si —6.8 mAcm ’@ —0.6 Co, 36
Vsug (0.1 M KHCO;, 20 FE =67.2%
mWem 2 =740 nm)

In0.4Bi0.6 PTAA|MAPbI;|Ceo|BCP —5.5 mAcm @ —0.6 HCOOH, 87
Vsue (0.1 M KHCO3;, 100 FE=92%
mW cm > simulated
sunlight)

Cu-In CulnS, —2.5 mAcm ’@ —0.8 C,H;0H, 89
Vsie (0.1 M KHCO;, 100 FE =80%
mW cm > Xenon lamp)

Sn p-si —4 mAcm ’@ —1.6 Vgy  HCOOH, 37
(0.1 M KHCO3, 100 FE = 39%
mW cm ™2 simulated
sunlight)

Ag p-Si —10 mAcm *@ —0.6 Ve CO, 38
(0.5 M KHCOs3, 50 FE=90%
mW cm ™2 simulated
sunlight)

Cu GaN/p-n + Si —10 mAcm 2@ —0.33 Co, 25

Vsur (0.5 M KHCO;, 800 FE=20%
mW cm > Xenon lamp)

TiO, Cu,O —1mAcm ’@ 0.4 Vg~ CH;OH, 11
(0.5 M KHCOj3, 100 FE=70%
mW em ™2 simulated
sunlight)

9SHE: standard hydrogen electrode.

7.3.2 Molecular Catalysts

Molecular catalysts are an important category of CO,RR catalysts.>” Due to
the flexible structure of molecules and their abundant coordination sites, it
is much easier to bond with and activate the CO, molecule, which is the
most energy-consuming step in CO,RR. In Table 7.3, many different



Table 7.3 Molecular catalysts applied in PEC CO,RR.?

Catalyst structure Photocathode = Photocurrent Major product Ref.
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J A\ solution, visible light)
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p-Si/TiO, —0.2 mAcm ’@ —0.9 V vs. Fe™’° (0.1 M Bu,NPF,/MeCN CO, FE=47.6% 54
solution, 100 mW cm ™2, 1>400 nm)

“Bu: butyl; MeCN: acetonitrile; SCE: saturated calomel electrode; Fe: Fe(CsHs),.

T0€



302 Chapter 7

Figure 7.9 Structure of the (a) metal bipyridine tricarbonyl catalyst and (b)
porphyrin-based catalyst. R represents different functional groups,
M represents different metal atoms.

complexes are listed, including the bipyridine, porphyrin, and bis(terpyridine)
structures etc.

Although many different molecular catalysts exist for EC CO,RR, most of
the catalysts applied in PEC processes share a similar scaffold of bipyridine
tricarbonyl (Figure 7.9a) with different metal centres (M(bpy)(CO);), in-
cluding Ru, Re, Mn etc.”**”*”"*° The additional ligands R can be used to
adjust the hydrophilic/hydrophobic property of the catalysts. They can also
work as anchors to form bonds with the photosensitiser considering that the
catalysts do not have a photoresponse. Meanwhile, inspired by the enzyme
structure for photosynthesis, the porphyrin-based metallomacrocycles
(Figure 7.9b) have also been applied for CO,RR on photoelectrodes with high
current efficiency.’®" Alenezi et al. applied Fe porphyrin as a surface catalyst
on a p-Si photocathode. In non-aqueous solution, they achieved a CO,RR
photocurrent of over 3 mA cm™ > with around 80% FE for CO production.®

Three different matrices are used to host the molecular catalysts,
including the planar photoelectrode, mesoporous photoelectrode, and
molecular photosensitiser. For planar photoelectrodes, such as Si
wafer, p-Fe,O; and CuZnSnS, photoelectrodes,”®*”**** the immobilization
between matrix and the molecular catalyst is significant for achieving high
catalyst loading. By adjusting the R ligand in the molecular catalyst, it is
possible to create an intimate interaction. For example, the H, treated p-Si
photocathode shows a hydrophobic surface, which can interact with the
alkyl group in a Re(bpy)(CO);-based molecular catalyst for CO,RR with a long
lifetime.*” For mesoporous structures, such as a NiO photocathode, they can
be directly used as a light-harvesting semiconductor to capture solar energy
and pass the photogenerated electrons onto the molecular catalyst for
CO,RR.”? Alternatively, the porous structure of TiO, or NiO can be coated on
the top of a planar photocathode, such as Cu,0*” or Si,”* to increase the
catalyst loading area and improve the CO,RR of the photocathode. In
Figure 7.10a, it is shown that with a mesoporous TiO, layer on Cu,O, the
Re(bpy)(CO); catalyst can be effectively immobilized on the electrode and
promote the CO,RR.?” In this research, it is found that the -PO;H, terminal
group of the Re molecular catalyst is significant for creating the strong
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Photoelectrochemically stable
in pH 7 for > 10 hours

(a) Schematic structures of the Cu,O photocathode with the (bipy),Re(CO);Cl molecular catalyst immobilized on mesoporous
TiO,. Reproduced from ref. 27 with permission from American Chemical Society, Copyright 2016. (b) Schematic structure of
N3 dye loaded NiO with the (bipy),Re(CO);Cl molecular catalyst for CO, reduction. Reproduced from ref. 55 with permission
from American Chemical Society, Copyright 2019.

U01ID3Y UOISLIAUOD CO)) L0f 9P0.1393]2030Yd

€0¢



304 Chapter 7

linkage between the catalyst and substrate. The NiO mesoporous layer can
also be used for loading the photosensitizer as shown in Figure 7.10b.>* In
the dye sensitized photoelectrodes, the strong light absorption coefficient of
the dye molecular [normally the N3 dye (i.e., cis-bis(isothiocyanato)bis(2,2'-
bipyridyl-4,4'-dicarboxylato)ruthenium(u)) and metallophthalocyanine]®>”
can ensure enough light harvest, which makes it significantly different
from the classical PEC system where the light is captured by the semi-
conductors. The terminal groups of -SiO3H, can have strong interactions
with the hydrophilic surface of NiO, creating a strong linkage for charge
transfer between the molecular catalyst and the substrate. When the dye is
stimulated by photons, the electrons will be promoted to the lowest un-
occupied molecular orbitals (LUMO) for CO,RR via the molecular catalysts,
further bridging with the Re(bpy)(CO)s;-based molecular -catalyst
(Figure 7.10b).>® The as-prepared molecular-based photoelectrode shows
high CO selectivity (FE >65%) in CO,RR.

For the molecular catalyst-based PEC CO,RR, there are two features: 1)
current is relatively low compared to the heterogeneous catalyst system; 2)
the product in most cases is CO. The low photocurrent for the homo-
genous system may be a result of low catalyst loading. For example, a
photocurrent of —1 mA cm > means the turn over frequency (TOF) of CO,-
to-CO conversion is in the order of 10'®> s™' em ™. Suppose that there are
10" em™? catalyst molecules, the catalytic capability of the molecular
catalysts of over 10* s~ " would be required, which is a harsh requirement.
Moreover, due to the coordination of the central metal in the molecular
catalyst, it may be difficult for further hydrogenation of CO, after for-
mation of the intermediate of the CO product. Therefore, CO is the
dominate product in many cases. Notwithstanding these features, the in-
sight into molecular catalysts can help to obtain a better understanding of
heterogeneous reactions for further achieving more efficient and higher
selectivity of CO,RR.

7.3.3 Enzyme Catalysts

CO, conversion is one of the most important processes that occur in plants.
Under the synergetic effect of serials of enzymes, CO, can be converted into
various carbohydrates. Inspired by Nature, researchers attempt to couple an
enzyme with a photocathode for CO,RR. Due to the protection of the protein
around the active centre in the enzyme, it is impossible to directly pass
electrons between the photoelectrode and the enzyme. Therefore, it needs
some mediator for the electron communication. One good example is the
application of the formate dehydrogenase (FDH) enzyme as the catalyst
on p-InP and methyl viologen (MV) as the electron mediator to achieve
highly selective HCOOH production through the PEC process.”® The MV
works as an electron shuttle to ensure the charge-transfer between the p-InP
photocathode and the active centre of the FDH enzyme. Bachmeier also
reported the application of a long chain dye molecule to couple with the
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Figure 7.11 Schematic illustration of an enzyme-loaded photocathode for CO,RR.
Reproduced from ref. 57 with permission from American Chemical
Society, Copyright 2014.

carboxydothermus hydrogenoformans (CODH) enzyme.”” As shown in

Figure 7.11, on the one hand the dye molecule can work as a light absorber,
on the other hand it is capable of close contact with the CODH enzyme to
ensure the charge-transfer. This system was able to convert CO, into CO
under visible light irradiation. Besides the single enzyme catalyst, Kuk et al.
reported that they were able to combine three different functional enzymes
together on a BiFeO; photocathode and realized the CO,-to-CH;0H con-
version in a PEC process.”® Eventually, Peidong Yang’s group has reported
coupling a Si nanowire with bacteria to convert CO, into valuable chem-
icals.”>® All these results indicate the potential of applying bio-hybrid
photoelectrodes to achieve an effective CO,RR process.

7.4 Electrolyte Solution Selection

Besides the photoelectrode and surface catalyst, the electrolyte solution
exerts significant influence on the CO,RR. Normally, the electrolyte solution
is composed of two essential components, i.e. solvent and electrolyte.
Additionally, some additives have also been reported to affect the CO,RR.
The electrolyte is used to provide ion conductivity, while the solvent has
two major roles of providing protons and hosting the CO,. Below, we will
discuss how the solution, electrolyte, and additives affect the CO,RR on
photoelectrodes.
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7.4.1 Solvent

Both aqueous and non-aqueous electrolyte solutions are used for CO,RR.
In aqueous solution, it is well known that there is an equilibrium for CO,
dissolving (eqn (7.5)).>°

CO, +H,0-H,CO3;->H" +HCO; «2H" +CO;>~ (7.5)

The equilibrium under different pH values will determine the form of
carbonate ions (HCO;~, CO;>", or molecular CO,), which will finally affect
CO, activation. Actually, there is still debate on whether the adsorbed spe-
cies are CO, or carbonate ions on the surface of electrode.*" If liquid prod-
ucts (e.g., HCOOH, CH;0H) are produced in the CO,RR, a more complicated
equilibrium will be established in the system. The Pourbaix diagram offers a
good reference to show the species balance in the solution.®~®* Taking the
CO,-HCOOH system as an example, the Pourbaix diagram (Figure 7.12)
shows the equilibrium between different species, including H,CO3;, HCO; ™,
CO;*>~ and HCOO.°>*® The thermodynamic requirement for these species
conversion can also be identified from the diagram. For example, according
to Figure 7.12, the HER is thermodynamically more favoured than the
CO,RR (with the product of formic acid) in all pH ranges. Moreover, when
taking both the reduction (CO,RR) and oxidation (water oxidation) into
consideration, they need the lowest theoretical bias over the pH range of
7-10, since the potential gap between E(HCOO /HCO; ) and E (Hy/H") is
the lowest.

0.0

| HCOOH HCOO

0 2 4 6 8 10 12 14
pH

Figure 7.12 Pourbaix diagram showing the pH-potential thermodynamic relation-
ship for HCOOH and dissolved CO,. The proton reduction curve in the
Pourbaix diagram is indicated by the dashed line.
Reproduced from ref. 62 with permission from the Royal Society of
Chemistry. The proton-coupled electron transfer processes as indicated
by 2e /H", 2e /2H" and 2e /3H" are referred to in ref. 63.
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For CO,RR, the performance is closely related to the dissolved CO, con-
centration. Improving the CO, solubility normally leads to increased CO,RR
current. Water, the most widely used solvent, is a good proton source, but
the CO, solubility is very low. At room temperature, 0.1 MPa (1 atm) CO, only
gives 0.06 mol % in water. Increasing the temperature can suppress the CO,
dissolution, while increasing the CO, pressure can efficiently improve its
solubility.®*®> Taniguchi et al. investigated the CO,RR on p-CdTe under
different CO, pressures, and found that the photocurrent increased linearly
with the increase of CO, pressure.®® Alternatively, some small molecular
organic solvents are reported to have high CO, dissolution.®® For example,
methanol has been used as a commercial solvent to realize CO, capture. It is
reported to have 7 times higher CO, solubility than water. Acetone is re-
ported to have a much better CO, absorbtion capability, but is hard to
handle due to its volatility and toxicity.°® In any case, we also need to con-
sider the solubility of the electrolyte in the solvent to provide sufficient ion
conductivity.

In the literature, N,N-dimethylformamide (DMF) and acetonitrile (MeCN)
are usually used for non-aqueous CO,RR in the PEC process. A comparison
of the standard reduction potential for CO, reduction in H,0, DMF, and
MeCN has been provided by Mayer’s group (Table 7.4).°” It is noticed that
the CO,RR in MeCN also holds a higher potential that in DMF, indicating
the CO,RR is easier in MeCN solution. Moreover, the CO,RR in non-
aqueous solution usually leads to CO production. Shreier et al. reported
that in MeCN a hybrid Re molecular catalyst modified Cu,O photocathode
can also realize highly CO,-to-CO conversion.®® More interesting, they also
find that after adding another organic solvent, MeOH, the CO,RR activity is
profoundly improved (Figure 7.13). Taniguchi et al. systematically investi-
gated the reduction of CO, in non-aqueous media on a p-CdTe photo-
cathode, including DMF, MeCN, DMSO, and polycarbonate.®® They all
show over 60% FE for CO production. It should be mentioned that it is
essential to have a little amount of water in the organic solvent. In pure
solvent, the surface of the photocathode will be totally covered by organic
solvent molecules without a proton source, which will hinder the CO,RR
from happening.”®

Table 7.4 Standard reduction potential for CO,RR in various solvents. Reproduced
from ref. 67, https://protect-eu.mimecast.com/s/CnNZC91EgFJPq4UoqL6s?
domain=pubs.acs.org, with permission from American Chemical Society,
Copyright 2015.

E°in H,O E°in MeCN E° in DMF

Reaction (vs. SHE)  (vs. Fc™'9) (vs. Fc*'0)
2H " (so1y) + 26~ > 2Hq) 0 —0.028 —0.662
Os(g) +4€~ +4H " (501 <> 2H0(s01) +1.229 +1.21 4+0.60
COyg)+2€ + 2H " (501v) <> CO(g) + HaO(s01) —0.104 —0.12 —0.73

COyg)+8e + 8H+(solv) <> CHy(g) + 2H2Os0rv)  +0.169 +0.15 —0.48
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(a) Schematic structure of the Cu,O-based photocathode with an Re molecular catalyst for CO,RR. (b) Photocurrent of the
photocathode recorded without (red dashed line) and with (black solid line) MeOH in the electrolyte solution.

Reproduced from ref. 68 with permission from the Royal Society of Chemistry.
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7.4.2 Electrolyte

Depending on the solvent, different kinds of electrolyte are used to provide
ionic conductivity. In aqueous solution, the electrolyte is usually bi-
carbonate, such as NaHCO; and KHCOj;. It has also been reported that
some alkaline, phosphate, or sulphate solution are used in CO,RR, but
considering the CO, dissolving equilibrium, there also exist large amounts
of bicarbonate salts. According to the research of Yoneyama et al. on
the p-CdTe photocathode, both the cation and the anion have significant
influence on the product of CO,RR.”" Figure 7.14 shows that when using
the same anion, e.g. CO;>", the CO selectivity gradually increases in the
order of Li, Na, K; but the HCOOH selectivity does not change much. When
using the same cation, e.g., Na*, the HCOOH selectivity is gradually de-
creased in the order of CO;*> . SO,>", PO,*>"; the CO selectivity remains
close to each other.

Besides inorganic salts, other electrolytes have been widely used in
CO,RR. Hu et al. summarized organic molecule-based electrolytes in
electrocatalytic CO,RR and showed how these organic mediators can ac-
tivate CO, during the reduction reaction.”” In PEC, the use of hybrid salts
and ion liquids has been reported as well. Hybrid salts based on tetraalk-
yammonium (NR,") ions are applied in both aqueous and non-aqueous
solutions.®®”"”? By changing the chain length of the alkyl group, a large
group of hybrid electrolytes has been investigated based on the p-CdTe
photocathode (Table 7.5).°° The catalytic effect of NR," declined upon
increasing the chain length, which is attributed to the difficulty in NR, "
absorption on the surface of the photoelectrodes. Comparing to the in-
organic electrolyte, the hybrid one shows better CO selectivity and higher
CO, conversion efficiency.

Another kind of electrolyte, ionic liquid, has been used in non-aqueous
solution for CO,RR in the PEC process.”* Many different ionic liquids
have been designed (Figure 7.15a).”> Zeng et al. applied 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM]|BF,) in MeCN as the
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Figure 7.14 Effect of cation and anion on the selectivity of CO,RR on the p-CdTe
photocathode.

Data from Yoneyama et al.”*
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Table 7.5 Effect of alky-group length on CO,RR. Reproduced from ref. 69 with
permission from Elsevier, Copyright 1984.¢

CO formed

Supporting Cathode potential Electricity Current
electrolyte (V vs. SCE) passed (C) pmoles efficiency (%)
Me,NCl —1.6 8.2 34.0 80.0
Me,NPFq —1.6 7.3 31.1 82.2
Et,NCIO, —-1.6 6.8 26.8 76.1
Pr,NCIO, —1.6 5.1 19.5 73.8
Bu,NClO, ~1.6 7.8 30.9 76.5
Hex,NClO, ~1.6 5.1 20.1 77.2
Oct,NCIO, ~1.6 3.2 11.7 70.6

“Me: methyl; Et: ethyl; Pr:

propyl; Bu: butyl; Hex: hexyl; Oct: octyl.
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Figure 7.15 (a) Structures of cations and anions for typical ionic liquids used
as the electrolyte for CO,RR. Reproduced from ref. 72 with
permission from the Royal Society of Chemistry. (b) Schematic illus-
tration of the activation energy (E,) decrease by ionic liquid,
[C,MIM]BF,.”*

electrolyte solution, using p-InP as the photocathode, to achieve CO,RR with
FE>99%.”° It is claimed that the ionic liquid can bond with CO, and largely

decrease the CO,*~ formation energy as shown in Figure 7.15

7.4.3 Additives

Additives normally contribute little to the ionic conductivity due to their low
concentration and dissociation constant. Nevertheless, they can significantly
change the CO,RR pathway, leading to high selectivity/CO, conversion effi-
ciency. Two kinds of interesting additive have been reported, i.e. crown
ethers and pyridine.

b.72:74.75
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Figure 7.16 (a) Comparison of ion size to the void in 18-crown-6 ether. (b) Effect of
crown ethers on the CO,RR on a p-CdTe photocathode.
Reproduced from ref. 70 with permission from Elsevier, Copyright 1989.

Crown ethers are cyclic chemical compounds consisting of several ether
groups. The ether oxygen atoms are reported to be CO,-philic, which will
effectively increase the CO, concentration near the photocathode surface.®”
And the large void of the crown ether can accommodate ammonia ions (as
indicated in Figure 7.16a), which has been reported to promote the CO,
catalytic process. Bockris and Wass have investigated the promotion effect of
different crown ethers on a p-CdTe photocathode (Figure 7.16).”° The best
one is 18-crown-6, showing over 400 mV voltage shift compared to the
pristine CdTe photocathode. This indicates the significant role of the crown
ether in decreasing the activation energy of the CO,RR. Taniguchi et al
found that on a p-GaP photocathode, 15-crown-5 can drastically increase the
FE of methanol from 6.5% to 44%.”°

Pyridine is another interesting additive for CO,RR. On the p-GaP photo-
cathode, Barton et al. reported that the FE of CH;0H generation increases to
>90% with the presence of pyridine, as shown in Figure 7.17.”” The in-
vestigation of the mechanism claimed that the pyridine works as a one
electron shuttle to realize the multiple electron-proton transfer from CO, to
methanol.”® The protonation of the pyridine molecular leads to a significant
decrease of the energy barrier for CO, activation.””®*° However, it should be
noted that the high CH;0H FE is achieved only at low photocurrent density
(<0.5 mAcm ?), which may bring great uncertainty or even error to the
product analysis due to this very little amount.”® Applying a simple mo-
lecular to complete this multiple electron-proton transfer process is also
debatable.”’ Moreover, it has been reported that the FE could pass from
close to 100% to nearly 0 when the ultrapure electrolyte solution (99.999%
salt, 17 M Q cm water) was applied, suggesting a possible catalytic effect from
the impurities.”” Extreme attention should therefore be paid to the situation
where high FE is achieved at low CO,RR activity.



312 Chapter 7

100
90|
8o
70}

60 |

n CH30H/ %

0.0 0.2 0.4 0.6 0.8 1.0 1.2
jl mA cm2

Figure 7.17 Schematic illustration of pyridine promoted CH;OH production and
the CH;OH selectivity on the p-GaP photocathode at different current
densities during CO,RR.

Reproduced from ref. 77 with permission from American Chemical
Society, Copyright 2008.

7.5 Summary

Herein, we have summarized the development of photoelectrochemical
CO, reduction reaction in terms of three aspects of photoelectrode candi-
dates, surface catalyst loading, and electrolyte choice. Two categories of
photoelectrodes have been reviewed, one is based on the semiconductor/
electrolyte junction, the other is based on the buried junction. Moreover,
various catalysts have been developed to facilitate the surface CO,RR, in-
cluding metal/metal oxides, molecular catalysts, and enzyme catalysts.
They provide a wide choice for optimizing the activity and selectivity of
CO,RR. In addition, the electrolyte solution is also thought to be critical for
the CO, reduction due to the influence of the solvent, electrolyte and
additives.

Although photoelectrochemical CO,RR has been developed a lot, we
should be aware that we are still at the very early stage when taking the ef-
ficiency, selectivity, and stability into consideration. In the CO,RR, we face
not only the challenge of photocharge separation and transfer in the pho-
toelectrode, but also the mass diffusion issue for this gas-solid phase re-
action. In the future, we need to address the following three challenges:

1. reactor design to promote the interaction time between CO, and the
photoelectrode.

2. photocathode optimization to realize high photocurrent.

3. catalyst and electrolyte solution optimization to realize high selectivity.



Photoelectrode for CO, Conversion Reaction 313

The photoelectrochemical CO, reduction reaction is an ambitious re-
action since it can realize the utilization of waste CO, for platform chemicals
production driven by clean sunlight. The realization of this process is sig-
nificant for the sustainable development of our society. Therefore, the PEC
CO,RR deserves our greatest attention and efforts.
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8.1 Introduction

The biological reduction of CO, into organic carbon is integral to the for-
mation and maintenance of all life on earth. An urgent need to mitigate the
effects of CO, on our atmosphere"* has provided an imperative to exploit
biological CO, fixation for the conversion of CO, into valuable and energy-
rich fuels. Photosynthesis uses only sunlight, water, and CO, as starting
materials to form all biomass according to the reaction given in eqn (8.1).

sunlight + nH,0 + nCO, — (CH,0),, + nO, (8.1)

Key lessons learned from photosynthesis are that sunlight is used only to
split water into H, (NADPH/H") and O,, and that this process is separated
from CO, reduction processes (Figure 8.1).° Solar absorption occurs in
Photosystems II and I where water is oxidized to O, and protons, which are
then translated to produce NADPH, and ATP is formed as an energy source
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Idehyde-

Figure 8.1 Light and dark reactions separate hydrogen formation and CO, reduc-
tion in photosynthesis.

from the resulting proton gradient.* NADPH and ATP are then appropriated
as a hydrogen (hydride/proton) source and energy supply, respectively, in the
separate dark reactions that fix CO, by carboxylation in the so-called Calvin—
Benson (CB) cycle (Figure 8.1).”

By separating the formation of hydrogen equivalents in the form of
NADPH/H" from CO, reduction, nature is able to overcome a significant
challenge confronting CO, fixation: namely, hydrogen evolution is almost
always more kinetically facile than the reduction of CO,. This issue only
becomes more prevalent when complex carbon products are desired
that involve large inventories of protons and electrons (e.g. ethanol requires
8H"/8e”; glucose requires 24H'/24e7).>° As evidenced from chemical
strategies to achieve CO, reduction, suppressing the more kinetically
favourable hydrogen evolution reaction (HER) relative to CO, reduction to
complex carbon fuels selectively and in high yields is a major challenge.””®

Despite nature’s proclivity to successfully execute CO, reduction by (i)
managing large proton-electron inventories, (ii) the extensive formation of
C-C bonds and (iii) furnishing selective carbon products, there are limi-
tations to solely relying on photosynthetic processes to address climate and
energy challenges.'® Light absorption and the energetics associated with the
water splitting reaction in Photosystems I and II present a roadblock to high
energy efficiencies. A simple model predicts that carbon fixation pathways,
limited by enzyme concentrations and rates, can use between 3-18% of the
absorbed light.'"'* Solar-to-biomass efficiencies in plants are naturally only
~1-2%,"? while efficiencies in microalgae reach ~3%.'*'> Meanwhile, the
efficiencies of photovoltaics have increased significantly in recent years, with
devices commonly achieving efficiencies of ~20%."® A potentially superior
approach to utilizing photosynthesis directly is to use efficient solar cells to
produce an electron donor either directly or indirectly via a redox mediator/
intermediate such as hydrogen from water splitting. That electron donor can
then be used in tandem with CO, as a carbon source to feed lithoautotrophic
microorganisms and produce fuels. With this hybrid approach, the energy
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efficiency associated with producing the electron donor and protons with
solar photovoltaic materials/catalysts overcomes the low energy efficiency of
Photosystems I and II while simultaneously exploiting the ability of biology
to fix carbon to form complex molecules with high selectivity.

All microorganisms require both an electron/proton source and a carbon
source to sustain life. Autotrophic organisms fix CO, as the carbon source
into biomass; lithoautotrophs use an electron donor directly for reducing
power.”> We term the combination of a synthetically-produced electron-
donor with a lithoautotrophic microorganism a “Hybrid Biological-In-
organic” (HBI) system."” HBIs are able to fix CO, at atmospheric (400 ppm)
concentrations at reasonable solar efficiencies,'® and thus they do not re-
quire the large land areas and volumes of water required by plants, nor do
they affect potential food sources.'® Furthermore, HBI systems are advan-
tageous over photosynthetic microorganisms because they do not require
large surface area reactors in order to pass sufficient light for photo-
synthesis.”® The surface area required for HBIs is defined by the photovoltaic
array, whereas the microorganism can be grown in a dark reactor.

In this chapter, we will discuss three different HBI systems as classified by
reducing sources: (1) direct Hy; (2) indirect H, (2H/2e ) via small molecule
organic mediators; and (3) electron transfer, either direct or indirect via
redox mediators. Differences in carbon fixation pathways between aerobic
and anaerobic microorganisms will be delineated, in addition to engineered
metabolic pathways to selectively deliver targeted products. A comprehensive
energy efficiency metric for HBI systems will be presented, thus allowing for
the direct comparison of the various HBI systems.

8.2 Carbon Fixation Cycles

Carbon fixation pathways are key processes that transform CO, into carbon
products and fuels. There are six known natural CO, fixation pathways: the
Calvin-Benson (CB) cycle, the Wood-Ljungdahl (WL) pathway, the reductive
citric acid cycle, the hydroxypropionate bi-cycle, the 3-hydroxypropionate/
4-hydroxybutyrate cycle, and the dicarboxylate/4-hydroxybutyrate cycle.'>*!
The two most common pathways in HBI systems are the aerobic CB cycle
and the anaerobic WL pathway (also known as the reductive acetyl-CoA
pathway).">'719292223 Aq shown in Table 8.1, these pathways have very
different energetic demands as well as potential products.

8.2.1 Aerobic Carbon Fixation

The CB cycle is the most common carbon fixation cycle found in nature, and
is utilized by plants as well as a number of microorganisms (Figure 8.2).*
Figure 8.2 shows the steps in this pathway, as well as the carbon and electron
sources. The key enzyme in this pathway is ribulose-1,5-bisphophate
carboxylase/oxygenase (RuBisCO), which activates CO, for carboxylation of
the pathway intermediate, 3-phosphoglycerate.'” Despite being the most
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Table 8.1 Comparison between the Calvin-Benson cycle and the Wood-Ljungdahl

pathway.
Calvin-Benson cycle Wood-Ljungdahl pathway

ATP/pyruvate 7 <1
Oxygen tolerance Yes No
CO, incorporation Carboxylation Direct reduction
Products Variable Acetate/methane
Energy efficiency ~20-35% ~70-90%
Cell growth High Low

3ADP

3 ribulose 1,5-bisphosphate

2 Ru 1,5BP
3ATP
: RuBisCO

6 3-phosphoglycerate membrane-bound

3IPG hydrogenases
BAID) <« xh;

3 ribulose-5-phosphate
Ru5P Calvin-Benson

Cycle 6 ADP
6 1,3-bisphosphoglycerate
praaR 1,3BPG cytoplasmic
h\_.rdrogenases
6 NADPH 3H,
phate

1 glyceraldehyde-3-phos
GBP 6 NADP*

Figure 8.2 The CB cycle incorporates CO, by carboxylation and produces
glyceraldehyde-3-phosphate, which can then produce pyruvate and
acetyl-CoA. Yellow indicates carbon source, blue indicates electron
source, green indicates energy equivalents, purple indicates reducing
equivalents, and red indicates carbon product.

highly utilized and best understood carbon fixation mechanism,>”> CB cycle
inefficiencies stemming from the main enzyme RuBisCO significantly affect
product output for the production of biofuels. RuBisCO can utilize O, as an
alternate substrate to CO,, leading to photorespiration which decreases
carbon fixation by ~30% in microorganisms."” Improving enzyme selectivity
for CO, reduces photorespiration, but also leads to a decrease in reaction
kinetics.**

The CB cycle consumes more ATP than most other carbon fixation path-
ways (7 ATP per pyruvate or acetyl-CoA),"” and therefore the energy efficiency
for fuel production is suppressed (~20-35% for any given product).'® An-
other disadvantage of this cycle is that acetyl-CoA, which is a common
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precursor for many carbon fuels, is produced from pyruvate (a C3 inter-
mediate) by decarboxylation; thus, a third of all fixed carbon is lost and the
maximum carbon yield that can be achieved is limited to 66.6%.>° Despite
these disadvantages, the acetyl-CoA produced in the CB cycle acts as an
intermediate for the production of a large number of potential carbon fuels.
Additionally, cell growth is more vigorous than for the WL pathway
(see Section 8.2.2), allowing for higher cell densities and therefore higher
product titres."®

8.2.1.1 Engineering the CB Cycle

RuBisCO is the main constraint in the CB cycle for both efficiency and car-
boxylation kinetics. Increasing RuBisCO selectivity improves cycle efficiency,
but also decreases reaction rates, while the opposite occurs when reaction rates
are improved.”* The enzyme has therefore evolved to favour either selectivity
or kinetics based on the oxygen content of the natural growth environment:
a more highly oxygenated environment favours better selectivity over faster
turnover.>* Efforts to improve the enzyme for biofuel production typically use
selective evolution based on the desired CO,/O, growth ratio or the addition of
a RuBisCO system from a different autotroph that is naturally adapted to
the desired gas-mixture environment.”®*” In some organisms, synthetic®® or
alternative®° photorespiration routes that bypass RuBisCO but supplement
the CB cycle have been introduced. This approach has been successful in
increasing plant growth but, to date, has not led to improved growth in
cyanobacterial systems, " illustrating the challenges confronted in bypassing
natural carbon fixation pathways to improve reaction rates. Such a metabolic
engineering strategy has not yet been used in HBI CO,-fixing systems.

8.2.1.2 Carbon-concentrating Mechanisms

Two important components of carbon fixation in aerobic microorganisms are
the cellular storage of carbon and its conversion to an active form. These
mechanisms (known as carbon-concentrating mechanisms, or CCMs)
alleviate mass-transport limitations and increase CO, concentrations in the
cell.>* CCMs also enable microorganisms to fix low concentrations of CO,
directly from the atmosphere, which is a significant advantage in biological
systems. CO,-fixing carboxysomes are icosahedral intracellular micro-
compartments comprised of a protein complex that concentrates CO, and
encapsulates RuBisCO and the enzyme carbonic anhydrase (CA), which con-
verts HCO; ™~ to CO, (Figure 8.3).>' Carbonic anhydrase is a necessary com-
ponent within these compartments because HCO; , present both intra- and
extracellularly, cannot be used as a substrate for RuBisCO. It has been pro-
posed that intracellular carboxysomes are a key factor in achieving higher
RuBisCO selectivity because the CO, concentrations therein are much higher
than in the environment or in the cytoplasm, and at the same time they may
exclude 0,.*%32
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CO, transporter HCO," transporter

Figure 8.3 Carbon-concentrating mechanisms present in aerobic cells increase
carbon fixation reaction rates and selectivity.

Carbonic anhydrase enzymes and HCO; ™ transport proteins (Figure 8.3)
are important components for maintaining high CO, concentrations. CA
enzymes and transport proteins in HBI systems are particularly valuable for
operating in aqueous conditions where CO, solubility is low and HCO;~
concentrations are high. The growth rate of the cyanobacterium Synecho-
cystis sp. PCC6803 can be nearly doubled when HCO;™ transporters are
overexpressed, an effect most notable when microorganisms are grown with
only air or low concentrations of CO,.** Studies of the lithoautotroph
Cupriavidus necator have shown that CA enzymes are crucial for autotrophic
growth, especially when grown only in air. Mutants that do not produce CA
are capable of only growing under the presence of high CO, concentrations;
growth plateaus in the absence of excess CO,.***> Figure 8.3 shows how the
combination of HCO;™ transporters and carboxysomes containing RuBisCO,
CA, and concentrated CO, work together as CCMs for aerobic carbon fix-
ation, particularly when using atmospheric CO, as a carbon source.

8.2.2 Anaerobic Carbon Fixation

The primary alternative for carbon fixation in HBI systems is the Wood-
Ljungdahl, or reductive acetyl-CoA, pathway (Figure 8.4).'°° The key en-
zymes of the WL pathway, such as carbon monoxide dehydrogenase (CODH),
are sensitive to oxygen, and therefore CO, conversion must be performed in
an anaerobic environment.?” Unlike the CB cycle, where CO, incorporation
occurs via carboxylation, CO, is directly reduced to formate or CO in the WL
pathway.>® This pathway is unique among all other fixation strategies in that
ATP is conserved (<1 ATP used per cycle, Figure 8.4) and because of this,
most of the cell’s energy is devoted to product formation;" these products
are acetate/acetic acid in acetogenic microorganisms and methane in me-
thanogenic microbes.**

Accordingly, the energetic efficiency of the WL pathway for the production
of acetate from acetogenic microbes can be up to 70-90% (as opposed to
20-35% in aerobic microbes), with the remainder directed to cell growth and
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and carbonyl branch that converge to form acetyl-CoA and produce
acetate (or methane). Yellow indicates carbon source, blue indicates
electron source, green indicates energy equivalents, purple indicates
reducing equivalents, and red indicates carbon product.

maintenance. Acetogens can consume electrons at a rate of 100 umols™ 'g

dry cell weight (DCW) ™", and methanogens, under thermophilic conditions,
can consume electrons up to a rate of 500 umols 'gDCW . These con-
sumption rates are very fast as compared to those in aerobic microorgan-
isms, which support electron consumption rates typically in the range of
~25—45 pmols~'gDCW '.'° The disadvantage of the WL pathway, how-
ever, is that it is very challenging to make products other than acetate/acetic
acid and methane. More complex products demand more energy con-
sumption, and these microorganisms operate at the boundary of what is
thermodynamically possible. Additionally, with minimal excess ATP, growth
rates of <0.05 h™' and cell concentrations <5 gL' are lower than their
aerobic counterparts by as much as an order of magnitude,'®***° limiting
the titre of the desired carbon product.
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Due to the high energy efficiency of the WL pathway, schemes have
been developed to use microorganisms with this pathway in HBI systems. To
overcome limitations in carbon products, organisms with the WL pathway
have been engineered or used in combination with heterotrophs. These
systems will be discussed in more detail in Sections 8.4.1.2 and 8.4.3.

8.3 Efficiency Metrics

Evaluating the efficiency of HBI systems for CO, reduction requires
thermodynamic and kinetic analysis. The thermodynamic efficiency of the
system (7ciec) is defined as the ratio of the free energies of the products and
that of the solar/electrical input (eqn (8.2)):

AG° X N

Gy .

Nelec =

where A.G° is the Gibb’s free energy change of the system under standard
conditions for N moles of product, and Q is the total charge passed at the
applied voltage E,pp1. In the case where HBI systems are not designed for fuel
synthesis, the A.G° for biomass as a fuel equivalent can be approximated
as —46 kJ (mol carbon) . The solar-to-fuels (/biomass) efficiency, 7spg, is
then obtained by multiplying #eiec With #py, the solar-to-electricity efficiency
(e.g., photovoltaic efficiency):

NsrE = Npvlelec (83)

The 7. can be improved by maximizing electron conversion or faradaic
efficiency (FE), decreasing the overpotential, and increasing the chemical
energy of the products. Loss of FE commonly manifests from cathodic side
reactions, such as the production of excess H, or reactive oxygen species
(ROS).'®*" Cell overpotentials can be minimized by optimization of the
water-splitting catalyst and microbe-electrode interfacing.'>** Lastly, the
thermal energy of products in Jg~'L~' can generally be enhanced by in-
creasing the carbon chain length.>**>

We note that in most HBI systems, a FE is reported as a metric of efficiency
for electrode-driven reactions, and quantum yield is similarly reported for
photo-driven processes.”> As eqn (8.2) shows for electrode processes, how-
ever, a high FE is a necessary but not sufficient condition for high overall
nsre- A high applied voltage can lead to a greatly reduced overall efficiency.
Indeed, many HBI systems are run at constant current; to maintain that
current, the applied voltage of typical potentiostats can be driven up to
10—20 V. Unfortunately, the voltage is often not reported with a FE.
Hence the overall energy efficiency and, ultimately, nspr for these constant
current-driven HBIs may be abysmally small. The same goes for photo-driven
processes, where the energy content of the absorbed photons must be
determined together with the quantum yield.
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Figure 8.5 Comparison of recent HBI systems.
Adapted from ref. 17 with permission from Elsevier, Copyright 2017.

Though largely ignored as the basic science of HBIs has advanced, the
kinetic performance of HBI systems, expressed in volumetric CO, reduction or
product formation (gL~ per day), is an important measure of throughput, or
product made per unit of time. The kinetics can be enhanced largely by en-
gineering metabolic pathways within the organism and by engineering reactor
design for improved gaseous mass transport. In systems where direct microbe—
electrode contact is necessary, increasing the electrode surface area and por-
osity has been implemented to increase the kinetics of fuel production.***
Additionally, ion-exchange membranes have been used to improve these HBI
systems through continuous product extraction.*® Alternatively, it is possible to
improve the solubility and transfer kinetics of electron mediators such as H, or
to introduce a solubilized small molecule H, (2H */2e ") source such as formate
or methanol.*’ Figure 8.5 plots key developments in the energy efficiencies and
kinetic performances of HBI systems over the last decade.

8.4 Classes of Hybrid Biological-Inorganic (HBI)
Systems
In order to fix CO, and produce carbon fuels, microorganisms require an

electron donor that acts as a reducing equivalent. In this section, we define
three main classes of HBI systems based on their electron donor as shown in
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Figure 8.6 The three major categories of hybrid biological-inorganic (HBI) systems as
classified by electron source are: (a) direct Hy; (b) indirect H, (2H"/2e")
source via a small molecule organic mediator; and (c) electron transfer,
either direct or indirect via a redox mediator.

Figure 8.6: (1) direct Hy; (2) indirect H, (2H"/2e~) source via a small mol-
ecule organic mediator; and (3) electron transfer, either direct or indirect via
a redox mediator.'”*®*° For these three classifications of HBI systems, the
organisms, carbon products, and methodologies and challenges of inter-
facing biological systems with abiotic materials will now be presented.

8.4.1 Direct H, HBI Systems

H, is a commonly utilized donor because it is a natural 2H"/2e~ source for
carbon fixation cycles. H, as an electron-donor or reducing equivalent is
used irreversibly and therefore must be consistently produced for growth,
which may be solar driven by electrochemical or photochemical methods
with low kinetic barriers. The low solubility of H, in growth media
(the Henry’s constant is 7.8x10~* atm ™', as compared to 3.4x10 > atm ™" for
CO0,)"? is a general challenge for growing H,-fed autotrophs in HBI sys-
tems. Local H, concentrations are therefore often a limiting factor in growth
and carbon-product formation.

8.4.1.1 Aerobic Microorganisms

Aerobic microbes that use the CB cycle commonly use H, as an electron
source for reducing equivalents. A crucial component of these systems is the
introduction of H, into the CO, fixation of the organism. H, may be relayed
to the organism by membrane-bound hydrogenases and/or cytoplasmic hy-
drogenases. Membrane-bound hydrogenases oxidize H, to protons and use
the resulting proton gradient for the formation of ATP, which acts as an
energy source for the CB cycle and other cellular processes. Cytoplasmic
hydrogenases use H, to reduce NAD(P)" to NAD(P)H with the attendant
formation of protons."?* NAD(P)H then acts as a hydride (H"/2e ) source.
The availability of H, is crucial to cellular growth in aerobic microorganisms
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due to the requirement of 7 ATP and 7 NAD(P)H molecules for the fixation of
a single CO, molecule.

A large proportion of the research on aerobic, H,-fed autotrophs focuses
on engineering the organisms for the selective formation of valuable carbon
products and fuels. A commonly-studied organism in this category is
Cupriavidus necator (also called Ralstonia eutropha), a model aerobic
lithoautotroph that can be grown to high densities autotrophically,'”>*%>
and for which a number of engineering tools have been developed.’* This
organism also directs much of its fixed carbon, using acetyl-CoA as an
intermediate, toward the polymer polyhydroxybutyrate (PHB), which can be
produced in yields of up to 85% dry-cell weight under nitrogen or phos-
phorus starvation conditions.>*>* Disrupting this polymerization pathway to
make other products, such as alcohols, from acetyl-CoA has been a key
strategy to control carbon fuel production in C. necator.>*

When a PHB-impaired C. necator mutant is grown under nitrogen-
starvation conditions, the bacteria excretes large amounts of pyruvate into
the growth medium,” from which carbon fuels may be produced.’* Along
with an increase in pyruvate, there is build-up of NAD(P)H in the cells, in-
dicating that PHB acts as both a carbon and energy storage polymer. Adding
an operon with enzymes for branched alcohol synthesis results in the for-
mation of small amounts of isobutanol when fructose is used as a carbon
source. With additional genetic modifications and conversion to a semi-
continuous culturing setup (to prevent toxicity of C. necator), total branched
alcohol yields between 200-500 mg L~ " may be achieved in 1 day, with the
majority of the product being isobutanol and the additional formation of
some 3-methyl-1-butanol.’® Though these experiments were performed
heterotrophically using fructose as a carbon source, they demonstrate that
an autotrophic bacterium can be modified to create valuable carbon fuels.

Subsequent work has shown that isopropanol in the same C. necator host
may be selectively produced once again with a PHB pathway deletion and the
addition of only three enzymatic steps (Figure 8.7a). A number of additional
alterations were made to the engineered bacteria to ensure high selectivity of
isopropanol over acetone and pyruvic acid, as well as to ensure high growth
and production rates. Ultimately, a titre of 3.44 gL~ " was achieved in 96 h
with minimal production of acetone or other side products, as shown in
Figure 8.7b. Although higher titres have been achieved in E. coli (4.9 gL ™")
and other organisms, the main advantage of the C. necator system is that
only 0.82 gL' biomass is produced, indicating that a large portion of the
metabolism is directed toward product formation rather than growth and
maintenance processes [ODg, (optical density at 600 nm) =20 for E. coli;
ODgpp=2.25 for C. necator]. Although the bacterium was also grown on
fructose as a carbon source in this study, this modified strain of C. necator
has since been used for autotrophic growth (vide infra).””

C. necator may also be engineered to furnish other valuable carbon
products such as long-chain fatty acids, methyl ketones, and terpenes.’**>°
The readily-available tools for metabolic engineering of these model
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Figure 8.7 (a) Native and engineered pathways in C. necator. Red crosses indicate that

the PHB synthesis pathway has been disrupted, and dashed arrows indi-
cate enzymes that have been introduced for the production of isopropanol.
(b) Isopropanol and acetone formation, fructose consumption, and ODgg,
over time in engineered C. necator, demonstrating constant and selective
isopropanol formation during growth on fructose.

Adapted from ref. 57 with permission from Springer Nature, Copyright
2014.

autotrophs as well as the ability to redirect the energy and carbon storage
pathway on nutrient starvation® have enabled the subsequent use of these
organisms for CO, conversion in HBI systems.
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Solar-driven HBI systems may be constructed by integrating H,-fed aerobic
autotrophs with H, produced by renewable water electrolysis directly via
buried junctions® or indirectly by photovoltaics.®” Initial work on Pseudo-
monas hydrogenomonas established that autotrophs could survive in com-
bination with water electrolysis.®®

C. necator has been adapted for the solar production of isopropanol se-
lectively by interfacing the organism with a cobalt-phosphate (CoP,) water
splitting anode and a NiMoZn cathode, which produced the H, to fix CO, in
the form of biomass (Figure 8.8).*" The integration of bacteria with elec-
trodes was enabled by the design of catalysts able to operate in pH neutral
phosphate buffer,®* owing to the special “self-healing” properties of the
catalysts.®® ®” At low potentials between 1.8 — 2.3 V, very little cell growth was
observed (Figure 8.9a), which was shown to be due to the formation of H,0,
and other reactive oxygen species (ROS) from O, reduction at the cathode.
ROS production was evidenced by facile cell growth when a superoxide
dismutase was introduced into solution (see Figure 8.9b and c). When
the cell potentials were raised to 2.7 or 3 V, cell vitality was maintained;
ODgqo values of 2 and 3 were recorded after 4 days of growth (Figure 8.9a). At
these large overpotentials, hydrogen evolution outcompeted the formation
of ROS to enable cell growth (Figure 8.9b and c). However, at these high
overpotentials, the overall energy efficiency was low (fjcjee =1.5% for iso-
propanol), owing to a high E,, as calculated using eqn (8.2).

— R. eutropha
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Figure 8.8 Incorporation of C. necator (previously R. eutropha) modified for isopro-
panol production into an electrochemical system with CO, as a carbon
source and H, produced from water splitting as an electron source.
Adapted from ref. 41 with permission from the National Academy of
Sciences, Copyright 2015.
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Figure 8.9 (a) ODg, of C. necator with a H,O splitting system shown in Figure 8.8
over time at varying potentials, demonstrating the lack of growth in
intermediate (ROS-producing) potentials and significant growth at
higher (HER) potentials. (b) Cell viability spot assay for C. necator at 0
and 96 h of electrolysis at varying cell potentials. (c) H,O, measurements
at the anode (blue squares) and cathode (red circles) at 1 mA current
(Ecenn = 1.8-2.1 V) over time. Bovine liver catalase (gray circles), an enzyme
that can consume H,0,, and heat-inactivated bovine liver catalase (green
circles) were added to confirm H,O, effect. Accompanying spot assay of
C. necator in the presence of catalase corresponding to grey circles in (c).
Adapted from ref. 41 with permission from the National Academy of
Sciences, Copyright 2015.

Accordingly, subsequent work was directed to lowering E,,,1. A cobalt-
phosphorus alloy cathode (Co-P) was developed that did not produce
ROS."® This cathode was found to be highly active for H, production at
neutral pH, and enabled considerable H, evolution at E,,, =2.0 V. As
shown in Figure 8.10, high 7. was obtained for biomass growth. As per
eqn (8.3), a biomass yield of 5spg =10.8% was achieved with a typical Si
photovoltaic npy of 20%, a nspg greatly exceeding those of the best growing
crops or grasses (1%) by natural photosynthesis. Furthermore,
metabolically-engineered C. necator produced longer-chain alcohols at
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Figure 8.10 Electricity-to-fuel (biomass) efficiencies (7elec) at 2.0 V over 6 days (solid)
or at a 24 h maximum (hatched). The biomass efficiency is shown under
1 atm of CO, or under air. Error bars denote SEM; n > 3.
Adapted from ref. 18. with permission from AAAS, Copyright 2016.

nsre = 5-8%, also at efficiencies significantly outperforming the efficiency
of natural photosynthesis.'® We note that as eqn (8.2) is an authentic
efficiency due to the limitations arising from H,, energy associated with
maintaining the HBI system, efc., are included in the reported #gpg.
Another important outcome of this work was the successful production of
C. necator biomass from CO, derived from air. The #¢jec =20% was only 2.7
times lower than 7. for the HBI operating under pure CO, (Figure 8.10),
despite a CO, concentration difference between air and pure CO, of 2500,
indicating that CO, was not limiting.'® The high product yield obtained
for organisms under air demonstrates that the CCMs outlined in
Section 8.2.1.2 are active in this system.

The ability of this HBI system, called the Bionic Leaf, to significantly
outperform photosynthesis reflects the significant promise of HBIs for CO,
to fuels conversion. Such high efficiencies are intrinsic to HBIs as they
combine the high efficiencies of light harvesting and H, formation offered
by the inorganic part of the HBI with the advantages of carbon management
by the biological part of the system. Furthermore, the HBI approach de-
scribed in this section has implications beyond fuel, as it offers a general
strategy for renewable chemical synthesis.®®

8.4.1.2 Acetogens and Methanogens

Acetogens and methanogens can also be grown with H, as the sole electron
donor™'*' to reduce CO, to CO and/or formate, followed by further
reduction to acetate/acetic acid (acetogens) or methane (methanogens) (see
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Figure 8.4). Whereas electron donors containing carbon (e.g. formate,
methanol) actually result in a higher energy efficiency for growth of these
bacteria, due to ease of formation through electrolysis or photolysis, H, is
often a preferred choice for these HBI systems.'® Acetogens and methano-
gens form products of less value than those that can be produced in aerobic
systems. Accordingly, effort has been devoted to engineering new pathways
into acetogens,*® but tools for genetically engineering these microorganisms
have been less well developed compared to those for aerobic autotrophs.
Acetogens often contain restriction systems that hamper the transforma-
tions targeted by genetic engineering.”* An early engineered, non-native
pathway (butanol synthesis from CO, and H,) in the acetogen Clostridium
[jungdahlii involved the introduction of a plasmid with butanol synthesis
genes from Clostridium acetobutylicum, a similar species with a native
butanol synthesis pathway. In this initial attempt, only ~2 mM butanol was
detected during growth. The absence of butanol in the stationary phase
suggests that the alcohol was subsequently used by the organism as an
additional carbon source.®® Despite low product concentrations, this initial
work has been valuable for the development of tools for acetogens. Other
tools for engineering acetogens have since been developed®*°%>”° that have
led to higher yields of products, such as acetone and butyrate.”*”*

An alternative approach to engineering the metabolism of acetogens is to
maintain high efficiencies of acetate production and to use that acetate to
feed heterotrophs and produce more complex products.*®”>”* A successful
example of a mixed bacterial system entailed the growth of Moorella
thermoacetica on a CO,/H, or CO/CO, gas mixture to furnish acetic acid,
which was then fed to the yeast Yarrowia lipolytica for triacylglyceride pro-
duction. Yields of acetic acid and lipids in M. thermoacetica and Y. lipolytica,
respectively, were optimized individually, and then the systems were
combined. The bioreactors of the two organisms must be separate due to the
anaerobic nature of the acetogen. Acetic acid concentrations of ~25 gL ™"
were achieved over 250 h in the anaerobic reactor, and subsequently
~18 gL' of lipid was formed in the second reactor, accounting for ~36% of
the produced biomass (Figure 8.11).”*

A similar dual bacterial approach has recently been pursued to produce
food protein by using C. [jungdahlii to create acetic acid for Saccharomyces
cerevisiae growth and protein production. Protein formation rates of
1.56 gL' per day are achieved in the first 12 days of fermentation.”® These
approaches are significantly simpler than engineering new pathways into
acetogenic bacteria and result in more complex and valuable products with
higher yields.

H,-fed anaerobic autotrophs have been successfully incorporated into HBI
systems as demonstrated by the use of the methanogen Methanosarcina
bakeri in electrochemical, photoelectrochemical, and photochemical HBI
systems.”® To avoid oxygen contamination of the anaerobic growth medium,
cathodic H, evolution must be separated from anodic O, evolution by an
ion-permeable membrane with the cathodic chamber sealed from the
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Figure 8.11 Acetic acid consumption (produced from M. thermoacetica) and lipid
and non-lipid production by Y. lypolytica in a semi-continuous mode
over time. Data indicates standard deviation for triplicate runs.
Adapted from ref. 74 with permission from the National Academy of
Sciences, Copyright 2016.

atmosphere (Figure 8.12a). In the electrochemical setup, a 2.5 mA current
maintained at a Pt cathode for H, production furnished 16.8 mL of methane
over a 3-day period (Figure 8.12b).”® An improved result of 17.6 mL methane
over 3 days was observed in the photoelectrochemical system, where a
2.5 mA current was applied to a n*/p-Si/NiMo photocathode, with concurrent
740 nm light illumination (Figure 8.12c and d).”® Finally, an unassisted,
light-driven system was developed using a p-InP/Pt cathode for H, pro-
duction and a TiO, anode for O, evolution. Lower yields of 1.75 mL methane
were detected over 3 days, but no electricity input was needed for the system
(Figure 8.12e and f).”°
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Figure 8.12 (a) Cell setup and (b) methane produced in M. bakeri using
electrochemically-produced H, as an electron source. (c) Cell setup and
(d) methane produced with photoelectrochemical H, formation. (e) Cell
setup and (f) methane produced for a purely photochemical system.
Reproduced from ref. 76 with permission from the National Academy of
Sciences, Copyright 2015.

Acetogens can also be grown with electrochemically-generated H,;
however, research generally focuses on HBI systems that transfer electrons
directly to acetogens in an electrochemical cell rather than utilizing H, as
an intermediate.>>”””’® There is debate as to whether direct electron
transfer is the dominating mechanism or whether electrochemically-
produced H, may still be feeding the bacteria in these cases.”” For ex-
ample, nanowire arrays are driven at such high voltages to maintain a
constant current that, rather than direct electron transfer, the overvoltage
for H, production may be met and the organism may be using H, as its
electron source.
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8.4.2 Indirect H, HBI Systems via Organic Mediators

Organic compounds can act as electron donors in two ways: as an energy
carrier that is used irreversibly within the cell, as is the case with H,; or as a
reversible mediator carrying electrons and protons from the electrode to the
cell. Both options have been explored in HBI systems.

8.4.2.1 Organic Mediators as Carbon and Electron/Proton
Sources

One of the first uses of an organic electron donor involved the model aerobic
autotroph C. necator, with the recognition that introducing a reduced carbon
source such as formate®® held two advantages. First, formate is highly sol-
uble in water and therefore confronts less mass transport limitations than a
combination of H, and CO,. Second, formate is a more reduced carbon form
than CO, and can therefore act as both a carbon and electron source.?® In
this HBI system, CO, was reduced to formate at an indium cathode, and the
generated formate was converted into CO, and NADH intracellularly. The
bacteria were engineered to produce both isobutanol and 3-methyl-1-butanol
fuels by again disrupting the PHB production pathway to funnel energy and
carbon to product formation. Growth of these bacteria with formic acid as a
chemical feedstock, as opposed to its electrochemical production, yielded
~846 mg L~ " isobutanol and ~570 mgL~"' 3-methyl-1-butanol.*

Integrating these bacteria in an HBI setup posed challenges. Initially, no
bacterial growth could be detected under electrolytic conditions. It was
thought that NO and O, were being produced at the anode to result in
inhibited growth.®® We note, however, that subsequent work on C. necator,
as described above,'® shows that it is ROS at the cathode that results in
inhibited growth of C. necator, an insight that was not known at the time of
these initial studies. With the supposition of ROS production at the anode, a
simple physical barrier was created around the anode as shown in
Figure 8.13a to maintain ionic conductivity between the electrodes but in-
crease the diffusion length of the harmful anodic species, with the goal of
quenching the ROS before they reached regions of cell growth. With this
setup, an ODggo ~2.5 was achieved and ~140 mg L~ ! total branched alcohols
(peak 7eec~0.4% and ~0.2% for isobutanol and 3-methyl-1-butanol, re-
spectively) were made after 100 h using only formate created in situ from CO,
and electricity (Figure 8.13b).*°

8.4.2.2 Organic Mediators as an Electron/Proton Source

A reversible organic mediator provides electrons and protons without being
consumed, shuttling them between an electrode and the microorgan-
ism.?>®! The neutral red dye is one proposed example of such a system.**%*
Studies on E. coli have indicated that neutral red donates both electrons
and protons in a reversible fashion to a mediator in the inner bacterial



336 Chapter 8
(a) (b)

# 1 Electricity 160 2.7
4 14p4 ~isobutanol

== -=3MB L 227
1204 4 total 1 g
E100{ 00 4178
+ 80+ £
2 Li5 %
£ %7 1 g
- &
40 4 - =
\ zg  ong [5G

Anode cathode \ — ots o

Ceramic Cu s . > Y
i A Blofuels 0 20 40 60 80 100

Time (h)

Figure 8.13 (a) Cell setup for CO, reduction to formate and subsequent use of that
formate as a carbon and electron source for C. necator fuel production.
A ceramic cup separates reactive species formed at the anode from cell
growth. (b) Isobutanol, 3-methyl-1-butanol, and ODg, of C. necator over
time.
Reproduced from ref. 80 with permission from AAAS, Copyright 2012.

membrane and then the dye is re-protonated in solution and re-reduced
at an electrode to continue the cycle.®* There has been mechanistic debate
as to whether neutral red acts as a proton and electron donor or simply as
an electron donor. Initial studies using neutral red with Actinobacillus
succinogenes for the conversion of (i) CO, into methane and (ii) fumarate
into succinate postulated that the dye solely acts as an electron channel in
the bacterial membrane that directly reduces NAD " to NADH within the cell,
as well as establishes a proton gradient for ATP formation.**** An advantage
of using neutral red as a soluble mediator is that bacteria grown with the dye
yielded product more quickly than those grown using H, as the electron
donor, possibly due to the higher solubility and concentration of the dye.***?

8.4.3 Electron Transfer HBI Systems

In addition to oxidizing H, and 2H"/2e~ equivalents, autotrophs may also
obtain reducing equivalents through proton-decoupled extracellular electron
transfer (EET). Autotrophic growth by EET can occur indirectly through
electron-redox mediators such as iron or directly through conductive elec-
trode contact. These two routes, outlined in Figure 8.14, allow for novel
interfacing in HBI systems, but are currently limited by mediator solubility
and electrode surface area.

8.4.3.1 Indirect EET with Iron Mediators

Many lithoautotrophic bacteria populating geological transition zones,
where the earth’s deoxygenated crust contacts oxygenated water, evolved the
ability to oxidize Fe*" to Fe®".*>% Ferrous iron and other inorganic reducing
equivalents, including H, and sulfides, are created abiotically at geological
boundaries such as the rhizosphere and hydrothermal vents. Under acidic
conditions, Fe>* becomes much more soluble and less prone to abiotic
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Figure 8.14 Autotrophic growth by extracellular electron transfer by either direct or
indirect electron transfer. In HBI systems, possible mechanisms in-
clude EET by Fe*" oxidation, direct conduction by bacterial pili, and a
potential combination of H, evolution and direct electron uptake.

oxidation than under neutral conditions.®””*® As such, many iron-oxidizing
bacteria (FeOB) including model organism Acidithiobacillus ferrooxidans are
acidophilic.*®" In addition to obtaining energy through the oxidation of
Fe®", A. ferrooxidans utilizes the electrons to reduce NAD(P)" and O, to form
NAD(P)H and H,O, respectively. NAD(P)H is then used in the CB cycle to fix
CO,, while consumption of protons creates a proton gradient with the acidic
environment that drives ATP synthesis.

A. ferrooxidans has been cultured under acidic, aerobic conditions by
electrically regenerating Fe>" from Fe®".°*°> Engineering this bacteria al-
lowed the organism to synthesize isobutyric acid and heptadecane from
electricity and CO, with an e of 0.93% and 1.6%, respectively.”® Microbial
growth by electrochemical Fe’*/Fe®" regeneration requires a high reduction
potential at low pH (E° =700 mV),*” however, which limits the efficiency at
which fuels can be generated. Additionally, these systems operated at a
low current density ~10 mAcm ™ 2.°%°? It was also demonstrated, however,
that A. ferrooxidans grows directly on cathodes in the absence of an Fe**/?*
mediator,”* suggesting that its outer membrane cytochromes may be able to
obtain reducing equivalents directly from electrodes, or by an as-of-yet un-
known mediator.

Though not traditionally considered FeOB, several aerobic and anaerobic
bacteria exhibit the ability to obtain reducing equivalents solely by oxidizing
solid Fe substrates.”” The application of these bacteria in HBI systems is
discussed in the following section.

8.4.3.2 Direct EET

Several microbial CO, reduction schemes have been demonstrated and
proposed to operate by direct EET from an electrode to bacteria.’®®” Termed
‘exoelectrogens’, these bacteria use protein scaffolds to form a conducting
contact between electrodes and cellular electron transport chains. The
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genera Shewanella and Geobacter are two such exoelectrogens, initially
coming into prominence as organisms for microbial fuel cell applications. In
contrast to the various CO, reductive schemes outlined above, microbial fuel
cells utilize microbes oxidatively to convert chemical energy in organic waste
to electrical current. As such, investigations initially focused on under-
standing how Shewanella and Geobacter species were able to donate elec-
trons directly to anodes.”®® These exoelectrogens were later shown to grow
in the reverse scheme, receiving electrons only from an electrode.'’ """ In
combination with techniques of synthetic biology, these bacteria have been
genetically engineered to produce organic fuels using reducing equivalents
obtained directly from cathode surfaces.'?

One of the most thoroughly characterized and well understood EET
pathways is the Mtr pathway in Shewanella oneidensis MR-1."%7'%° The Mtr
pathway uses several multi-heme c-type cytochromes (c-Cyts), structural
proteins, and flavin cofactors to link the intracellular quinone-based elec-
tron transport chain to the bacterial surface, which can then be linked to
other surfaces such as other bacteria or electrodes.'’'%® Studies of the Mtr
pathway have demonstrated that EET by S. oneidensis is kinetically con-
trolled by outer membrane c¢-Cyts,'*® while secreted flavins can supplement
total EET to these proteins.'*°

The Pcc pathway, an equivalent to the Mtr pathway, is responsible for EET
in Geobacter sulfurreducens and is also composed of several multi-heme
¢-Cyts.""'''3 EET by the Pcc pathway is heavily reliant on OmcZ, an extra-
cellular octaheme c-Cyts that can transfer electrons to and from Cr, Mn, Fe,
Au, and U."™* When G. sulfurreducens is grown electrochemically, OmcZ lo-
calizes heavily at the electrode surface in a biofilm matrix and is able to store
charge for as long as 12 hours."'"''*

Both Geobacter and Shewanella bacteria have been observed to extrude pili,
which can form contacts with electrodes and other cells. A single pilus of
S. oneidensis can conduct on the order of 1 nA at 100 mV and exhibit re-
sistivity of ~1 Qem.'™ Genetic and microscopic studies revealed that these
pili are formed from joined outer membrane vesicles containing ¢-Cyts MtrA
and MtrC, which are suspected to conduct electrons through a combination
of flavin mediators and direct hopping.''® Pili conductivity in G. sulfurre-
ducens is seemingly dependent on the organism’s capacitive biofilm, pos-
sibly extending from cells to access the charge stored in distal matrix-bound
Och.117,118

Exoelectrogenic bacteria were first demonstrated to uptake electrons from
cathodes to enable the two-electron reduction of fumarate to succinate by
both wildtype G. sulfurreducens and by a mutant lacking the gene encoding
its essential uptake hydrogenase.'®" Later, it was shown that S. oneidensis
could similarly reduce fumarate to succinate, with the study also proving
that such electroreduction is highly dependent on the previously described
Mtr pathway.'® With an increase in genetic tractability, these organisms
have now also been used for biofuel synthesis from CO,. G. sulfurreducens
expressing ATP-dependent citrate lyase for CO, fixation via the reverse
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tricarboxylic acid cycle grew autotrophically on a graphite cathode with
fumarate as the terminal electron acceptor.'®® Though autotrophic growth
by modified G. sulfurreducens was not quantified, reduction of fumarate to
succinate occurred with 100% FE at —500 mV, resulting in a #eje. 0f 4.3%.
Additional modifications to G. sulfurreducens that deleted the hydrogenase
and formate dehydrogenase genes still maintained the ability to grow on
solid Fe® as the sole electron source.''® These cases definitively demonstrate
the unique ability of these organisms to catalyze carbon reduction through
direct bacteria-cathode contact, but applications of these systems have been
limited by low current density, achieving a maximum of 80 pAcm™? for pure
autotrophic growth.'”” Additionally, the lack of natural carbon fixation
pathways means that the production of biofuels requires significant meta-
bolic engineering.

8.4.3.3 Combined Direct and Indirect EET

Acetogenic bacteria possess two advantages over the Shewanella and
Geobacter: carbon fixation is endogenous to acetogens; and acetate is a
feedstock for heterotrophic biofuel producers."”® Sporomusa ovata, a model
organism for acetogen studies, has been shown to grow and produce acetate
anaerobically using electrons from a cathode as the sole reducing source and
CO, as the sole carbon source.”””” In both of these studies, the biocatalyzed
reduction of CO, to acetate was coupled to anodic water splitting, mimicking
natural photosynthesis. Nanostructured electrodes were implemented both
to increase surface area and to facilitate anaerobic metabolism in aerobic
media by excluding oxygen diffusion between the nanostructures. An ~85%
FE for acetate production was achieved with a peak current of 0.35 mAcm >
at 1.08 V. The resulting production of 600 mgacetate L' d ™' equated to an
nsre = 0.38%, which is within an order of magnitude of plant growth.
Downstream of S. ovata, engineered E. coli converted the produced acetate to
acetyl-coA for the biosynthesis of butanol, PHB, and isoprenoids. Notwith-
standing, nanostructured-HBI constructs will confront significant limi-
tations to throughput due to surface area constraints and device fabrication.

Reactors have also been designed to generate H, as an electron mediator
for S. ovata,"*" with cathodic H, evolution producing >18 gacetate L " per
day at e =12% (spg = 2.4% assuming npy = 20%)."** The lack of ob-
served H,, low driving potentials, and varying Tafel slopes,**””'*" how-
ever, suggest that acetate electrosynthesis may proceed through direct
electron transfer.*®”” Growth of acetogens on Fe’ without applied current
has been similarly cited as evidence for direct EET pathways.”>'*%1>*
These claims were later questioned once it was demonstrated that
surface-adsorbed hydrogenases catalyzed H, evolution to serve as electron
mediators during the biocorrosion of Fe®.**'*® Though S. ovata is
incapable of Fe® oxidation, similar processes may be important to its
electrochemical growth, as its cell-free spent media also catalyzes H,
generation at cathodes, possibly through surface adsorption of
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Ni-containing hydrogenases.'?® These studies show that H, is important
for electrochemical growth of acetogens, but that direct EET cannot be
ruled out as a supplementary mechanism. S. ovata may indeed obtain
reducing equivalents through a combination of indirect mediators and
direct electron transfer as with Shewanella and Geobacter. Nevertheless,
mediation by H, will be an important consideration in the scale-up and
optimization of acetogenic bioreactors."*’

8.5 Conclusions

Hybrid biological-inorganic systems provide an avenue for capitalizing on
the high efficiency of inorganic systems to provide solar-derived reducing
equivalents as well as the advantages of biological systems for CO, con-
version to complex carbon products with high selectivity. Three different
HBI systems may be categorized by the electron/reducing source: direct Hy;
indirect H, (2H"/2e ) via molecular mediators; and electron-transfer (direct
and indirect). Aerobic microorganisms can be used to produce a wide range
of carbon fuels with comparatively lower energy efficiencies, whereas an-
aerobic microorganisms operate at higher energy efficiencies with a more
limited product scope. All of these HBI systems, whether they be aerobic or
anaerobic, have been developed by genetically modifying the microorgan-
isms to selectively produce desired carbon fuels, identifying methods of
incorporating the microorganisms with synthetic inorganic systems, and
overcoming limitations of combining the two. Importantly, the energy effi-
ciency of these systems may be placed on equal footing with proper analysis
that accounts for the energy of reducing equivalents in conjunction with
electron-to-product yields. Research in the development of HBIs for CO, to
fuels production at energy efficiencies that exceed photosynthesis encourage
further studies to be undertaken to diversify the organismic scope of the
approach as well as to increase fuel yields/titres and diversity.

Abbreviations

CB Calvin-Benson

WL Wood-Ljungdahl

HER Hydrogen evolution reaction

HBI Hybrid biological-inorganic

RuBisCO Ribulose-1,5-bisphosphate carboxylase/oxygenase
CCM Carbon-concentrating mechanism

CA Carbonic anhydrase

DCW Dry cell weight

Nelec Electrical efficiency

Npv Photovoltaic efficiency

1SFE Solar-to-fuels (/biomass) efficiency

AG° Gibb’s free energy change standard conditions

PHB Polyhydroxybutyrate
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CODH Carbon monoxide dehydrogenase

ODg0 Optical density at 600 nm

CoP; Cobalt phosphate

Co-P Cobalt-phosphorus alloy

ROS Reactive oxygen species

Eqappi Applied electrical potential

FeOB Iron oxidizing bacteria
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9.1 Introduction

Modern approaches towards investigation of electrochemical reactions sel-
dom rely solely on voltammetric techniques. The reasons for this are, on one
hand, the increasing level of complexity of the electrochemical experiments
and methodologies, involving nanostructured electrocatalysts, molecular
complexes, or solid electrolytes and, on the other hand, the necessity to
deepen our understanding of the reactions taking place at or near the
electrodes. In these reactions solid-liquid or gas-solid-liquid interfaces
often play key roles in the rational discovery of new reactions and electro-
chemically active materials. While the use of voltammetric techniques is
widely accepted to study electrochemical surfaces, the information gained is
indirect, and is not able to give a precise picture of what is happening at the
electrodes and/or in solutions. The nature of intermediate species, possible
reaction mechanisms, the oxidation state of the electrocatalysts under
operating conditions, and changes in the structure of molecular electro-
catalysts under applied potential are just a few questions which cannot be
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answered using the traditional approach. Answering these questions gen-
erally requires spectroscopic studies performed under relevant electro-
chemical conditions.

Nowadays, there are numerous analytical techniques used for the study of
catalysts under in situ and operando conditions.'™ However, only a few are
pertinent for the investigation of electrochemical reactions, mainly due to
the experimental restrictions or the presence of liquid phase. Most in situ
and operando studies use (i) infrared (IR) spectroscopy or (ii) Raman spec-
troscopy to identify the state or structures of chemical species in solution
and on the electrode surface, (iii) UV-Vis spectroscopy to learn about the
electronic structures of molecular complexes and (iv) X-ray absorption
spectroscopy to understand the local geometric environment and the elec-
tronic state of molecular complexes or the electrode itself. All these techni-
ques have been successfully used for the study of the electrochemical CO,
reduction reaction (CO,RR), greatly increasing our knowledge of the reaction
mechanisms, selectivity trends, and oxidation state of the electrodes during
electrolysis, among others. These analytical techniques are described in this
chapter with their working principles, practical aspects, and some selected
examples.

9.2 Vibrational Spectroscopy for the Investigation
of Electrochemical CO, Reduction

9.2.1 Infrared Spectroscopy

In general, the CO, molecule, as well as its possible reduction products,
possess highly polarised chemical bonds with vibrational modes that can be
detected by IR spectroscopy. IR spectroscopy can often detect intermediate
species, which makes it particularly interesting for the elucidation of re-
action mechanisms and thus for the investigation of CO,RR. IR spectro-
scopic investigations can be implemented for the study of both
heterogeneous systems (with bulk metallic electrodes) and homogeneous
systems (with molecular catalysts). There are two measurement configur-
ations that are widely used for the study of electrochemical reactions,
namely transmission and reflection configurations. Each configuration will
be discussed in the following, highlighting their advantages and drawbacks,
along with some implementation examples.

Most of the studies of CO,RR involve the use of a liquid electrolyte.
Usually, this is an aqueous bicarbonate solution for heterogeneous systems
and various protic or aprotic solvents for homogeneous systems. This poses
a significant challenge for IR spectroscopic experiments, mainly due to the
strong IR absorption by the electrolyte, particularly by aqueous ones. A way
to overcome this challenge is to use D,O instead of H,O as the electrolyte/
solvent. Another practical solution is the use of the internal reflection (or
more-commonly called attenuated total reflection, ATR) configuration,



In Situ Spectroscopic Methods to Study Electrochemical CO, Reduction 349
(a) (b)

Adsorbed molecules

Electric field
e® o0 oy ... @ [ P9
® ° @
@ . ® @

Metal particle island

Figure 9.1 The SEIRA effect: (a) internal reflection configuration and (b) transmis-
sion configuration.

which maximizes the signal from the sample and minimizes that of the
solution.

Modern Fourier transform infrared (FTIR) spectrometers allow fast ac-
quisition of spectra, making it possible to study CO,RR in situ in real time.
An important feature of IR spectroscopy for the study of electrochemical
reactions is the effect of signal enhancement near the surface, of up to three
orders of magnitude, which can be observed for some metals.”® This en-
hancement effect is known as the surface enhanced infrared absorption
(SEIRA) effect and is due to the presence of a strong electric field created
around small metal particles (see Figure 9.1a and b). The highest signal
enhancement can be observed for noble metals, i.e. silver, gold, copper, or
platinum, but it was also reported for non-noble metals.'"> It is worth
mentioning that even though the SEIRA effect provides a significant IR
signal enhancement for metallic electrodes, the preparation of SEIRA active
metallic surfaces can be intricate, as only thin-enough metallic films are
known to exhibit the effect. This poses challenges for making use of the
SEIRA effect for other types of electrocatalysts. Consequently, the advantages
of the SEIRA effect are prominent in the internal reflection configuration,
when the thin metal films are deposited over the ATR crystal directly
(Section 9.2.1.2).

9.2.1.1 External Reflection Configuration

The external reflection configuration is historical and one of the most
commonly used measurement configurations in IR spectroelectrochemical
experiments.'®*® The IR beam is directed at the electrode surface under an
incidence angle of 60-70° and then reflected towards the detector (see
Figure 9.2a). By design, the IR beam strikes the electrode surface from
outside the electrochemical cell, through a window made of IR transparent
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Figure 9.2 (a) Schematic representation of the external reflection configuration and
(b) its implementation in a thin layer cell design.

material and exits the electrochemical cell through another window on its
way to the detector. Despite the conceptual simplicity, the external reflection
configuration has a drawback that restricts its potential for the investigation
of CO,RR. This drawback is the presence of the electrolyte layer in the path
of the IR beam, which absorbs IR light, and leads to a decrease in signal
intensity and to a poor signal-to-noise ratio. To mitigate this problem, the
working electrode is placed at a very small distance from the IR transparent
window. Such a design approach is known as the thin layer cell design (see
Figure 9.2b). In this way, the IR beam travels only <100 um through the
electrolyte layer. The IR signal that reaches the detector contains infor-
mation about both bulk species and species at the electrode surface. In order
to differentiate between the two, polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS) can be used. The technique is based on
the different interaction of molecules in the vicinity of the electrode surface
and of those in the bulk with polarized IR radiation.'® In this way, the
contribution of molecules in the bulk to IR spectra can be cancelled out or at
least minimized.

A challenge associated with thin layer spectroelectrochemical cells is the
mass transport limitations in the thin layer of the electrolyte between the
electrode and the IR window. The accumulation of electrolysis products can
lead to erroneous interpretation of spectra. To avoid this, it is recommended
to continuously replenish the thin electrolyte layer, either by stirring the
solution or by using a flow cell.

The choice of IR windows is also important to consider when setting up
spectroelectrochemical experiments in the external reflection configuration.
First, the IR window material should not be corroded or dissolved by the
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electrolyte. Second, the window material should be chosen in accordance
with its transmission properties in the IR range of interest. Last, but not
least, the refractive index of the IR transparent material should not be too
high for external reflection spectroscopy. The most used material, which
satisfies most of the aforementioned conditions, is CaF, offering good
chemical stability towards corrosion and a transmission range from
50000-1000 cm . BaF, has similar properties to CaF, and its transmission
range is slightly wider with 50 000-750 cm ™", but it possesses slightly less
chemical resistance. Thus, it could be used if one is interested in slightly
extending the spectral range towards the far-infrared region. Alternatively,
ZnSe can be considered as window material. Its transmission range is
20000-454 cm™ ', and it has a good stability in aqueous solutions (only
corroded by strong acids).

The use of external reflection IR spectroscopy for the investigation of
electrochemical reactions was pioneered by Bewick, Kunimatsu, and Pons at
the beginning of the 1980s.?°”>* For the investigation of CO,RR it was used
for the first time by Beden for a Pt electrode in 1982.>> At that time, the
technique used was electrochemically modulated infrared spectroscopy
(EMIRS) where the electric potential was modulated. The aim was to improve
the signal-to-noise ratio, in accordance with the phase-sensitive detection
(PSD) method. At that time, this was the most suitable PSD method to be
used with dispersive spectrometers. Later, as FTIR spectrometers emerged,
the need for potential modulation was no longer needed to increase the
quality of the signal, as this was achieved by means of averaging a high
number of interferograms which the FTIR spectrometer can acquire. The
FTIR technique was then often used as subtractively normalized interfacial
Fourier transform infrared spectroscopy (SNIFTIRS). In SNIFTIRS, IR spectra
are presented as a difference between reflectivity at the potential of interest
and at the reference potential, divided by the reflectivity at the reference
potential. In this way, positive band formation is associated with formation
of spectroscopically active species and negative band formation is associated
with the depletion of species.

A few years later, in 1984, PM-IRRAS was used by Golden and Kunimatsu
to investigate the CO oxidation on a Pt electrode.>® In this method, the
polarization of IR light is modulated between the surface parallel and per-
pendicular components. PM-IRRAS allows one to discern between bulk and
surface species, and can be applied to the investigation of CO,RR.*>*®

9.2.1.1.1 Application in Heterogeneous Systems. The external reflection
configuration is a very good choice for the investigation of the hetero-
geneous CO,RR. However, it is important to consider the applicability of
the external reflection exclusively to flat, mirror finish electrode surfaces.
This is needed for the IR light to be efficiently reflected by the electrode
surface to reach the detector as well as to maximize the signals from the
surface species at a glazing incident angle.?”
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Many reports have appeared over the years since the first by Beden in
1982, making use of the external reflection spectroscopy for the investigation
of CO,RR. The technique was extensively used in fundamental studies of the
mechanisms of CO,RR over various metal electrodes, such as Pt, Pd, Au, Cu,
and Pb.**"** A thorough review of IR spectroscopic studies using the external
configuration measurement with different metal electrodes was reported by
Pastor, to which the interested reader is referred.**

At a Pt electrode in acetonitrile during CO,RR, bands at 1682, 1303, and
1274 cm™ " emerged at potentials more negative than —2.0 V vs. Saturated
Calomel Electrode (SCE). They were assigned to carbonate species by
Christensen et al. (see Figure 9.3A).>® As no other products were observed,
the authors concluded that carbonate formation follows eqn (9.1), as also
suggested by Amatore and Savéant.*”

2C0, +2e~ - CO3>~ + CO (9.1)

No bands that could be associated with CO were observed, probably be-
cause CO has low solubility in acetonitrile and a low dipole moment. In the
same study, when using a gold electrode, the emergence of a band at
1606 cm~ " was attributed to formate species, while a band at 2140 cm ™" was
assigned to dissolved CO (see Figure 9.3B).”®
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Figure 9.3 (a) IR spectra recorded in external reflection configuration at a Pt
electrode in CO, saturated 0.1 M tetra-n-butylammonium fluoride
(TBAF)/acetonitrile (with a background recorded at —0.8 V vs. SCE) at
(a) —1.0 and (f) —1.9 V vs. SCE. (B) Reflectance IR spectra for an Au
electrode in CO, saturated 0.1 M TBAF/acetonitrile at (a) —1.6, (b) —1.8,
(c¢) —1.9, and (d) —2.0 V vs. SCE.

Adapted from ref. 28 with permission from Elsevier, Copyright 1990.
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Pd is a more active metal for CO,RR than Pt. In a neutral phosphate buffer
solution, Taguchi et al. identified adsorbed CO in a bridged configuration
(two-fold coordination to surface Pt atoms) at 1898 cm ' and that on a
hollow site (three-fold coordination) at 1838 cm™' (see Figure 9.4).>° The
band at 1898 cm ™' shifted towards higher wavenumbers when the applied
potential was shifted to more positive values. This was attributed to the
decreasing electron back donation to the CO m* orbital or the Stark effect,
demonstrating the high sensitivity of IR spectroscopy on the electronic
structure of adsorbates.

Cu is one of the few metals that show high selectivity towards hydro-
carbons as CO,RR products, making its spectroscopic investigation par-
ticularly interesting for understanding the wunderlying reaction
mechanisms.*® Hori identified CO as reaction intermediate at 2083 cm ™" in
a KHCOj electrolyte solution using a Cu electrode at —0.9 V vs. NHE (see
Figure 9.5).>° Note that s-polarized light is not sensitive to surface species
while p-polarised light is sensitive to both surface and liquid-phase species.
To confirm their band assignment, the authors recorded IR spectra of a CO-
saturated electrolyte solution to detect the CO-characteristic band at the
same position as the band observed during CO,RR.

Besides methane, Cu is also known to give C, hydrocarbons such as
ethylene from CO,RR. A hydrogenated dimer intermediate was experimentally
observed by Pérez-Gallent et al. at a Cu(100) electrode. A CO-saturated LiOH
solution was used as the electrolyte. The characteristic band for CO stretching
on Cu(100) hollow sites at 1677 cm™ ' was observed upon varying the potential
from 0.1 to —0.2 V vs. RHE (see Figure 9.6). In addition, a new band emerged
at 1191 cm™ " along with another band at 1584 cm™ " in D,O solution. Based on
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Figure 9.4 In situ IR spectra recorded of a CO, saturated phosphate buffer solution
at a Pd electrode at various applied potentials (vs. Reversible Hydrogen
Electrode (RHE)).
Reproduced from ref. 29 with permission from Elsevier, Copyright 1994.
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Figure 9.5 (a) s-Polarized light IR spectrum of CO,RR on a Cu electrode in
0.2 M KHCOj; (potential values reported vs. Normal Hydrogen Electrode
(NHE)). (b) p-polarized light IR spectrum at the surface of a Cu electrode,
showing the adsorbed CO bands at 2083 cm™" and 2038 cm™".
Reproduced from ref. 30 with permission from Elsevier, Copyright 1995.
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Figure 9.6 IR spectra at a Cu(100) electrode (potential values reported vs. RHE) in
(a) Ar and (b) CO, atmosphere.
Reproduced from ref. 31 with permission from John Wiley and Sons,
Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

calculated IR spectra of potential C, intermediates, the authors ascribed the
latter two bands to a hydrogenated CO dimer (OCCOH), suggesting its for-
mation for the first time.**
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Figueiredo et al. studied CO,RR at a Cu electrolyte in acetonitrile.
Spectroscopic studies indicated that even residual amounts of water in the
electrolyte lead to CO and carbonate formation from CO,. Carbonate
formation was confirmed by the appearance of specific IR bands at 1681,
1646, 1364, 1328, and 1305 cm™'. These became increasingly prominent
when the potential of the working electrode was shifted from —1.4 V to
—2.4 V vs. Ag/AgClO,, along with the appearance of bands which were as-
signed to bicarbonate species at 1607 and 1388 cm ™' (see Figure 9.7).*” The
formation of CO was observed by Raman spectroscopy (see also the section
on Raman spectroscopy).

Detailed studies have been performed for non-Cu elements. Innocent et al.
investigated CO,RR in a NaOH electrolyte at a Pb electrode. A band at
1394 cm ™', characteristic for carbonate species, emerged as soon as bubbling
of CO, started. After 100 s of bubbling, a band characteristic for bicarbonate
species was observed at 1397 cm ™" along with the band associated with CO, in
solution at 2346 cm™ " (see Figure 9.8a—c). The potential was gradually in-
creased from —1.8 (reference spectrum taken at this value) to —1.0 V vs. SCE
while recording the IR spectra (see Figure 9.8d and e). The consumption of
bicarbonate (at 1397 cm™ ') was observed, in that a new band emerging at
1104 cm™ " at —1.45 V vs. SCE was assigned to the vy bending vibration of
the formate anion. Between —1.5 and —1.7 Vvs. SCE, a band at 1633 cm™* was
observed and assigned to the vyoco) sSymmetric stretch vibration of formate.
On this basis the authors concluded that bicarbonate undergoes reduction to
formate in alkaline solution at a Pb electrode.*”
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Figure 9.7 In situ IR spectra recorded during CO,RR at a Cu electrode in acetonitrile
(reference spectrum recorded at —1 V vs. Ag/AgClO,).
Reproduced from ref. 37 with permission from American Chemical
Society, Copyright 2016.
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Figure 9.9 IR spectra of CO,RR at a Pb electrode in 0.2 M tetraethylammonium
perchlorate (TEAP)/propylene carbonate recorded at —2.5 V vs. Ag/AgCl
from (a) 0-60 s and (b) 60-240 s.
Adapted from ref. 33 with permission from Elsevier, Copyright 2010.

The authors also reported CO,RR at a Pb electrode in a propylene car-
bonate electrolyte.”> At —2.5 V vs. Ag/AgCl, the appearance of a band at
1642 cm™ ' was assigned to oxalate species (see Figure 9.9a and b) which are
often speculated as the reaction intermediate in CO,RR. Another band at
1371 ecm ™' was tentatively assigned to Pb-CO,~ species. The decrease in
intensity of the band at 2341 cm ™' suggests that dissolved CO, is undergoing
reduction in propylene carbonate electrolyte.

IR spectroscopy in external reflection configuration was applied to study
most metal electrodes that are active towards CO,RR. The information ac-
quired from the spectroelectrochemical experiments in the 1980s and 1990s
has offered a great level of insight into the selectivity trends for most tran-
sition and noble metals towards different CO,RR products. Careful studies
in this configuration allow separation of chemical processes taking place at
the electrode surface and bulk liquid (electrolyte).

9.2.1.1.2 Application in Homogeneous Systems. The external reflection
IR spectroscopy found great popularity for the study of homogeneous
CO,RR systems. By sweeping the potential of the working electrode while
simultaneously recording spectra, it is possible to identify intermediates
and understand the catalytic mechanisms involving molecular complexes
present in the liquid phase. Band formation or disappearance indicates
species formation or consumption, respectively. The assignment of the
bands is not always straightforward, because the in situ emerging bands
are often compared to the bands corresponding to the intermediate
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structures measured ex situ which are not always representative.
Nowadays, thanks to the methodological and technological developments
in atomistic simulation, it is possible to simulate IR spectra with high
accuracy, facilitating band assignment. Experimentally, isotopes such as
3C-labelled CO, can be conveniently used to elucidate whether the
appearing bands are related to CO,RR or other changes in the structure of
the catalysts.

In homogeneous CO,RR, glassy carbon (GC) is most often the material of
choice for the working electrode, as Pt or Au electrodes can catalyse CO,RR
and therefore interfere with the investigation of molecular catalysts.**™*°
Furthermore, due to its high activity towards the hydrogen evolution
reaction (HER) at low overpotentials, particularly in protic media, the use
of Pt as a working electrode material is not recommended.*’ Spectro-
electrochemical studies on molecular catalysts can also indicate reversibility
of the reaction in question, by the presence of well-defined isosbestic points.

The first cell design for IR spectroelectrochemistry in external reflection
configuration, for the investigation of molecular electrocatalysts for CO,RR,
was proposed by Christensen et al.** Their cell was similar to the cells re-
ported in the previous section, with a GC electrode placed at a small distance
from a CaF, window (see Figure 9.10a). A cell design using an optical fibre
probe was proposed by Shaw in 1996 (see Figure 9.10b).** The cell design
approach was perhaps “ahead of its time”” and was not widely implemented.
A second-generation external reflection spectroelectrochemical cell was de-
veloped by the group of Kubiak (see Figure 9.10c).** The design of this cell
was inspired by Christensen’s, but the authors were able to assemble the
components in a more compact fashion. It made possible the use of com-
mercial, PEEK-jacketed concentric ring disk electrodes such as Pt, Au, or GC
disk electrodes encircled by a Ag pseudo reference and a Pt counter ring
electrode. The cell also allows temperature control during electrochemical
experiments.

In the paper by Christensen et al., the authors also investigated Re
tricarbonyl bipyridyl (bipy) complexes for CO,RR.** In a CO,-saturated
acetonitrile solution, the appearance of a weak characteristic band for
CO was observed at 2150 cm™ ', as the potential was decreased from —1.1
to —2 V vs. SCE, along with a decreasing band at 2342 cm ™, associated with
CO, consumption (see Figure 9.11a). As the potential was further decreased,
the bands emerging at 2010, 1902, and 1878 cm ' were assigned to a
fac-[Re(dmbipy)(CO)3(CO,H)] intermediate (dmbipy =4,4’-dimethyl-2,2'-bi-
pyridine), and the bands at 1997 and 1860 cm ' were assigned to a
fac-[Re(dmbipy® )(CO)3(CO,H)] intermediate (see Figure 9.11b and c). At the
most negative potential of —2 V vs. SCE, the bands at 1930 and 1823 cm ™"
were assigned to the fac[Re(dmbipy® )(CO);(CO,H)]” species (see
Figure 9.11d). The band assignment was based on the empirical method of
calculating energy-factored kco force constants reported by Timney, from
which vgo stretching vibration frequencies were predicted with high
accuracy.*’
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Figure 9.10 Schematic representation of various IR spectroelectrochemical
cell designs proposed by (a) Christensen et al,”* (b) Shaw and
Geiger,*® and (c) Zavarine and Kubiak.** Adapted from ref. 42 with
permission from the Royal Society of Chemistry. Adapted from
ref. 43 with permission from American Chemical Society, Copyright
1996. Adapted from ref. 44, with permission from Elsevier, Copyright
2001.

This was the first paper to elucidate the reaction mechanism of CO,RR
using a Re-based molecular catalyst. The reaction mechanism was suggested
to follow eqn (9.2)—(9.6).

[Re(dmbipy)(CO);Cl] + e~ —[Re(dmbipy® ~)(CO);Cl] (9.2
[Re(dmbipy® ~)(CO);Cl] + CO, — [Re(dmbipy)(CO);(CO,)]+Cl~ (9.3
[Re(dmbipy)(CO)5(CO,)] + e~ + H,0— [Re(dmbipy)(CO);(CO,H)] + OH~ (9.4

OH +C0,—CO;* +H" (9.5a
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Figure 9.11 (a) IR spectra recorded during CO,RR by [Re(dmbipy)(CO);Cl] in 0.2 M
tetraethylammonium tetrafluoroborate (TEABF,)/acetonitrile (reference
spectrum taken at —1.0 V vs. SCE) showing the (b) 2200-1800 cm '
region at potentials between —1.1 and —1.5 V vs. SCE, (c) 2200-1800 cm "
region at potentials between —1.5 to —1.8 V wvs. SCE and (d)
1750-1100 cm ™' region at potentials between —1.3 and —2.0 V vs. SCE.
Adapted from ref. 42 with permission from the Royal Society of
Chemistry.

or

2[Re(dmbipy)(CO);(CO,)] + 2C1~ —[Re(dmbipy* ~)(CO);Cl] + CO + CO5>~
(9.5b)

[Re(dmbipy)(CO);5(CO,H)] + e~ — [Re(dmbipy® ~)(CO);(CO,H)] (9.6a)
or
[Re(dmbipy)(CO);(CO,H)] + e~ — [Re(dmbipy)(CO);(CO, )]+ H,  (9.6b)

A more efficient Re complex, Re(bipy-tert-butyl)(CO);Cl, was developed by
the group of Kubiak by changing the methyl substituents at the 4,4" pos-
itions of the bipyridine ligand with tert-butyl substituents.*>*” The enhanced
catalytic activity of this complex was elucidated by spectroelectrochemical
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studies. The most important feature is the absence of bands characteristic
for the [Re(bipy-tBu)(CO);], dimer, reported by Johnson et al, at 1986, 1950,
1888, and 1850 cm ™ .*® The lower degree of dimerization of this complex
leads to its superior catalytic performance.

The indirect detection of reaction products is also possible using IR spec-
troscopy. Often, CO is one of the reduction products of CO,RR using mo-
lecular catalysts. However, detection of CO formation using IR spectroscopy is
not straightforward, because of its low solubility in the solvents commonly
used with molecular catalysts (e.g. acetonitrile) and its low dipole moment.
For the detection of generated CO from the electrochemical reduction of CO,
with Re'(dmb)(CO);Cl (dmb = 4,4'-dimethyl-2,2'-bipyridyl), the Kubiak group
used nickelocene (Ni''Cp,) to capture the formed CO (see Figure 9.12a). The
emergence of bands associated with [Ni'(x;-CO)Cp], at ~1840 cm ™' and with
Ni’(CO), at 2045 cm™ " (see Figure 9.12b,c,d), to which nickelocene is trans-
formed. Along with the decrease of the CO, band at 2340 cm™ ", this confirms
the formation of CO as a reaction product of CO,RR.*”*°

Pun et al. elucidated the mechanism of CO,RR with iron(i) 2,9-bis(2-
hydroxyphenyl)-1,10-phenanthroline (H,dophen) complexes using IR
spectroelectrochemistry.”® In a CO,-saturated dimethyl sulfoxide (DMSO)
solution at —2.16 V vs. ferrocenium/ferrocene (Cp,Fe*’), they correlated
the band at 2140 cm ™" with the formation of CO and the band at 2340 cm ™"
with the consumption of CO, (see Figure 9.13a). The bands at 1934 and
1881 cm ™' were attributed to an iron carbonyl species and the band at

09+ (b)

0.34

Absorbance
Absorbance
Absorbance

0.04 - _ :
2375 2350 2325 2300 2060 2050 2040 2030 1850 1840 1830

Energy (cm-') Energy (ecm-') Energy (cm™)

Figure 9.12 (a) Proposed reaction scheme of reduced nickelocene with CO. IR
spectra of Re'(dmb)(CO);Cl under a CO, atmosphere at —2.0 V vs. Ag
quasi-reference electrode showing the (b) decrease of the 2340 cm ™"
band associated with CO,, (c) emergence of the band at 2045 cm '
associated with Ni’°(CO),, and (d) the band at ~1845 cm™ " associated
with Ni'(1;-CO)Cpl,.

Adapted from ref. 47 with permission from American Chemical Society,
Copyright 2014.
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1328 cm ™' to a formato iron species (Fe-OC(O)H). The authors supported
their band assignment by conducting experiments with '*CO, and
monitoring the band associated with it at 2278 cm ™' (see Figure 9.13b).
At the same time, they were able to observe the emergence of bands as-
sociated with *CO at 2110 em™*, Fe-">CO at 1867 and 1814 cm ' and
Fe-O"C(O)H at 1288 cm ‘. They used DMSO as a solvent instead of
N,N-dimethylformamide to avoid the high absorbance of the latter in the
1600-1400 cm ™" region. By a similar approach, the mechanisms of CO,RR
were elucidated for multiple molecular catalysts, including Mn, Re, Ru and
Ni-based complexes.’' >’

9.2.1.2 Internal Reflection Configuration

In the internal reflection configuration, the IR beam does not travel through
the electrolyte to reach the electrode surface. Instead, an ATR crystal is used
as a propagation medium for the IR radiation. The ATR crystal has a high
refractive index and the IR beam is directed through the crystal in such a
fashion that it undergoes total internal reflection (see Figure 9.14a). Above
the surface of the crystal, an electric field arises, called the evanescent wave.
When the crystal is put in contact with the sample under study, the evan-
escent wave can penetrate a few hundreds of nanometres to a few micro-
metres inside the sample. The molecules or species that can absorb IR
radiation interact with the evanescent wave, which is attenuated when ab-
sorption takes place. Then, as the IR beam exits the crystal, it reaches the
detector, where the spectrum is recorded.

Related to the study of CO,RR, the internal reflection configuration can be
used for both homogeneous and heterogeneous systems. Compared to the
external reflection configuration, the ATR configuration does not suffer from
the solution absorption issue because of its inherent near-surface sensitivity.
For these reasons, it is particularly interesting for the investigation of re-
action mechanisms at the surface of metallic electrodes. Furthermore, the
SEIRA effect which can be achieved in the ATR configuration, increases the
intensity of the signal and therefore the sensitivity of the method, making
possible the detection of species that are present in low amounts. The
sensitivity of the measurements can also be tuned by varying the effective
path length of the IR beam through the crystal or by choosing a suited crystal
material. The effective path length is a function of the penetration depth of
the evanescent wave, which is defined by the refractive index of the crystal
material and the medium above, by the angle of incidence, and by the
number of reflections that the IR beam undergoes as it travels through the
crystal. The ATR crystal should be chosen so that it is chemically stable in
the electrolyte solution. The thermal stability and optical properties of the
crystal should be carefully considered, as the material state or optical
properties of the crystal can change at elevated temperatures as well as due
to applied electric potential. The commonly used ATR crystals are ZnSe, Ge,
Si, or diamond.
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Adapted from ref. 50 with permission from the Royal Society of Chemistry.

UONINPIY COD [PIIUdYI0.0399] ApniS 01 SPOYIAN 21d02504302dS NS UT

£€9¢



364 Chapter 9
(a)

Sample (electrode)

WE
3 VAN e
N i Vi

IR source Detector & \

IR source Detector

Figure 9.14 (a) Internal (or attenuated total) reflection IR measurement configur-
ation and (b) its implementation in a spectroelectrochemical cell for the
study of thin metal film electrodes.

The first application of the ATR configuration for the investigation of an
electrochemical reaction dates back to 1964, when a Ge plate was used both
as an ATR crystal and the working electrode.’® Ge is not the common ma-
terial of choice for a working electrode, but the experiment proved the
feasibility of such an approach. The method was later improved by the de-
position of thin metallic films over the ATR crystal, acting as the working
electrode. This configuration is known as the Kretschmann configuration
(see Figure 9.14b). Thin metal films can be deposited over the ATR crystal
using various methods such as electroless chemical deposition, sputtering,
or electroless deposition followed by electrochemical deposition for the
deposition of an additional film.>”°*

9.2.1.2.1 Application in Heterogeneous Systems. Many reports on the
reaction mechanisms of CO,RR at the surface of various metallic films,
including Pt, Au, Sn, Cu, Ag, In, Pb, and Bi, are available in the
literature.”’"®® The metal film-coated ATR crystal is usually placed at the
bottom of the cell. Electrical contact with the metallic film working
electrode is ensured by using electrically conductive tape. The counter
electrode can be placed either in the same compartment with the working
electrode, or in another compartment separated by a membrane. Com-
mercial reference electrodes can be used and simply immersed in the so-
lution above the electrode surface. To avoid the accumulation of
electrolysis products near the surface of the electrode, which can lead to
erroneous interpretations of the spectra, it is recommended that the
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electrolyte solution above the ATR crystal is stirred during experiments. Al-
ternatively, flow cells can be used.

A thorough review of the most central papers reported over the last few
years on this topic was published by Zhu et al. and by Cowan.®”*® The use of
ATR-IR spectroscopy allowed identification of surface-bound CO, formate
and methoxy species, among others, at the surface of thin film working
electrodes during CO,RR.

Baruch et al. used ATR-IR spectroscopy to elucidate the mechanism of
CO,RR at a Sn electrode in aqueous electrolyte.>® The electrical potential of
the working electrode was varied while acquiring IR spectra. Under CO,
purge, at —1.4 V vs. Ag/AgCl, bands at 1500, 1385, and 1100 cm ' emerged,
which were assigned to monodentate tin carbonate species (see Figure 9.15).
Based on the spectroscopic data, a reaction mechanism was proposed, with
the surface-bound tin carbonate as the key intermediate, and a CE mech-
anism where the CO,-carbonate equilibrium precedes the rate-limiting
electron transfer step, thus ruling out the CO,-to-CO,°*~ reduction as an
intermediate step for the reduction.

The behaviour of an adsorbed CO intermediate formed at the surface of
Cu during CO,RR in 0.1 M NaHCO; was studied by ATR-IR spectroscopy by
Wauttig et al.>® The potential was swept between 0.03 to —0.89 V vs. RHE, with
the reference spectrum recorded at 0.25 V vs. RHE. Already at 0.03 V vs. RHE,
a negative band at 1524 cm ™' was observed in the IR spectrum, indicating
the desorption of (bi)carbonate from the surface of the electrode (see
Figure 9.16a). The appearance of the positive band at 1620 cm " was at-
tributed to the dyon bending mode, suggesting water adsorption at the
electrode surface. At —0.66 V vs. RHE, the adsorption of CO at the electrode
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Figure 9.15 In situ IR spectra showing the time evolution of CO,RR at —1.4 V vs. Ag/AgCl
at a SnO, thin film electrode in 0.1 M K,SO,. Spectra recorded 1, 3, 5, 10, 15,
20, 25, and 30 min after the introduction of CO, in the electrolyte solution
(indicated by the direction of the arrow).
Reproduced from ref. 58 with permission from American Chemical Society,
Copyright 2015.
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surface was indicated by the appearance of the positive band in the IR
spectrum between 2104 and 1970 cm ™. The broad shape of the band sug-
gests different binding modes of CO with the surface. Experiments with "*CO
show that adsorbed CO is exchanged at —0.8 V vs. RHE with the labelled CO
in the solution, accompanied by the shift of the adsorbed CO band from
2077 to 2032 cm™ ' (by 45 cm™ '), consistent with the shift expected from the
harmonic oscillator model (see Figure 9.16b and c).

ATR-IR spectroscopy is not restricted to the study of metallic thin film
electrodes. There are reports of using a Au-coated ATR crystal, which pro-
vides a good surface enhancement effect, over which a catalyst was de-
posited. A Li-Zn and a Pd-Au catalyst were investigated in this way.®>”°
Nanostructured electrocatalysts have different, and often superior, catalytic
properties from those of metallic films. In our view, this is a potential future
direction for the evolution of IR spectroscopy in internal reflection con-
figuration applied to electrochemical reactions.
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Figure 9.16 (a) In situ IR spectra during CO,RR at a Cu electrode in 0.1 M NaHCO;.
(b) Chronoamperometric experiment indicating the addition of **CO in
the electrolyte solution. (c) IR spectra recorded after the addition of
3CO0 showing the evolution of the characteristic CO band at 2032 cm ™"
as adsorbed CO is exchanged with *CO.

Reproduced from ref. 59, http://dx.doi.org/10.1021/acscentsci.6b00155,
with permission from American Chemical Society, Copyright 2016.
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9.2.1.2.2 Application in Homogeneous Systems. Although ATR-IR spec-
troscopy is used more and more for the investigation of heterogeneous
CO,RR, to our knowledge, there is only one report describing its use for
the study of a molecular complex during CO,RR. The authors cast a gra-
phene suspension over a ZnSe crystal, which formed a thin graphene film
acting as the working electrode (see Figure 9.17a).”"

The measurement configuration reassembles the ATR configuration for
studying electrochemical reactions at metal films, described in the previous
section. When translating this approach to the investigation of molecular
complexes, it is important to have a thin enough graphene layer deposited
on the ATR crystal to allow the evanescent wave to penetrate deep enough
into the electrolyte bulk to detect signals related to the molecular complex.
The recorded spectra indicate the adsorption of the Cu(u)(1,10-phenan-
throline), complex (phen-Cu) at the surface of graphene at —0.9 V vs. RHE,
suggested by the increasing intensity of the peaks specific to the phen
ligands of the molecular complex (see Figure 9.17b). Emerging bands at
800/823 and 1110/1135 cm ™" are related to C-H bond out-of-plane and in-
plane deformations, respectively. The stretching of the C=C and C=N bonds
in the aromatic ring of the phen ligands was associated with bands between
1380 and 1510 cm ™ ". Based on the intensity of the band increase, the au-
thors suggest that adsorption of the phen-Cu catalyst takes place rapidly in
the first 10 min upon applying an electric potential, reaching a plateau after
about one hour. The phen—-Cu complex is desorbed from the surface of the
working electrode once the potential is no longer applied (see Figure 9.17c).
This shows the reversibility of the phen-Cu adsorption at the graphene
surface. The slight red shift of the bands observed in the desorption spec-
trum is suggested to happen due to the increased electron density on the
phen ligands during electrolysis. A blue shift of the R branch of the CO,
asymmetric stretching band from 2336.5 to 2342.2 cm ™" was observed when
the potential was applied (see Figure 9.17d). In the absence of the phen-Cu
complex, the blue shift was smaller, from 2336.5 to 2343.2 cm™". Based on
this observation, the authors claim the ability of the phen—Cu catalyst to
tune the electronic density of CO, near the electrode surface.

We envision the use of immersion ATR probes for the investigation of
homogeneous systems. The immersion ATR probe can be placed either in the
bulk electrolyte solution or in the vicinity of the working electrode. In this way,
issues associated with the thin layer external configuration, such as mass
transport limitations, can be mitigated. A recent example of the use of ATR-IR
spectroscopy with the use of an immersion probe for the elucidation of the
reaction mechanism of the conversion of CO, into a cyclic carbonate, was
reported by Huang et al.”> The same approach can be used for mechanistic
investigations of CO,RR by molecular catalysts (see Figure 9.18). It is im-
portant to note, however, that observation of intermediate species, which are
confined in a thin diffusion-reaction layer (few pm, for moderate catalytic
rates), would still require the placement of the immersion probe at a distance
close to the working electrode surface (<1 pm for common ATR crystals).
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Figure 9.17 (a) Schematic representation of the measurement configuration, (b) IR absorption spectra as a function of time in a CO,
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Reproduced from ref. 71 with permission from John Wiley and Sons, Copyright © 2018 WILEY-VCH Verlag GmbH & Co.
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Figure 9.18 Schematic representation of ATR-IR spectroscopy using an immersion
probe.

9.2.1.3 Transmission Configuration

The transmission geometry is the oldest sampling configuration used in IR
spectroscopy, where the theory based on Beer-Lambert law is firmly estab-
lished. The sample of interest, which can be either in solid, liquid or gaseous
form, is placed between the IR source and the detector (see Figure 9.19a).

For the investigation of electrochemical reactions using transmission
configuration, as an obvious requisite, the IR beam needs to pass through
the electrolyte solution. For this reason, electrochemical cells with IR
transparent windows are used. As the IR beam cannot penetrate through
metallic electrodes, the transmission configuration is limited to the study of
species in the electrolyte solution or species in the close vicinity of the
working electrode.

Most of the cell designs reported for the transmission IR spectroscopy are
based on optically transparent electrodes (OTEs), which date back to the
1960s.”®> OTEs consist of Pt or Au grids, which allow the IR beam to pass
through micrometric holes in its pathway from the source to the detector.
This working electrode is placed in an electrochemical cell with IR trans-
parent windows. To minimise IR absorption by the electrolyte solution, the
pathway of the IR beam through the cell must be as small as possible.
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Figure 9.19 (a) Schematic representation of the transmission IR measurement
configuration and (b) its implementation with a minigrid working
electrode.

To achieve this, thin layer cells are used (see Figure 9.19b). A typical value for
the IR beam path length through an optically transparent thin layer elec-
trolyte (OTTLE) cell is 200 pm.”* Multiple cell designs were reported later,
with improvements in cell tightness and counter and reference electrode
positioning, but the working principle of OTTLE cells remained unchanged
(see Figure 9.20a—c).”>”’®

9.2.1.3.1 Application in Homogeneous Systems. A clear advantage of
OTTLE cells for the study of CO,RR with molecular catalysts is the possi-
bility of using the same cell for IR and UV-vis spectroscopy. By this com-
plementary approach, it becomes possible to acquire knowledge that
cannot be gained by a single spectroscopic technique. The transmission
configuration was extensively developed and used by the group of Hartl.”®
The catalytic mechanisms of multiple molecular catalysts, including Mo,
Cr, W, Re, and Os-based complexes, for CO,RR were formulated based on
spectroelectrochemical experiments in the thin layer configuration, in a
similar fashion to the studies using the external reflection configuration
mentioned in an earlier section.*®*®”® The main advantage of the OTTLE
cells is the ease of assembly and the possibility of coupling IR spec-
troscopy and UV-vis spectroscopy, as the latter is less susceptible to radi-
ation absorption by the electrolyte. For further reading on the application
of IR spectroelectrochemistry for the investigation of molecular electro-
catalysts, the reader is referred to the review by Lee et al.®
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Figure 9.20 Cell design for IR spectroelectrochemistry reported by (a) Heineman et al.,” (b) Brisdon et al.,”® and (c) Krejéic et al.”®
Adapted from ref. 75 with permission from American Chemical Society, Copyright 1968. Adapted from ref. 76 with permission
from American Chemical Society, Copyright 1987. Adapted from ref. 78 with permission from Elsevier, Copyright 1991.
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9.2.2 Raman Spectroscopy

Raman spectroscopy possesses a few key features that make it particularly
relevant for the investigation of CO,RR. Compared to IR spectroscopy,
Raman spectroscopy does not suffer from the strong absorption by aqueous
electrolytes. Furthermore, although Raman scattering in general struggles
with low signal intensities, this drawback is mitigated by the surface en-
hancement Raman scattering (SERS) effect, similar to the SEIRAS effect for
IR spectroscopy. The surface enhancement effect is much stronger in Raman
spectroscopy, showing signal enhancements of up to a factor of 10'*.%%
Because of these features and the essential analytical information about
surface species and the oxidation state of metallic electrodes, Raman spec-
troscopy is widely and successfully used for the investigation of electro-
chemical reactions.

Fleischmann et al. were the first to report the SERS effect in 1973.%”
Nowadays, it is generally accepted that the SERS effect arises from the
contributions of two mechanisms, i.e. an electromagnetic enhancement
mechanism due to the excitation of the localized surface plasmon reson-
ance, and a chemical enhancement mechanism due to charge transfer
between the electrode and molecules under investigation.**"®> The SERS
effect was initially observed mainly with coinage metals such as Au, Ag, and
Cu, as these exhibit localized surface plasmon resonance covering the
visible and near-infrared (NIR) radiation range due to their electronic
structure. This property makes possible the use of NIR or visible lasers as
excitation sources. Later, a few methods to prepare SERS active surfaces
were developed.®®

Depending on the electrode surface, there are a few possibilities to obtain
the surface enhancement effect, as thoroughly described in the review by
Tian.*” The first approach is the enhancement of the Raman scattering
signal by surface roughening, which can be conducted electrochemically by
cycling the potential of the working electrode (see Figure 9.21a and b).
Another approach is to deposit SERS-active NPs over a SERS inactive,

NANANY

ﬁ . @ . Ea (d)
Figure 9.21 The surface enhancement Raman effect: (a) no enhancement, (b)
enhancement due to surface roughness, (c) enhancement due to en-
hancing nanoparticles (NPs) on the surface, and (d) enhancement due

to enhancing substrate, over which the material of interest is deposed.
Red arrows: Rayleigh scattering; green arrows: Raman scattering.
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electrically conductive substrate (see Figure 9.21c). Alternatively, a thin film
made of the electrode material of interest can be deposited on a SERS active
substrate (e.g. Au) (see Figure 9.21d). A drawback of SERS is the fact that it
can be only applied to bulk metallic electrodes, pre-treated in such a way that
they exhibit the surface enhancement effect, limiting the applicability of the
surface enhancement effect to powdered electrocatalysts. However, SERS
studies are very useful due to the high sensitivity of the technique, for de-
tecting reaction species present in low concentrations close to the electrode
surface. This leads to a better understanding of the mechanisms governing
CO,RR with various metals.

The experimental setup for Raman spectroscopy involves the use of a
monochromatic radiation source (a laser) to excite the substrate, a filter
which blocks the elastically scattered light and lets only the inelastically
scattered light pass through an edge filter, a notch filter or a laser-line filter
and finally a detector, e.g. a charge-coupled device (CCD) detector (see
Figure 9.22a). The most widely used lasers for SERS studies are the 632.8 nm
He-Ne laser and the 514 nm Ar" laser. With increasing wavelength, the
intensity of the Raman signal decreases, but the negative effect of fluo-
rescence on the Raman signal is also mitigated. A Nd:YAG 1064 nm laser was
reported for a Fourier transform Raman (FT-Raman) study of CO,RR on Cu
in the 1-n-butyl-3-methyl imidazolium tetrafluoroborate ionic liquid.®”
However, FT-Raman is not so commonly used, as it has several disadvan-
tages in terms of the presence of moving components in the devices and long
acquisition time of the spectra.

@ we—  Detector

Raman scattered light

Filter

Rayleigh scattered light

Sample

(b)
Exﬂation fiber

Dichroic mirror

Figure 9.22 (a) Schematic representation of a Raman scattering experiment and the
(b) immersion probe for Raman spectroscopy.
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Modern Raman apparatus often use optical fibre immersion probes or
confocal microscopes. With immersion probes, it is possible to investigate
the electrode of interest in situ, as long as the electrolyte solution is not
corrosive, or its temperature does not fall outside the operational tempera-
ture of the probe (see Figure 9.22b). The immersion probe combines an
excitation fibre, a collection fibre, and a filter in a robust and compact as-
sembly, which makes the application of Raman spectroscopy in electro-
chemical systems straightforward. Despite these advantages, Raman
spectroscopy using immersion probes is seldom used in the spectro-
electrochemical community, most likely due to the relatively poor sensitivity
compared to IR spectroscopy.

The first cell design for Raman spectroelectrochemistry was reported by
Fleischmann et al. (see Figure 9.23a).*® They used a mirror finish silver
working electrode, which was subjected to potential cycling to increase the
roughness of the surface to achieve the SERS effect. Although the measured
signal of adsorbed pyridine was higher than expected at that time due to the
SERS effect, nowadays, this cell design can be regarded as outdated due to
technological advances of Raman apparatus. Modern cell design of Raman
spectroelectrochemical cells makes use of confocal Raman microscopes.

Ren et al. proposed a Teflon spectroelectrochemical cell with the working
electrode facing upwards, without cell windows (see Figure 9.23b, left).*” The
motivation for this approach is the fact that Raman scattering is not influ-
enced by air, glass, or (aqueous) electrolyte in its path. A confocal Raman
microscope was used, with the lens pointing towards the working electrode
from outside the solution, focusing the laser beam on a 3 pm spot on the
working electrode surface.

This cell was later improved by the same group by adding a quartz window
on top of the cell and using a thin electrolyte layer configuration, as gaseous
species forming above the electrolyte solution can damage the objective and
interfere with the Raman signal from the electrode surface (see Figure 9.23Db,
right).”® Furthermore, if the solution is sensitive to air, the quartz window
helps to avoid contamination. However, the mismatch of the refractive in-
dices of the electrolyte, quartz, and air leads to distortion of the light as it
travels from the source to the sample and back to the detector. Later, the
authors proposed a water immersion objective approach, by placing a
droplet of water between a long working distance (2.8 mm) objective and the
quartz window of the spectroelectrochemical cell (see Figure 9.23c).”" The
electrolyte layer between the working electrode and the 0.17 mm quartz glass
window in their study was 2 mm. The authors highlight that the Raman
signal intensity is decreased by 50% using this approach, but, compared to
the thin layer approach where the electrolyte layer thickness is ~0.2 mm,
mass transport limitation issues are mitigated. By using the water immer-
sion objective, the refractive index mismatch issue is diminished, and at the
same time, the objective is protected from potential chemical degradation
caused by the electrolyte solution. Another cell design approach using a
water immersion objective was proposed by the group of Bell. This consists
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of covering the objective with a PTFE film to protect it from any destructive
influence from the electrolyte and, as the refractive index of PTFE is almost
similar to that of water, the issue related to the distortion of light is avoided
(see Figure 9.23d).”

For a detailed review of the application of Raman spectroscopy to elec-
trochemical reactions and a more thorough discussion on cell design, the
reader is referred to the perspective paper by Deng and Yeo.”?

9.2.2.1 Application in Heterogeneous Systems

Raman spectroscopy was successfully applied to the investigation of CO,RR
with various metallic electrodes, including Au, Ag, Cu, Cu-Zn, and
Sn.%”**1%* Most of the literature reports of Raman spectroelectrochemical
studies of heterogeneous CO,RR involve the preparation of SERS active
substrates by electrochemical roughening. In this way, SERS active sub-
strates are easily achieved for metals such as Ag, Au, Pt, and Cu.

Oberst et al. investigated CO,RR at a SERS-active Au electrode in a KOH
electrolyte solution.”” In a previous study with organometallic Ag catalysts, it
was found that nitrogen-containing ligands, such as pyrazole, phtalocya-
nine, 3,5-diamino-1,2,4-triazole, and tris(2-pyridylmethyl)amine increase the
efficiency of CO,RR.'” Based on these findings, the influence of a few
nitrogen-containing additives on the efficiency of CO,RR was studied.
Taking advantage of the SERS effect, the authors observed a band charac-
teristic to adsorbed CO on atop Au sites at 2120 cm ™', if either pyrazole,
ethanolamine, or benzotriazole were present in the electrolyte solution
purged with CO, (see Figure 9.24b and c). A Stark shift of 30-40 cm 'V '
for this band was observed, consistent with previous literature reports
(see Figure 9.24d).'%° The CO characteristic band was not observed without
the presence of additives in the electrolyte (see Figure 9.24a). Correlating the
spectroscopic observations with results of voltammetric experiments, indi-
cating no increased activity towards CO,RR due to additives, the authors
concluded that the role of the additives is to increase the CO, concentration
near the electrode surface, due to the CO, scavenging abilities of e.g.
ethanolamine.

In their spectroscopic study of CO,RR by Cu in acetonitrile (see also the
section on IR spectroscopy), Figueiredo et al. made use of SERS spectroscopy
to observe CO formation. Since this would be challenging to observe solely
by FTIR, this study elegantly shows the complementarity of the two vibra-
tional techniques (see Figure 9.25).>” Emerging bands at 283 and 382 cm ™!
at potentials more negative than —1.4 V vs. Ag/Ag" were assigned to the
restricted rotation of bound CO and the Cu-CO stretching mode, respect-
ively.””?>'%7 A band at 423 cm ' was tentatively attributed to either
(bi)carbonate species or a poisoning species formed during the course of
reaction. Bands between 2028 and 1999 cm ', 2066 and 2030 cm ', and
2102 and 2087 cm~ " were assigned to adsorbed CO stretching on Cu. The
redshift of the bands with increasingly negative potential can be attributed
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Figure 9.24 In situ Raman spectra at a Au electrode recorded between 0.5 and —1.0 V
vs. Ag/AgCl in a 1 M KOH + saturated Ca(OH), electrolyte with (a) CO,
sparging and in presence of 10 mM (b) pyrazole and (c) ethanolamine.
(d) stark shift of the CO stretching peak as a function of applied
potential for electrolytes containing different additives.

Reproduced from ref. 95 with permission from Springer Nature,
Copyright 2015.

to the Stark effect. The degree of redshift indicates the adsorption strength
of CO on Cu, ie. the bands at 2030 and 2070 cm™ ' correspond to strongly
bound CO, as they are shifted by 20 em™' V' and 36 cm™ 'V~ ', respectively.
The band at 2102 em ™' corresponds to weakly physisorbed CO, as it only
shifts by 13 em™ 'V ~'. The appearance of CO-characteristic bands in the
Raman spectra at a potential as low as —1.2 V vs. Ag/Ag” indicates that CO is
formed before bicarbonates, which form at —1.8 V vs. Ag/Ag". The authors
concluded that the two reaction products are formed via two different
reaction pathways when wet solvent is used, i.e. CO is formed from CO,
reduction by residual water, and carbonates by the reaction of CO, with OH™
species.

For a Cu electrode in NaHCOj electrolyte, Smith et al. also observed bands
emerging at 280, 358, and 2090 cm ' at —1.06 V vs. NHE, which were
assigned to adsorbed CO (see Figure 9.26).°° The authors associated the
decrease of the bands over time with poisoning of the reaction at the
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Figure 9.25 In situ Raman spectra recorded during CO,RR at a Cu electrode in 0.1 M
TEABF, in acetonitrile as a function of applied potential.
Reproduced from ref. 37 with permission from American Chemical
Society, Copyright 2016.

electrode surface. A band at 1050 cm ™' was attributed to carbonate species,
and the broad band at 2900 cm™ ' and the weak band at 1450 cm ™' were
assigned to the C-H stretching vibrations of an intermediate species. The
authors correlated the band appearing at 523 cm ™', and increasing with
time, to a poisoning species, presumed to be a copper patina consisting of
either surface copper oxide, copper hydroxide, or copper carbonate.

Dutta et al. investigated the change in the oxidation state of SnO, NPs
during CO,RR in NaOH electrolyte solution at pH values of 8.5, 9.7, and
12.'°* Sn0O, exhibits a strong Raman band at 623 cm™ ' corresponding to the
A, mode of SnO, (see Figure 9.27a). The evolution of this band with
potential variation was monitored, and it was observed that the reduction of
SnO, to metallic Sn takes place at potential values much lower than those
predicted by Pourbaix diagrams, at all pH values investigated (see
Figure 9.27b). The highest efficiency towards CO,RR does not correspond to
fully reduced Sn NPs, but rather to partially reduced tin oxide at around —1V
vs. Ag/AgCl (see Figure 9.27c). It is notable in this report that the SnO, NPs
were drop-cast over a GC electrode, which exhibits no SERS effect. This ex-
plains why no species related to CO,RR were observed during the experi-
ments and only strong bands of SnO, were detected. We envision that the
approach of NP deposition over a SERS active metallic electrode (e.g. Au)
could lead to a more detailed level of spectral information and would con-
tribute to the development of the field of Raman spectroscopy applied to the
investigation of powdered electrocatalysts.
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Figure 9.26 In situ Raman spectra of CO,RR at a Cu electrode in NaHCO; electrolyte
at —1.06 V vs. NHE as a function of time, ie. (A) 13, (B) 61, (C) 105,
(D) 144, and (E) 215 min.
Reproduced from ref. 99 with permission from IOP Publishing, Copy-
right 1997.

9.2.2.2 Application in Homogeneous Systems

For the study of homogeneous systems for CO,RR, resonance Raman is a
particularly attractive technique. The particularity of the technique is the use
of lasers with a wavelength frequency close to the frequency of an electronic
transition in the molecular complex under investigation. Resonance Raman
allows one to obtain significant signal enhancements of up to 10°. The
electronic transitions in the molecule enhance certain Raman active modes,
offering information about the structure of molecular electrocatalysts. By
tuning the laser wavelength, excitation of different electronic transitions can
be targeted, e.g. metal-to-ligand charge-transfer (MLCT) or intraligand
charge-transfer (ILCT) transitions, which exhibit different Raman spectra.
For example, if resonance Raman spectra in resonance with an MLCT
transition in a molecular catalyst are recorded while the electrode potential
is varied, changes in the ligand structure of the catalyst induced by a change
in the oxidation state of the metal centre can be observed. If the excitation of
ILCT transitions is targeted, recorded resonance spectra can indicate
changes of the ligands’ structure induced by electronic charge redistribution
in the ligands. Unfortunately, the number of reports of in situ resonance
Raman studies on molecular electrocatalysts is scarce due to the rather
limited versatility of this technique.'®®'*® However, it can be very powerful
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Figure 9.27 (a) Raman spectra of a SnO, electrocatalyst for CO,RR in NaOH electro-
lyte. (b) Evolution of the A;, band of SnO, (circles, solid line) as a function
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efficiency towards formate (crosses, dashed line). (c) Schematic represen-
tation of the reduction of SnO, NPs as a function of applied potential.
Reproduced from ref. 104 with permission from American Chemical
Society, Copyright 2015.

for elucidating catalyst structure changes induced by the electric potential.
Spectroelectrochemical cells using the OTTLE approach can be coupled to
Raman spectrometers or confocal microscopes that allow for laser frequency
tuning for experimental implementation.

The use of Raman spectroscopy for the investigation of the [Re(Cl)(bpy-R)(CO);]
molecular complex, which is active for CO,RR was reported by van Gastel.""°
The authors investigated ex situ the structure of the oxidized, the
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monoreduced and the doubly reduced complexes in acetonitrile solution
using a Raman microscope. Based on spectroscopic data, the authors proved
that the bipyridine ligand is involved in the activation of CO, along with the
rhenium metal centre.

9.3 X-ray Absorption Spectroscopy for the
Investigation of Electrochemical CO, Reduction

X-ray absorption spectroscopy (XAS) is one of the newest of the spectroscopic
techniques, applied for the study of CO,RR, gaining interest and popularity
with the development of synchrotron X-ray sources in the 20th century.
In situ XAS is used to determine changes in the local environment of
atoms and in the oxidation state of either the electrodes in heterogeneous
systems, or of the molecular catalysts in homogeneous systems under re-
action conditions. The use of “hard” X-rays for XAS reduces the absorption
of radiation by light elements such as H, C, N, and O, which makes cell
design for in situ XAS studies a much easier task compared to cell design for
vibrational spectroscopic studies. XAS is, traditionally, a bulk technique
compared to the vibrational spectroscopic techniques, which can have some
degree of surface sensitivity, depending on the sampling configurations as
described in earlier sections.

The mechanism of X-ray absorption follows the Beer-Lambert law.
A typical X-ray absorption spectrum is a plot of the absorption coefficient
vs. the energy of X-ray photons. Every element exhibits specific X-ray
absorption edges corresponding to promotion of electrons from core levels
to either empty valence levels or into the continuum. The energy of the
absorption edge depends on the oxidation state of the element. In this way,
the latter can be identified from the position of the absorption edge, by
comparing it to that of a reference material. When the energy of X-ray
photons is increased further after the absorption edge, generated photo-
electrons are ejected into the continuum, accompanied by the formation of a
wave. When the probed atoms are in a lattice, the photoelectrons which form
due to the absorption of X-ray radiation are scattered by the neighbouring
atoms. The wave formed due to the scattering of the photoelectrons can
interfere (constructively or destructively) with the wave formed due to the
photoelectron ejection to the continuum. This interference phenomenon
gives rise to a fine structure after the absorption edge, and information re-
garding the neighbouring atoms, interatomic distances, and coordination
can be extracted.

Two measurement configurations are common for XAS studies, i.e.
transmission and fluorescence (see Figure 9.28a and b). The choice of con-
figuration is determined by the sample type under investigation. Typically,
the transmission mode is used for thinner samples (<1 pm) and samples of
higher concentration. Here, the uniform thickness of the sample is critical
for obtaining accurate results. The fluorescence mode is used for the
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Figure 9.28 XAS measurement configurations for the investigation of electrochem-
ical reactions, i.e. (a) transmission and (b) fluorescence configuration.

analysis of thick samples and for highly diluted samples. The use of
fluorescence mode for samples of high concentration is not advised, as
self-absorption can occur, which attenuates the fluorescence signal. The
study of nanostructured electrocatalysts is possible and more easily imple-
mented for XAS compared to vibrational techniques. This is done by directly
depositing the catalyst materials on conductive support materials, e.g. car-
bon paper which acts as working electrode.

Nevertheless, there are a few considerations to keep in mind when de-
signing cells for in situ XAS. Although water is less of a problem in XAS, the
electrolyte solution, which for CO,RR often contains potassium or sodium
(bi)carbonate can give some attenuation of the X-ray beam travelling through
the cell. Therefore, the thickness of the electrolyte layer is an important
factor that can influence the quality of the acquired data, although this is not
as critical as with IR spectroelectrochemistry where the thin electrolyte layer
approach is used. The cell windows should be manufactured from a chem-
ically inert, resistant, and X-ray transparent polymer material, such as
Kapton.
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For more information on the historical development and applications of
XAS, as well as for a detailed explanation of the X-ray absorption mechanism
and some implementation examples, the review paper by Sharpe et al. and
the more recent one by Wang et al., as well as the chapter by Minguzzi and
Ghigna, offer very useful insights.'*'"'"*

9.3.1 Application in Heterogeneous Systems

One may argue on the necessity of applying in situ XAS, taking into account
its main inherent challenge, i.e. the need of synchrotron radiation for the
investigation of electrode materials. In principle, information regarding the
oxidation state of the metals can be derived from less technically demanding
and time-consuming means. The oxidation state of metals at different ap-
plied potentials as a function of pH, for example, is available from Pourbaix
diagrams. However, Pourbaix diagrams only indicate the most thermo-
dynamically stable phases and, as already mentioned in the earlier sections,
the suggested oxidation states do not always coincide with data acquired by
spectroscopic techniques, which are more accurate for the specific elec-
trodes and electrolyte solutions used.

The use of XAS for investigating CO,RR is gaining more and more interest
in recent years, with several reports emerging for various metal electrodes
and nanoparticulate electrocatalysts, including Zn, Cu, Fe, Sn, Fe;S, and
Ni."'*23 A robust flow electrochemical cell design for in situ XAS for the
investigation of heterogeneous electrocatalysts was proposed by Binninger
et al."** The cell is designed for both transmission and fluorescence
configurations and consists of three parts (see Figure 9.29a). The window
material is Kapton. The electrolyte layer thickness in the path of the X-ray
beam is 2 mm. The working electrode consists of an electrically conductive
Kapton film, over which the powdered catalyst is deposited by spray coating
(see Figure 9.29b). The counter electrode also consists of an electrically
conductive Kapton film, spray-coated with high surface area active carbon.
A commercial Ag/AgCl reference electrode can be connected and used for the
cell (see Figure 9.29c).

Although the authors did not use their cell for the study of CO,RR, it
would be feasible, by spray-depositing the catalysts over the conductive
Kapton tape and choosing the appropriate electrolyte. The main advantage
of the cell is that the electrolyte flows through the cell during measurements,
carrying away bubbles that might form at the electrode surface. At the same
time, mass transport limitations are diminished by the continuous re-
plenishment of the electrolyte. A similar cell for small angle X-ray scattering

studies on a laboratory-scale diffractometer was reported by the same
125

group.

A notable case of this technique is the so-called soft XAS (sXAS). Although
the experimental implementation and data treatment of sXAS is more dif-
ficult, it offers the possibility to investigate light elements, such as oxygen,

carbon, or nitrogen that are often present in the composition of
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electrocatalysts. In this way, the formation and reduction of oxides can be
monitored in situ. The main challenge is the low penetration depth of
soft X-ray in liquids and the need of placing the cell and the detector in
vacuum chambers because of the high absorption of soft X-rays by gas.
Ishihara et al. proposed a noteworthy cell design for sXAS."*°

Rosen et al. investigated CO,RR to CO in 0.5 M NaHCO; using a nanos-
tructured Zn dendrites catalyst.'** The stability of the electrode at different
applied potentials was tested using in situ XAS. At —0.5 V vs. RHE, the oxi-
dation of metallic Zn to Zn>* was observed, associated with the shifting of
the Zn K-edge towards higher energy values (see Figure 9.30a). Starting from
—0.7 Vvs. RHE and lower potentials, the Zn dendrites electrode is stabilized,
as the absorption edge during electrolysis matches the K-edge of metallic Zn.
In the Fourier transform extended X-ray absorption fine structure (EXAFS)
spectra, the distance of ~2.3 A agrees with a Zn-Zn bond (see Figure 9.30b).
The EXAFS spectrum of the material after reaction does not fully match ei-
ther the reference spectrum of metallic Zn foil, or that of ZnO (see
Figure 9.30c). The authors suggest the formation of an amorphous ZnO. The
change in oxidation state of Zn during 1 h of electrolysis at —0.5 V vs. RHE
was monitored. The shift of the absorption edge towards higher energy is a
clear indication of the oxidation of Zn to ZnO (see Figure 9.30d).

Mistry et al. studied CO,RR to ethylene over plasma-activated Cu foils.
Cu,0 and CuO form at the surface of the foils after O, plasma treatment.
During electrolysis at —1.2 Vvs. RHE in 0.1 M KHCOj3, X-ray absorption near
edge structure (XANES) spectra indicated the reduction of copper oxides to
metallic Cu after one hour (see Figure 9.31a). However, the selectivity to-
wards ethylene did not change during the course of the reaction and the
authors concluded that Cu™ species are still present at the surface of the
foils after the 1 h electrolysis. This was confirmed by scanning transmission
electron microscopy (STEM) studies but not observed in the XANES spectra,
which reflect to a higher degree the bulk composition of the samples, rather
than the surface. EXAFS spectra of the plasma-activated Cu foils before
electrolysis confirm the presence of metallic Cu and copper oxides (see
Figure 9.31b). In situ EXAFS spectra clearly indicate the reduction of CuO and
Cu,O to metallic Cu within one hour of electrolysis (see Figure 9.31c).

In situ sXAS was used by De Luna et al. to investigate CO,RR to ethylene
with a electroredeposited (ERD) Cu catalyst in 0.5 M KHCO;."'® Unlike
hard X-rays which are able to probe high-energy transitions, soft X-rays are
able to measure lower energy 2p electron excitations to the 3d shell. Such
transitions are more sensitive to electronic structure changes and the ac-
quired spectra can offer more information than the high-energy transitions.
The reduction of copper from Cu®" to Cu® with increasingly negative po-
tential was observed by following changes in the L-edge of Cu (see
Figure 9.32a). At an applied potential of 0.28 V vs. RHE, Cu®" was quickly
reduced to Cu™. It is notable that the reduction of Cu®** to Cu™ takes place
within 5 min after the application of the potential, but the reduction of Cu™
to Cu® is much slower. After one hour of electrolysis, ~23% of the copper in

115



386 Chapter 9

—
—

1.24 Zn0 standard (b} 104 — AV
’ Znbulk foil [ ) —pav
5 1.04 ‘_'323 —-0.7V
= Pt -0.5V
= 09V ’
ED.S- sl Zn bulk foil
o
<
80.6—
N
B4
E
[=]
Z02
004 9557 ©B58 9550 0660 9651 0
9840 9850 9660  O670 9680 0890 0 2 4 6 8
Energy (eV) Apparent Distance (Angstroms)
(c) : (d)
Zn bulk foil 1.24 -0.5V vs. RHE
Zn0 standard —
Zn dendrite (-0.5V) | ©1.04
oy
= Eo.a-
w0
= <L
;":3 30'6' — 0 minute
s N —— 15 minutes
L g 0.4+ —— 30 minutes
5 —— 45 minutes
=02 60 minutes
- —— Zn bulk foil
0 2 4 6 8 9650 9655 9860 9665 9570
Apparent Distance (Angstroms) Energy (eV)

Figure 9.30 In situ (a) XANES and (b) EXAFS spectra of the Zn dendrites electrode at
different applied potentials, (c) EXAFS spectra of a Zn dendrite elec-
trode after 1 h of electrolysis at —0.5 V vs. RHE, and (d) in situ XANES
spectra of the catalyst as a function of electrolysis time.

Reproduced from ref. 114 with permission from American Chemical
Society, Copyright 2015.

the electrocatalyst is present as Cu" species (see Figure 9.32b-e). From DFT
studies, the authors concluded that Cu™ species are responsible for shifting
the product selectivity from C, to C, compounds. The stability of Cu™ species
is a key factor of the efficiency of these catalysts.

XAS was used for in situ studies on highly active CO,RR catalysts consisting
of O- and N-doped carbon-supported Fe oxyhydroxide clusters. The oxidation
state of iron in the catalysts was first determined from XANES spectra re-
corded ex situ."'® By comparing the spectra of the catalysts to the spectra of
Fe;0, and Fe, 03, the authors concluded that Fe is present as Fe(ui) species.
Furthermore, in situ measurements under CO, electrolysis conditions were
conducted. For the N-doped carbon support, the decrease in intensity of the
pre-edge feature at 7114.5 eV, and the shift of the absorption edge towards
lower energy by 2 eV as the potential is varied from the open circuit potential
(OCP) to —0.5 V vs. Ag/AgCl, were observed. At —2 V vs. Ag/AgCl the iron
species are reduced to Fe® (see Figure 9.33a). The changes in the XANES
spectra at OCP and at —0.5 V vs. Ag/AgCl do not clearly indicate the formation
of Fe(u) species, so the authors fitted a spectrum arising from both Fe(m)
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Figure 9.31 (a) In situ XANES spectra of plasma-activated Cu foil during electrolysis,
(b) Fourier transform EXAFS spectra of the Cu foil along with the
reference spectra, and (c) in situ Fourier transfer EXAFS spectra of the
plasma-activated Cu foil.

Reproduced from ref. 115, https://doi.org/10.1038/ncomms12123,
under the terms of the CC BY 4.0 license, http://creativecommons.org/
licenses/by/4.0/.

species and Fe’. After calculating the difference between the experimentally
acquired spectrum and the fitted spectrum, a new spectrum resembling the
structure of FeO (wiistite) was obtained (see Figure 9.33b). For determining
the coordination of the iron atoms under reaction conditions, the EXAFS
spectrum of the Fe/N-C catalyst was compared to the simulated spectra of
ferrihydrite and wiistite. The authors concluded that the EXAFS spectrum
represents a mixed valence Fe(ui)/Fe(ir) compound (see Figure 9.33c).
Changes in the oxidation state with applied potential for a tin oxide-
containing catalyst for CO,RR to formate in a bicarbonate solution (pH 8.5)
were monitored by Dutta et al."*° The XANES spectrum of the as-synthesized
catalysts resembles the spectrum of a SnO, reference, with the Sn K-edge
position at 29 205 eV (see Figure 9.34a). The —1.15 V vs. Ag/AgCl negative
potential is not enough to start the reduction of the SnO, NPs, but at —1.55
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and —1.70 V vs. Ag/AgCl, the shift of the Sn K-edge towards lower energy
values indicates the reduction of SnO,. By fitting the experimental XANES
spectra, the authors were able to determine the ratio of SnO, to Sn in the
catalysts as a function of applied potential (see Figure 9.34b). In the EXAFS
spectra, the intensity of the peak characteristic for Sn-O bonds in SnO,
gradually decreased in size, and at the same time, the peak characteristic for
Sn-Sn bonds increased with more negative potential (see Figure 9.34c).
Interestingly, SnO, which should be an intermediate in the reduction of
SnO, to metallic Sn, was not clearly observed, although a low-intensity peak
in the EXAFS spectra was tentatively attributed to it.

The activation and reduction of CO, were experimentally observed for a
single-Ni-atom catalyst using in situ XAS by Yang et al.'>> When the KHCO;
electrolyte solution purging was changed from Ar to CO,, a shift of the
absorption edge by 0.4 eV to higher energy indicated the increase of Ni
oxidation state. The authors correlated this to the delocalization of the un-
paired electron in the 3d,,, orbital and the charge transfer from Ni(1) to the
2p orbital of carbon in CO,, leading to the formation of CO,’~ species (see
Figure 9.35a). At —0.7 V vs. RHE, the absorption edge shifted by —0.2 eV to a
lower energy, which indicates the reduction of Ni after one cycle of CO,RR.
The EXAFS spectrum showed an increase in intensity of the peak at 1.45 A,
associated with the Ni-N bond, due to a contribution from the Ni-C bond
overlapping with the Ni-N bond (see Figure 9.35b). Applying —0.7 V vs. RHE
leads to a shift of the peak by 0.04 A, indicating a Ni-N bond length increase
during the reduction of CO.,.

9.3.2 Application in Homogeneous Systems

Despite the popularity of XAS for the study of heterogeneous CO,RR, reports
of using this technique for the investigation of molecular catalysts are limited.
Wei et al. reported an in situ XAS cell for the investigation of molecular
catalysts, including heterogenised molecular catalysts (see Figure 9.36).">" %"

The XAS investigation of a heterogenised, carbon nanotube-anchored
Zn-porphyrin complex active for CO,RR indicated no changes in the
XANES spectra under in situ conditions in a potential range from —1.7 V to
+0.2 V vs. SHE (see Figure 9.37a)."*® Based on this observation, the authors
concluded that the Zn metal centre does not change its oxidation state
during electrolysis and keeps its +2 oxidation state. In situ EXAFS spectra
also exhibited minor changes in the investigated potential range which
could indicate reduction of the porphyrin ligand or binding of molecules to
the Zn site, but not oxidation state changes (see Figure 9.37b). Experiments
with the metal-free porphyrin precursor showed no activity towards CO,RR,
indicating the critical role of Zn metal centre for CO,RR, although its oxi-
dation state did not change during electrolysis.

Weng et al. investigated three Cu complexes for CO,RR by in situ XAS:
copper(u) phthalocyanine (CuPc), copper(un) benzene-1,3,5-tricarboxylate
(btc) MOF (HKUST-1) and copper(u) 1,4,8,11-tetraazacyclotetradecane
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Figure 9.35 (a) In situ XANES spectra of the single-Ni-atom catalyst under Ar, CO,
and at —0.7 V vs. RHE applied potential, and (b) in situ EXAFS spectra of
the single-Ni-atom catalyst.
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Reproduced from ref. 129, https://doi.org/10.1038/s41467-018-02819-7,
under the terms of the CC BY 4.0 license, http://creativecommons.org/
licenses/by/4.0/.

chloride ([Cu(cyclam)]Cl,)."*® XANES spectra recorded during electrolysis
revealed distinct behaviour of the three materials. The potential was
decreased stepwise from the open circuit voltage (OCV) value (~0.8 V vs.
RHE) to —1.06 V vs. RHE and increased to 0.64 V vs. RHE. At OCV, copper is
present as Cu(n) species in all three complexes, indicated by the character-
istic peak at ~8985 eV of the 1s— 3d transition (see Figure 9.38a and 9.39a
and d). At —0.66 V vs. RHE, the appearance of a peak at ~8981 eV in the
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Figure 9.37 (a) In situ XANES spectra and (b) in situ Fourier transform EXAFS spectra
of the Zn-porphyrin catalyst during CO,RR (potential values reported
vs. Ag/AgCl).

Adapted from ref. 128 with permission from American Chemical Soci-
ety, Copyright 2017.
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Figure 9.38 (a) In situ XANES spectra of CuPc at different applied potentials,
(b) first-order derivatives of XANES spectra, and (c) in situ Fourier
transform Cu K-edge EXAFS spectra of CuPc during CO,RR.

Adapted from ref. 129, https://doi.org/10.1038/s41467-018-02819-7,
under the terms of the CC BY 4.0 license, http://creativecommons.org/
licenses/by/4.0/.

XANES spectrum of CuPc, indicates the reduction of Cu(u) species to Cu(r)
(see Figure 9.38a). At a potential of —1.06 V, Cu(1) species were further re-
duced to metallic Cu(0), indicated by the increase of the feature at ~8980 eV,
characteristic for Cu(0). The Cu(u) peak was still present at —1.06 V vs. RHE
in the XANES spectra. Increasing the potential to 0.64 V vs. RHE led to the
oxidation of Cu(0) species to Cu(u). The reversibility of the oxidation state
change of Cu in CuPc with applied potential was more clearly observed in the
derivative curves of the XANES spectra (see Figure 9.38b).
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HKUST-1 and [Cu(cyclam)]Cl, complexes did not exhibit the reversible
oxidation change of Cu with applied potential. At —1.06 V vs. RHE, XANES
spectra indicated the presence of Cu(0) species (see Figure 9.39a,b,d,e) for
both complexes. However, when the potential was increased to 0.64 V vs.
RHE, the XANES spectrum of HKUST-1 predominantly indicated that Cu(i)
species and metallic Cu were observed for [Cu(cyclam)]Cl,.

EXAFS investigations strengthened the conclusions from XANES meas-
urements regarding oxidation state changes of Cu in the three complexes. At
—1.06 V vs. RHE, all three complexes exhibited a peak at R=2.2 A in the
Fourier transform EXAFS spectra, characteristic for the metallic Cu-Cu bond
(see Figure 9.38c, and 9.39¢ and f).
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Figure 9.39 (a) In situ XANES spectra of HKUST-1 at different applied potentials,
(b) first-order derivatives of XANES spectra for HKUST-1, (c) in situ
Fourier transform Cu K-edge EXAFS spectra of HKUST-1 during CO,RR,
(d) in situ XANES spectra of [Cu(cyclam)]Cl, at different applied poten-
tials, (e) first-order derivatives of XANES spectra for [Cu(cyclam)]Cl,,
and (f) in situ Fourier transform Cu K-edge EXAFS spectra of
[Cu(cyclam)]Cl, during CO,RR.
Adapted from ref. 129, https://doi.org/10.1038/s41467-018-02819-7,
under the terms of the CC BY 4.0 license, http://creativecommons.org/
licenses/by/4.0/.
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For the CuPc complex, the potential-induced structural reversibility was
revealed (see Figure 9.38c). At —1.06 V vs. RHE, besides the characteristic
Cu-Cu peak, a feature in the R=1 to ~2 A range was assigned to the CuPc
structure. At 0.64 V vs. RHE, the EXAFS spectrum exhibits a strong resem-
blance to the EXAFS spectrum recorded at OCV.

Based on the pronounced similarity between the metal Cu standard
spectrum and the spectra of HKUST-1 and [Cu(cyclam)]Cl, at —1.06 V vs.
RHE, the authors suggested that for these complexes, formation of bulk
metallic Cu takes place (see Figure 9.39¢ and f). Formation of Cu,O from
HKUST-1 at 0.64 V vs. RHE was suggested, based on the resemblance of the
EXAFS spectrum to the reference spectrum of Cu,O standard. In the ex-
periments with [Cu(cyclam)]Cl,, the formation of a reddish sheen on the
electrode caused noise in the EXAFS spectra, indicating the formation of
metallic Cu, irreversible upon potential cycling.

9.4 UV-Vis Spectroscopy for the Investigation of
Electrochemical CO, Reduction

UV-Vis spectroscopy is, along with IR spectroscopy, a pioneering spectro-
scopic technique that is applied to the study of electrochemical reactions.
Both techniques were developed in the same period, but compared to IR
spectroelectrochemistry, UV-Vis spectroelectrochemistry has the advantage
of easier experimental implementation. Absorption of UV-Vis light by the
electrolyte solution and the subsequent attenuation of the signal en-
countered in IR spectroelectrochemistry is a less critical concern in UV-Vis
spectroelectrochemistry. In addition, the material of choice for cell design is
quartz, which is more stable at the conditions used in the electrochemical
experiments than the materials used as radiation transparent windows in IR
spectroelectrochemistry.

The technique is used to study electronic transitions accompanying elec-
trochemical transformations in molecular catalysts, as will be shown in a few
examples. UV-Vis spectroscopy can be applied to investigate electrochemical
reactions in external reflection, internal reflection, or transmission con-
figuration (see Figure 9.40a and b).

The internal reflection configuration was developed and applied in the
late 1960s, but later became less popular in favour of the external reflection
configuration and the transmission configuration.’*>'*! An interesting cell
design using the external reflection configuration was proposed by Neudeck
et al.'*® The group of Kubiak used one cell for both IR and UV-Vis spec-
troelectrochemical studies using the external reflection configuration.** The
transmission configuration makes use of optically transparent thin layer
electrodes, consisting of Au or Pt minigrids, similar to those mentioned in
the section on IR spectroelectrochemistry. The application of UV-Vis spec-
troscopy for the investigation of species formed at the surface of metallic
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Figure 9.40 (a) External reflection configuration for UV-Vis spectroelectrochemistry
and (b) transmission configuration.

electrodes is challenging, as very often such intermediates are not suscep-
tible to UV-Vis radiation.

9.4.1 Application in Homogeneous Systems

In homogeneous CO,RR, UV-Vis spectroscopy is used to elucidate the nature
of redox species arising with changes in applied potential. In this way, it is
possible to determine if the electron transfer involves the metal centre or the
ligands, and how the latter participates in electrolysis. Together with the
equivalent information extracted from IR spectroelectrochemistry, this al-
lows one to derive reaction mechanisms.

The group of Hartl extensively investigated CO,RR using UV-Vis and IR
spectroelectrochemistry for various molecular complexes, including
[M(CO),(2,2-bipyridine)] complexes with M=Cr, Mo, W, [Os(CO)(2,2'-
bipyridine)(L)Cl,] with L=Cl", PrCN, [Mn(CO);(isopropyl-1,4-diazabuta-1,3-
diene)]” and [Mo(CO),(n*-allyl)(a-diimine)(NCS)].%% 7133134

For [Mo(CO),(bpy)], at —2.07 V vs. Cp,Fe*’°, the peaks at A, =258, 297,
393, and 462 nm, characteristic to [Mo(CO)4(bpy)] (see the red line in
Figure 9.41), are replaced by new peaks at A, =260, 306, 366, and 463, and
the bifurcated band at 491 and 532 nm, indicating a reduced 2,2-bipyridine
ligand. The authors associated this spectrum to the [Mo(CO)4(bpy)]°*~ com-
plex (see the green line in Figure 9.41). At —2.16 V vs. Cp,Fe "', the complex
was further reduced to [Mo(CO);(bpy)]>”, indicated by the appearance of
characteristic absorption bands at Ap.x=258, 369, 580, and 644 nm in the
UV-Vis spectrum (see the blue line in Figure 9.41).
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Figure 9.41 UV-Vis spectra of [Mo(CO),(bpy)] (red), [Mo(CO)4(bpy)]°~ (green), and
[Mo(CO)3(bpy)]>~ (blue) recorded in 0.3 M BuyNPF4/tetrahydrofuran
using an OTTLE cell.

Adapted from ref. 38 with permission from John Wiley and Sons,
Copyright © 2015 The Authors. Published by Wiley-VCH Verlag
GmbH & Co. KGaA.

Bourrez et al. used UV-Vis spectroscopy to confirm the intermediates of
the reduction of the [Mn(bpy)(CO);Br] complex in acetonitrile."**> Two ir-
reversible reduction peaks were observed in the cyclic voltammograms. The
first one, at —1.65 V vs. Ag/Ag" was associated with the formation of the
[Mn(bpy)(CO);], dimer, accompanied by the appearance of three bands in
the UV-Vis spectra at 394, 461, 633, and 806 nm (see Figure 9.42a). For the
second reduction peak, at —1.85 V vs. Ag/Ag”, the appearance of bands at
370 and 560 nm was associated with the formation of [Mn(bpy)(CO)s] (see
Figure 9.42b).

Machan et al. replaced the Br~ ligand with CN ™, to form [Mn(bpy)(CO);CN],
for which the formation of the [Mn(bpy)(CO);], dimer is supressed.”> UV-Vis
spectroscopy confirmed the substitution of Br~ with CN™ by a blue shift of the
band at 416 nm in the parent compound to 377 nm in [Mn(bpy)(CO);CN] (see
Figure 9.43a). The formation of [Mn(bpy)(CO);]” was observed, indicated by
bands at 352 and 559 nm, when decamethylcobaltocene (CoCp*,) was added
as a reductant (see Figure 9.43b).

Isaacs et al. applied UV-Vis spectroscopy to a series of poly-M-ami-
nophtalocyanine complexes (M = Co, Ni, Fe) for CO,RR."*° Phthalocyanines
exhibit two features in UV-Vis spectra associated with n-r transitions of the
ligands: the Q band at low energies (HOMO-LUMO) and the Soret band at
high energies (HOMO '-LUMO). The spectroelectrochemical experiments
were conducted using a fluorine-doped tin oxide glass working electrode, on
which the complexes were electropolymerized in a quartz cuvette, in 1 mM
NaClO,. Poly-Co-tetrakis aminophthalocyanine (poly-Co-TaPc) and poly-Ni-
tetrakis aminophthalocyanine (poly-Ni-TaPc) exhibit different selectivity
trends in CO,RR. In situ UV-vis spectra of the two complexes also showed
significant differences when the electric potential was applied. In the case of
poly-Co-TaPc, under a N, atmosphere, the Q band appeared at 725 nm and a
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Figure 9.42 (a) Cyclic voltammogram and UV-Vis spectrum (inset) at —1.65 V vs. Ag/Ag™ for [Mn(bpy)(CO);Br], and (b) UV-Vis spectrum

of [Mn(bpy)(CO);Br] at —1.85 V vs. Ag/Ag™ in 0.1 M BuyNCIO,/acetonitrile.
Adapted from ref. 135 with permission from John Wiley and Sons, Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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part of the Soret band was observed between 300 and 400 nm at OCP (see
Figure 9.44a). At —0.4 V vs. Ag/AgCl, a new band at 480 nm emerged, ascribed
by the authors to a MLCT (see Figure 9.44b) transition. Under CO, bubbling
of the electrolyte solution, the Q band and the Soret band decreased in in-
tensity. In contrast, for poly-Ni-TaPc, the Q band showed almost no change
in intensity when the potential was changed from OCP to —0.8 V vs. Ag/AgCl
(see Figure 9.44c). Under CO, bubbling, the Q band significantly decreased
in intensity (see Figure 9.44d). Based on the appearance of UV-Vis spectra of
the two complexes under CO, bubbling, the authors concluded that CO,
interacts differently with the two complexes, which results in the different
selectivity trends.

(a)
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(a) UV-Vis spectra of poly-Co-TaPc under a N, atmosphere at OCP (solid
line) and —0.4 V vs. Ag/AgCl (dashed line), (b) UV-Vis spectra of poly-Co-
TaPc under CO, bubbling at OCP (solid line) and —0.4 V vs. Ag/AgCl,
(c) UV-Vis spectra of poly-Ni-TaPc under a N, atmosphere at OCP (solid
line) and —0.8 V vs. Ag/AgCl (dashed line), and (d) UV-Vis spectra
of poly-Ni-TaPc under CO, bubbling at OCP (solid line) and —0.8 V vs.
Ag/AgCl (dashed line).

Adapted from ref. 136 with permission from Elsevier, Copyright 2005.
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9.5 Summary and Outlook

The contribution of spectroscopy to the understanding of electrochemical
reactions cannot be underestimated. The information on selectivity
trends and reaction mechanisms determined by IR spectroscopy for bulk
metallic electrodes over the years is of great practical importance towards
the rational design of more efficient electrocatalysts. We hope that more
effort will be done in the future to extend the use of spectroscopic methods
to the study of nanostructured electrocatalysts, as these behave differently
to bulk electrodes. As highlighted above, different analytical techniques
have different characteristics in the information gained and methodo-
logical limitations. Knowing these is of utmost importance to increase the
feasibility of such experiments and extract as much information as
possible.

Raman spectroscopy and X-ray absorption spectroscopy have shown that
the oxidation state of the metals during electrolysis do not always match
those predicted by Pourbaix diagrams. This information is very useful for
determining the optimum electrolysis conditions, in terms of applied po-
tential, and for understanding the deactivation and long-term stability of
electrode materials. For molecular electrocatalysts, UV-Vis spectroscopy and
IR spectroscopy both brought a significant contribution to the identification
of intermediate structures formed during electrolysis and to the formulation
of reaction mechanisms.

What is clearly needed for the further development of the field of spec-
troelectrochemistry, is the improvement of the design of current cells. As
discussed, there are still challenges in the state-of-the-art cell design, par-
ticularly for IR spectroscopic studies, such as mass transport limitations in
thin layer cells or stability issues of metallic films in ATR-IR. New ap-
proaches and measurement configuration should target the diminishment
of such constraints.

Most of the time, only one, or rarely two, spectroscopic techniques are
combined to investigate electrochemical reactions. However, for a full
understanding of all the underlying processes happening during the re-
action, it would be of great interest to combine as many complementary
spectroscopic techniques as possible (in a multiprobe or multimodal
approach), which we expect to happen in the future.
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10.1 Introduction

Scalable energy storage technologies are needed to enable a renewable en-
ergy economy." Converting electrical energy into chemical energy in the form
of liquid fuels is an appealing storage strategy for addressing seasonal en-
ergy storage, as well as for the heavy transportation and aeronautical
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industries. The electrochemical production of H, fuel from H,O is one
pathway that has seen considerable advancements in efficiencies and rates
of product formation in the past few decades, yet it remains relatively
expensive to relative to producing H, from steam methane reforming.*?
Consequently, less than 5% of global hydrogen production is produced by
non-thermal methods.? An alternative strategy for converting renewable
electricity into chemical energy is to electrolytically produce carbon-based
chemicals and fuels from CO,. These processes offer the advantage of being
easier to integrate into our existing infrastructure than hydrogen and have
motivated academia and industry to design ‘“low-temperature” (i.e., those
that operate at ~20 — 150 °C) CO, reduction reaction (CO,RR) electrolyzers
capable of producing value-added chemicals such as CO, methanol, ethyl-
ene, and propanol (Figure 10.1)* without fossil fuel feedstocks.”

The commercial viability of CO, electrolyzers is contingent on achieving
high current densities (/>200 mAcm ) with reasonable single-pass con-
versions (>50%) at high CO,RR faradaic efficiencies (FE>90%) for extended
time periods (>1 year) while maintaining low operating cell potentials
(Ecen<3.0 V).°® An emerging body of data indicates that pilot CO, electro-
lyzers are capable of competitive performance across a limited set of these
metrics [e.g,, a combination of high J and FE,”'® or the simultaneous
achievement of moderate J (100 mAcm ?) and extended lifetimes
(~100 h)'"'?] but realizing all key figures-of-merit (including J, single-pass
CO, conversion, FE, lifetime, and E..;) in a single technology has not yet
been demonstrated.* This situation demands major advances in electro-
catalyst and membrane material design as well as electrolyzer stack
engineering."> ™"’

How CO, electrolyzers are integrated with both upstream and downstream
processes needs to be considered along with the market size and price of

Estimated Estimated
market price market size
I ($kg™) (billion USD)
- ~1.20 §2.7-32
. ﬂ Carbon monoxide 4el) U
Clean ~
= 0.40-0.80 $0.6
electricity Formic acid it e
A
e 0.39-0. $54
CO,+H,0 Methanol $30:0.48 o
CO, Electrolyzer
0.80-1 4 $155 - 248
Ethylene 0.80-1.10 $155 18

Figure 10.1 An overview of the approximate market sizes (in USD) and prices (in $ per kg)
for chemicals directly accessible via CO, electrochemical reduction.
Reproduced from ref. 4 with permission from American Chemical
Society, Copyright 2018.



410 Chapter 10

target CO,RR products.® C1 and C2 hydrocarbons are particularly appealing
CO, electroreduction targets due to their sizeable markets (e.g., CO and C,H,
estimated at $2.7 —3.2 and $155— 248 billion USD, respectively). The
challenge is to electrolytically produce these chemicals at a cost that is
competitive with conventional industrial production (<$1USD per kg).
Indeed, currently known electrocatalysts are unable to electrosynthesize
alcohols (methanol, ethanol) or any C2 product with high selectivity,
potentially disqualifying them as viable CO,RR products.'®° In contrast,
formate and CO are attractive target products for CO, electrolysis because
they can be produced with FE exceeding 90% and have higher “product
value per electron” than other CO,RR products ($0.016 USD per electron and
$0.008 USD per electron for formate and CO, respectively, c¢f. remaining
accessible CO,RR products including propanol, ethylene, and methane have
product values of <$0.005 USD per electron).”'>* CO is appealing because
there exists a significant global demand for downstream products of syngas
(CO, H,), including synthetic diesel and methanol.*® Furthermore, CO,-to-
CO electrolysis has been demonstrated at high FE (>90%) and high
J (>200 mAcm?).* Notwithstanding, a commercially viable CO,RR reactor
remains outstanding and the supply chains and capital expenditure costs are
poorly defined, thus it is too early to make strong judgements on the exact
CO,RR product that should be targeted.

The electrocatalyst is one of the most important components of a CO,
electrolyzer because it dictates both the product selectivity and energy effi-
ciency of the CO,RR. The search for new catalysts that can simultaneously
increase energy efficiency and selectivity is complicated by various factors
which can impact catalyst activity, including intermediate binding
energy,”*° coordination®”*® and active site availability,>" catalyst particle
geometry,®>?* kinetic supply of reactants,** desorption of products,*” and
adsorbate-adsorbate interactions.?® The local environment of the catalyst
also plays a significant role in modulating the selectivity of the CO,RR and
the reduction potential of the competing hydrogen evolution reaction (HER),
including local pH,*”*! electrolytes,**** and cations.**™*’ Moreover, these
factors are highly sensitive to current density and applied potential. Most
academic investigations of CO,RR electrocatalysts are typically performed in
three-compartment aqueous “H-cells” that restrict J to <100 mA cm > due to
mass transfer limitations and low CO, solubility.">'**® Given that the
applied current density affects the chemical environment of a catalyst and
the catalytic activity, catalyst testing in an H-cell is generally not represen-
tative of commercial operating conditions that require />200 mAcm >,
One must also consider that the performance of an electrocatalyst will be
a mixture of both the material and the local environment, as opposed to
solely the catalyst surface characteristics (e.g., morphology, crystallographic
face, etc.).*®

These constraints make it imperative to study catalytic performance at
J>100 mAcm >, Such studies must be performed in continuous flow
reactors that exhibit decreased mass transfer resistances relative to
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batch-type H-cell reactors by driving fluid flow across the catalyst surface.
Furthermore, the implementation of catalysts in flow reactors can open up
entirely new fields of CO,RR research. A clear example of this phenomenon
is our demonstration that molecular catalysts achieve stable, selective CO
production in a flow reactor, but not in an H-cell environment.”® Another
advantage of the flow reactor architecture is that benchtop flow reactor de-
sign can inform the scale up of CO, electrolyzers to multi-cell stacks that are
compatible with commercial operation. Such an approach has previously
been effective in developing other industrial electrolysis technologies such
as fuel cells and H,0 electrolyzers.”" Notwithstanding, strikingly few studies
exist of the CO,RR in a flow reactor relative to H-cell.

This chapter highlights the challenges and opportunities of testing CO,RR
flow cells to better account for the local environment at the catalyst surface
(e.g., pH, electrolyte), transport phenomena, and ion and charge transfer
properties. We examine the various flow reactor architectures that are cur-
rently being studied in this field, and outline strategies for catalyst testing at
high current densities.

10.2 Differentiated CO,RR Chemistry in an H-Cell
and Flow Reactor

A key difference between a continuous flow reactor and an H-cell is the
roughly 3 orders of magnitude difference in the CO, diffusion boundary
layer thickness (i.e., ~50 pm in an H-cell c¢.f ~50 nm in a gas-diffusion
layer).”>>* This difference allows for higher maximum current densities in
a flow reactor. Our reaction-diffusion model predicts that the maximum
current density (Jmax) in an aqueous-fed system is <35 mAcm > for
two-electron CO,RR processes. For gas-fed reactors, Ji,.x values can reach
>200 mA cm > with gas-diffusion layers (GDLs) because of the smaller CO,
diffusion boundary layer thickness relative to H-cell setups.”® These
predictions are corroborated by experimental literature, including the first
report of gas-diffusion layers for CO,RR by Cook et al. in 1990.>%%°

A simple 1D reaction-diffusion model teaches that the local environment
directly influences CO,RR pathways and kinetics, and that the CO,RR itself
has a profound impact on the local environment.”**~>° This reaction-driven
sensitivity arises from the fact that H;0", HCO; , and H,O are reactants in
the CO,RR chemistry, as well as the competing HER. In most cases, the HER
is thermodynamically favorable relative to the relevant CO,RR. This situ-
ation creates a competition for protons and electrons between CO,RR and
HER that must be carefully managed.

At J<1 mAcm 2, H;O" present in the local electrolyte can directly me-
diate both the CO,RR and HER.® As J is increased and H;O" is depleted,
H,O is reduced to provide the requisite H* (Figure 10.2a), and concomitant
formation of OH™ increases the local electrolyte pH (Figure 10.2c).°™%* At
slightly higher CO,RR current densities (e.g., ~35 —100 mAcm > ***?) in
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Increasing Current Density

-

(a)

Protons supplied by
[H*] water reduction

(H,0 = H* + OH™)

Surface of the Catalyst

Figure 10.2 The relative effect of current density on the CO, reduction reaction
reaction (a) proton source, (b) concentration of CO, and (c) pH at the
surface of a CO, reduction catalyst.

Reproduced from ref. 53 with permission from the Royal Society of
Chemistry.

aqueous-fed systems, the catalyst is starved of CO, due to diffusion limi-
tations and the equilibrium is shifted towards HCO;  because of the higher
local pH (Figure 10.2b and ¢).”**” The conversion of CO, into HCO;  results
in the deleterious consumption of the feedstock and enhancement of the
HER.®® As the reaction current density is increased from zero to the point
where CO, is depleted at the catalyst layer, the surface coverage and binding
energies of key intermediates at the catalyst surface are affected by changes
in the local environment.’>**°> These changes are reminiscent of surface
effects incurred by varying material composition, structure or morphology.
The activity of a CO,RR electrocatalyst is clearly defined as much by the
environment around it as by the composition and geometry.

Modeling CO, reduction reactivity as a function of current density shows
that the CO, concentration and pH in the electrolyte at low current densities
are relatively similar for both the H-cell and the gas-fed flow reactor
(Figure 10.3). These similarities are expected because the smaller CO, dif-
fusion boundary layer thickness does not impact the availability of CO, in
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Figure 10.3 Simplified predictions of the electrode concentration of CO, and pH for
commonly-used electrolytes as a function of current density in an
(a and b) H-cell with a 50 pm CO, diffusion thickness and (c and d) a
gas-diffusion layer with a 50 nm CO, diffusion thickness and liquid
diffusion layer of 200 um. A Faradaic efficiency of CO,-to-CO of 90% is
assumed.
Reproduced from ref. 53 with permission from the Royal Society of
Chemistry.

the electrolyte to a significant extent, and OH™ diffusion is moderated by the
catholyte. In both cases, the local pH increases quickly for weakly-buffered
electrolytes (1 M KCl, 0.1 M KHCO;) because the OH™ by-product cannot
diffuse from the catalyst at a sufficient rate, nor can it be immediately buf-
fered (Figure 10.3b and d). Indeed, the pH at the catalyst can shift by as
much as 6 units within the first 1 — 2 mAecm ™ >.°° These large pH swings not
only impact CO, reduction reactivity, but they also impact the reference and
working electrodes to complicate the measurement of equilibrium poten-
tials, and, in turn, onset potentials and Tafel slopes. Our results also high-
light how, at low current densities, the solvent can act as the sole proton
source when using slightly acidic CO,-saturated electrolytes (Figure 10.3a).
This situation creates the possibility for a CO,RR electrocatalyst to be
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effective within the Tafel region, but exhibit slower kinetics at higher po-
tentials/current densities if H,O reduction becomes rate-determining. These
results illuminate the challenges of studying electrocatalysts at low current
densities.

An extrapolation of this model to commercially relevant current densities
(>200 mAcm ?) indicates that the environment near the CO,RR electro-
catalyst will be very basic (pH > 12) regardless of the electrocatalyst or elec-
trolyte (Figure 10.3d). Indeed, the formation of OH™ will drive the pH at the
catalyst layer to >12, even when using a 1 M KHCO; buffered electrolyte.
While a 0.1 M KHCO; electrolyte can be used in an H-cell to approach the
local pH values reached at high current densities (Figure 10.3), these con-
ditions are reached only when CO, is largely depleted and over a small
current density/potential range. The local alkaline conditions could, in
principle, be avoided with an acidic electrolyte, but the reaction kinetics
would have to favor the CO,RR over HER in a concentrated protic environ-
ment. Moreover, changes in local pH will drive up the overall cell potential
(even if the locally corrected cathode potential is not affected). These results
all point to the importance of the local environment on the CO,RR chem-
istry, and that this environment will be affected by the cell configuration.

10.3 Catalyst Testing at High Current Densities

It is widely known that the composition and structure of an electrocatalyst
can impact the binding energies of substrates to the surface, which effect-
ively gate reaction pathways to converge on a specific product. The previous
section highlighted how the local chemical environment of the catalyst
provides a similar function. Several studies have noted that higher local pH
conditions are needed to favour CO and multi-carbon products over H, and
CH, formation at Ag and Cu catalysts.”®*> At high current densities, this
effect is pushed to an extremely alkaline environment with or without a
buffer. This section discusses how pH affects the relative rates of CO,RR
and HER.

The HER is the key competing reaction to CO,RR at the cathode. In a basic
environment, the HER proceeds through direct H,O reduction and the
Volmer-Tafel or Volmer-Heyrovsky steps (Figure 10.4). The Volmer step is
particularly slow for widely used Cu, Au, and Ag electrocatalysts in basic
media due to poor H,O dissociation and the weak adsorbed H (*H) binding
energies that are to the right of the peak of the HER volcano plot
(Figure 10.5).°°"°° Simultaneous CO,RR at a catalyst surface also suppresses
HER activity by weakening hydrogen binding to the surface, blocking surface
sites, and consuming protons.”””! For catalysts on the left side of the HER
activity volcano plot (e.g., W, Mo, Co, Ni), HER activity in a basic environ-
ment may increase for the same fundamental reasons.

For most metals, operating at current densities >200 mA cm > provides a
secondary means of suppressing HER by acting to weaken hydrogen binding
energies at a higher local pH. Secondary approaches for suppressing HER
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Figure 10.4 (a) The general reaction pathway for the hydrogen evolution reaction

(HER) in neutral and basic media; HER is the primary competing
reaction to CO, reduction. (b) Possible reaction pathways for electro-
chemical CO, reduction to adsorbed CO (*CO) showing variations of
the initial proton-electron transfer step that may be thermodynamically
or kinetically affected by changes in the local reaction environment.
Adapted from ref. 53 with permission from the Royal Society of
Chemistry.
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are especially important for multi-carbon product formation. For example,
100-fold differences in C2 formation over C1 formation can be achieved in
an H-cell, but H, still represents 20 — 30% of the electrolytic product.>*”>"7*
When the same catalyst system operates at elevated current densities in a
flow reactor, the selectivity for carbon-based products can be increased
simply because of HER suppression (Figure 10.3).

The local pH environment influences the energetics of different CO,RR
products. For catalysts capable of producing only CO and H,, HER sup-
pression leads to higher CO selectivity. The observation that CO is formed at
a Ag catalyst (under alkaline conditions) at close to the equilibrium potential
of —0.11 V vs. RHE”" indicates that the actual CO,RR reaction is improved
(and it is not just HER suppression). How CO is formed at a Cu surface in a
flow reactor also differs from that of a more neutral H-cell environment.
In H-cell tests, CO selectivity of >20% is observed only at very low current
densities (<5 mAcm™?), with methane, ethylene, and ethanol favoured at
higher current densities. Under alkaline conditions performed in a flow
reactor, high CO selectivities can be maintained over a much broader range
(0 —200 mA cm~?).""”> These results suggest that the binding energy of CO
at a Cu surface may be weakened in the flow reactor environment promoting
faster desorption of the formed *CO intermediate under neutral con-
ditions."" The selectivity towards CO does eventually decrease in favour of
higher-order products similar to what is observed in an H-cell, but at much
higher current densities (>200 mA cm2).

While some studies at elevated current densities have used neutral-pH
catholytes (e.g., KCl, HCO; )»'>'®”>77 the majority of experiments
performed in reactors have used KOH as the bulk catholyte.” 778781
An alkaline catholyte enables the catalyst performance to be probed across
both low and high current densities with a similar local reaction environ-
ment.'*’*7%7%8! [n a 1 M KOH environment, CO, reduction products have
been observed with Cu, Au, and Ag catalysts at earlier overall onset potentials
than in neutral conditions.'"”®*>% These experiments do not pay the same
overpotential price associated with the large local pH swing from neutral to
alkaline conditions. Additionally, the interaction between unreacted CO,
and OH  is problematic for overall stability (vide infra). Using an alkaline
electrolyte for testing and characterizing catalyst performance is, however, a
promising means of mimicking the local environment of high current
densities (>200 mA cm~?) while being able to measure catalytic activity even
at lower current densities (<100 mA cm ™ 2).

An additional reaction constraint at >200 mAcm ™ is the choice of elec-
trolyte. The ohmic losses of many electrolytes, regardless of the catalyst or
substrate used, are prohibitive. Figure 10.6 shows an example of how a
combined catholyte and anolyte thickness of 3 mm yields prohibitively high
ohmic losses. The 0.1 M KHCO; electrolyte used in the majority of the
highest selectivity C,H, studies, for instance, results in heating losses of 6 V
at 200 mA cm 2. This voltage is ca. 5-fold higher than the thermodynamic
cell potential of a H,O electrolyzer. Consequently, a low-conductivity
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Figure 10.6 Expected ohmic losses as a function of current density for commonly-
used electrolytes in an electrochemical cell with a combined 3 mm
catholyte and anolyte thickness at 25 °C.

Reproduced from ref. 53 with permission from the Royal Society of
Chemistry.

electrolyte can never be used in a functioning system unless the electrolyte
pathway between the anode and cathode is eliminated or greatly reduced
(vide infra).">'° This issue is exacerbated for multi-carbon products such as
C,H,. These ohmic drops also cast light on how components of a flow re-
actor other than the electrocatalyst need to be fully addressed.

Finally, high current densities (>200 mAcm ?) and high local pH
(pH>10) will also affect catalyst stability and GDL stability. These con-
ditions may result in the dissolution of metals into solution and/or the
unfavourable modification of the GDL surface properties such as hydro-
phobicity.®” While this effect does not currently appear to dominate many
Cu and Ag catalysts in flow reactors, this will prove to be the ultimate test in
building commercially relevant reactor assemblies.

10.4 Flow Reactor Architectures

Electrochemical CO, reduction has been investigated in four different types
of flow reactors: H-cells; zero-gap membrane reactors; alkaline flow-reactors
(microfluidic flow reactors); and hybrid reactors (Figure 10.7). H-cells
(Figure 10.7a) are batch type reactors that separate the anodic and cathodic
compartments using a polymer electrolyte membrane (PEM). In these types
of reactors, CO, is sourced from a CO,-saturated electrolyte and the diffusion
of CO, through the hydrodynamic boundary layer controls reagent delivery
to the cathode surface. Zero-gap membrane reactors (Figure 10.7b) are
continuous flow reactors that contain a PEM in direct contact with both the
anode and cathode to form a membrane electrode assembly (MEA). This
design, which is similar to PEM fuel cells and H,O electrolyzers, serves to
minimize ohmic losses by largely eliminating ionic transport through the
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Figure 10.7 Schematics of the four different types of CO, reactors: (a) H-cell, (b)
zero-gap membrane reactor, (c) microfluidic reactor, and (d) hybrid
reactor.

liquid electrolyte layer. An alkaline flow reactor (or microfluidic reactor)
design separates the anode and cathode with a conductive OH™ solution
(e.g., KOH, NaOH) instead of a PEM. Finally, a hybrid reactor (Figure 10.7d)
borrows design principles from a zero-gap membrane reactor and a micro-
fluidic reactor by using a PEM to separate the anode and cathode (similar to
zero-gap membrane reactors) as well as a microfluidic catholyte conduit
(similar to an alkaline flow reactor) that flows between the cathode and
the PEM. The vast majority of CO,RR catalyst research has been performed
in batch-type H-cell architectures (Figure 10.7a),** but the inherent
mass transfer limitations of this setup constrain current densities to
~35 mAcm ™ 2.*° It is largely for this reason that testing in other architectures
is required.

Zero-gap membrane reactors, alkaline flow reactors, and hybrid reactors
are continuous systems that enable higher CO,RR current densities than
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H-cells by enhancing mass transport of CO, to the catalyst.”” 73777878086

Water electrolyzers do not encounter the same mass transport issues as
aqueous CO, electrolyzers because of the high concentration of water (55 M)
relative to CO, in aqueous media at ambient conditions (33 mM)
(Figure 10.8b). Utilizing gaseous CO, gas feedstocks in these configurations
provides a means of increasing the local concentration of CO, at the catalyst
layer by circumventing the aqueous solubility limit of CO, and decreasing
the diffusion boundary layer thickness relative to H-cell configurations
(Figure 10.8¢).®” The geometry and operational parameters of each of these
continuous gas-fed reactors varies significantly;’ '"7377%787808¢ however,
each architecture uses a porous gas diffusion electrode (GDE) as the cathode
to increase catalyst dispersion and contact time between reactants and active
sites relative to H-cells fitted with planar electrodes.

Experiments with zero-gap flow reactors have revealed the need for a
solid-support aqueous layer between the GDE and membrane, or highly
humidified CO,, to achieve high CO,RR selectivity compared to HER se-
lectivity.'>'®®® These studies provide evidence that the CO,RR in the cath-
ode compartments of microfluidic/hybrid reactors (Figure 10.7c and d) and
zero-gap reactors (Figure 10.7b) likely both proceed at a liquid-solid inter-
face as opposed to a triple-phase boundary. These two cathode variations
then similarly require the diffusion of CO, across a gas-liquid interface and
through a thin electrolyte to a porous catalyst layer. For this reason, ap-
propriate H,O management within the GDE is essential for all gas-fed CO,
reactor architectures to ensure the stability of the gas-liquid interface and to
prevent flooding or catholyte evaporation for gas-fed CO, reactors.""*®° The
anode chemistry is also germane to the design of CO, flow reactors because
the oxygen evolution reaction (OER) suffers from sluggish kinetics and yields
low-value oxygen gas. The remainder of this section will expand upon the

(a) H,0,, (b) ey, () €O, (humidified)
ey OSNNeS °oq *
Qe fEEEe o
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Cipo =555 M Coop =0.033 M Cogp =0.041 M
e ® 5. -0.0016 mm¥s Doy = 16 mm?ls

Figure 10.8 Cartoon illustrating the relative saturated concentrations, C, and dif-
fusion coefficients, D, for (a) water, (b) CO, in aqueous solution, and (c)
humidified gaseous CO,. Values at room temperature and pressure are
indicated.

Adapted from ref. 4 with permission from American Chemical Society,
Copyright 2018.
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operational details of zero-gap membrane reactors and microfluidic/hybrid
flow reactors to provide an overview of the benefits and shortcomings of
both configurations.

In a typical zero-gap membrane reactor, the membrane electrode assembly
consists of a cathode GDE, membrane, and anode (which is either a porous
free-standing electrode or a GDE) sandwiched between two flow plates. This
configuration leaves no gap between the membrane and electrodes. The
membrane serves to transport ionic species (i.e., H" and OH ) and prevent
crossover of CO, and electrochemical products. Three classes of membranes
are used in CO, flow reactors: anion exchange membranes (AEMs); cation
exchange membranes (CEMs); and bipolar membranes (BPMs). The choice
of membrane allows for the transport of ions to produce either acidic or
basic conditions at the anode and cathode. AEMs mediate transport of an-
ions from a basic cathode to the anode, CEMs transport cations from an
acidic anode to the cathode, and BPMs enable the dissociation of H,O under
an applied potential and transport H" to the cathode and OH™ to the anode.

Microfluidic or alkaline reactors utilize a liquid-filled conduit to separate
the anode and cathode compartments.”®®" Microfluidic reactors operate
without membranes by relying on differences in the diffusivity of gas species
to separate reduced and oxidized products. A membrane can also be in-
corporated into microfluidic reactors, to form “hybrid reactors”, to prevent
reduction of oxidized products at the anode (Figure 10.7d).** The cathodic
chemistry in hybrid reactors occurs at a liquid catholyte-solid interface, as
opposed to the polymeric-solid interface encountered in zero-gap membrane
reactors. The ability to modulate the pH and other catholyte properties in
these systems has been effective in suppressing HER and enabling high
CO,RR current densities.”>*

The preferred choice of catalyst materials, catholyte, anolyte, and mem-
brane will differ depending on the constraints of the selected CO, electro-
lyzer architecture. Each continuous reactor design (zero-gap membrane
reactor, microfluidic reactor, and hybrid reactor) has different operational
challenges that it must overcome by means of material and system design to
achieve CO,RR at industrially relevant current densities for prolonged times.
Regardless of the reactor being utilized, each component must work in
concert to transport ions, electrons, and gases to and from the active sites
while sustaining a high conductivity to prevent ohmic losses. Research ef-
forts focused on all three reactors are therefore synergistic in informing the
fundamental science and engineering of CO,RR technologies.

10.5 Membranes

There are three distinct classes of ion exchange membranes (AEM, CEM, and
BPM) that are utilized in membrane-containing CO,RR reactors. These
membranes are classified by the type of ion they conduct (cations, anions, or
both). The choice of membrane is pivotal in reactor design because the
membrane defines the pH at both the anode and cathode. This section
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describes the function and limitations of the three classes of ion exchange
membranes in regards to their application in a CO, electrolyzer, and high-
lights specific examples where the membrane is leveraged to increase the
selectivity and activity of the CO,RR.

10.5.1 Anion Exchange Membranes

In an AEM, positively-charged functional groups facilitate anion (e.g., OH ™,
HCO;~ and CO;>") transport from the cathode to the anode during CO,
reduction (Figure 10.9a). AEMs enable CO, reduction to occur in a basic
environment by transporting OH™ produced from the CO,RR to facilitate the
flow of ionic current. The basic catalyst interface increases the selectivity for
the CO,RR by means of reducing the local H" concentration at the catalyst
surface, and, in turn, suppressing the HER. Indeed, the highest CO,-to-CO
conversion rates reported to date are achieved in an AEM-based electro-
lyzer.'” For example, Zhuang and co-workers tested a Au cathode interfaced
with a quaternary ammonia poly(N-methyl-piperidine-co-p-terphenyl) AEM at
3.0 V and reached current densities of 500 mA cm ™2 and a FEqo > 85% while
operating at 50 °C."

There are operational challenges encountered when utilizing AEMs in
both zero-gap and hybrid reactors. Acid-base reactions between the CO, feed
and OH ™ at the basic catalyst interface generate HCO;  and CO;*~ and
suffocate the catalyst of catalytically active CO,.*' In hybrid reactors, the
HCO;~ and CO;>~ produced can readily contaminate the KOH catholyte
solution by decreasing the pH and precipitating KHCO; and K,CO; crystals
on the electrode/membrane surfaces.”> Crystal formation can also occur
without a KOH catholyte solution: in zero-gap membrane reactors K' can be
transported from the anode to the cathode and react with HCO; ™ and CO5>~
to form KHCOj; and K,COj; crystals. The use of pure H,O as opposed to KOH
at the anode has been demonstrated as a means of reducing CO;>~ and
HCO;  crystal formation, however, this reduces the ionic conductivity of
AEMs and drives up the cell potential. The polarity of AEMs permits HCO;
and CO,>~ to cross the membrane from the cathode to the anode in both
zero-gap membrane and hybrid reactors, which results in parasitic loss of
the CO, feedstock and re-release of the CO, gas by reaction between H" and
HCO; /CO;%™ at the anode.*>*?

Masel and co-workers developed a highly conductive anion exchange
membrane, Sustainion®™, that exhibits a stability of >1000 h under specific
operating conditions.””®* Improved ion conductivity through the membrane
is needed to decrease the full cell potential (due to reduced ohmic resist-
ance) and to inhibit co-ion transport through the membrane.’® Anions have
inherently lower mobilities than cations, which is why the reported ion
conductivities through AEMs are typically lower than for CEMs.”>"’
Improving OH ™, HCO; ™, and CO5;*~ conduction through AEMs has the po-
tential to boost CO, electrolyzer performance by decreasing the ohmic re-
sistance within the polymer electrolyte. A suitable AEM that inhibits product



(a) Cation exchange membrane (CEM) (b) Anion exchange membrane (AEM) (c) Bipolar membrane (BPM)
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Figure 10.9 An overview of the anode (labelled “A””) and cathode (labelled “C”) half reactions that occur within a CO, to CO conversion
flow cell as governed by (a) a cation exchange membrane, (b) an anion exchange membrane, and (c) a bipolar membrane.

Reproduced from ref. 4 with permission from American Chemical Society, Copyright 2018.
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crossover and exhibits high anion conductivity and stability is therefore
needed for a practical CO, electrolyzer containing an AEM.

10.5.2 Cation Exchange Membranes

CEMs, such as Nafion™, contain negatively-charged functional groups that
mediate the conduction of positive ions, such as H*, from the anode to the
cathode (Figure 10.9b). A Nafion®-based CO,RR flow reactor operating at
ambient temperature and pressure was first demonstrated in 2008 by New-
man and co-workers.®® Modifying the Nafion®™ membrane and cathode
interface with a solid-supported aqueous buffer layer (1 M KHCO;) was
shown to suppress H, formation. This modified cell configuration enabled
CO production with a FE¢o of 20% at a current density of 100 mAcm 2.
However, the reactor suffered from poor stability and the FEgo, degraded

quickly over 5 h of electrolysis.

10.5.3 Bipolar Membranes

There is also a growing body of literature regarding zero-gap membrane
reactors utilizing a BPM for the CO,RR. A BPM is a membrane that consists
of an anion exchange layer (AEL) adjacent to a cation exchange layer (CEL).
BPMs induce H,O dissociation at the CEL-AEL interface under an applied
potential, and maintain a constant pH at both sides of the cell as H* ions
migrate towards the cathode and OH~ ions move to the anode
(Figure 10.9¢).”® As with a CEM, H" is driven towards the cathode; however,
the added benefit of a BPM is that the basic anolyte enables inexpensive
anode catalyst materials (e.g., Ni foam) to be used instead of rare-earth metal
catalysts.””'°® BPMs have also been shown to inhibit product crossover, a
parasitic process in AEM-based CO, flow reactors.'”" Indeed, the sup-
pression of product crossover enables BPM-containing electrolyzers to
achieve industrially relevant performance metrics. We performed gas-fed
CO, electrolysis in a BPM-based zero-gap reactor and found that incorpor-
ating a solid supported layer between the BPM and the cathode was in-
strumental to reaching high CO selectivities.'”” These results track the
findings made by Newman and co-workers with a CEM-based reactor.®® We
also demonstrated that humidifying the gaseous CO, is key to maintaining
reactor longevity: the BPM configuration utilizing humidified CO, is capable
of reaching a ~65% FE¢o at 100 mAcm > and 3.4 V over a period of 24 h.'®
Another report by us showed that the H" flux delivered to the cathode from
BPMs can be used to convert HCO; ™ to electrochemically active CO, in situ to
supply the reactant for the CO,RR."** Managing the H" flux to the cathode
to reduce HER, and minimizing the voltage consumption (>0.83 V) required
to induce water splitting at the CEL-AEL interface, are the most significant
challenges associated with the scale-up of BPM containing CO, electro-
lyzers.'** These results warrant further research on designing membranes
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specific for CO, reduction, along with an increased focus on the engineering
of the membrane/GDE interface.

10.6 Gas Diffusion Electrodes
10.6.1 Gas Diffusion Layers

Conventional GDLs for CO,RR are composed of an array of carbon-based
fibers that form a carbon cloth or paper.'®® The network of carbon fibers
creates a highly porous medium containing tortuous paths through which
gaseous CO, travels. A second denser carbon fiber microporous layer (MPL)
component can be situated on top of the carbon cloth or paper. MPLs
contain carbon powder or nanofibres bound by polytetrafluoroethylene
(PTFE), which are spread evenly in a thin layer on top of the carbon fiber
backing layer of the GDL. The MPL provides a smoother interfacial layer that
minimizes the contact resistance in zero-gap membrane reactors and also
enables a more uniform distribution of catalyst.

10.6.2 Gas Diffusion Electrode Structure and Function

When catalysts are applied to GDLs, the combined materials are referred to
as gas diffusion electrodes (GDEs). Supported catalysts on carbon-based
GDLs are the most common type of GDE, although non-carbon-based GDEs
have also been reported to be used at the anode."® For CO, reduction in zero-
gap reactors and hybrid reactors, the inclusion of a GDE at the cathode is
essential for achieving high current densities. Catalysts can be incorporated
onto the GDL through multiple deposition methods, including: drop-cast-
ing; airbrushing; electrodeposition; compression; or by incorporating a
catalyst into the material of the GDL itself."”®”® The immobilization of
catalysts onto these conductive, high surface area layers has the effect of
creating high catalytic surface areas with long residence times for CO, within
the electrode. This combination allows for heterogeneous catalysts to
achieve high current densities for electrochemical reactions. The addition of
a catalyst layer onto a GDL provides an opportunity to modulate the prop-
erties of the GDE by changing the composition of the catalyst ink and the
application method.

During CO, reduction, the cathode GDE facilitates an electron transfer
process when CO, and H,O react on a solid catalyst surface to produce de-
sirable carbon products. The effectiveness of a GDE in selectively mediating
the CO,RR at high current densities is influenced by the properties of both
the GDL and the catalyst coating. GDE properties that affect the nature of the
interface include conductivity, porosity, permeability, hydrophobicity, and
chemical stability, and can be controlled through the meticulous selection of
materials and fabrication methods.'*® Manipulating the carbon fiber com-
ponent of GDLs is challenging because the fabrication methods are arduous
and complex.'®® Manipulating the MPL and catalyst layer, however, is
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relatively easier. Kenis and co-workers have examined microfluidic reactors
using GDLs coated with Ag nanoparticle catalysts.'*”®”° Altering the PTFE
content of MPLs was observed to affect the H,O transport properties of the
GDEs.”® Changes in the composition, deposition method, and morphology
of the catalyst layer similarly influence the responding performance met-
rics.""”® The aqueous chemistry at the catalyst surface in the membrane-free
microfluidic reactor used in these studies is different from that of a zero-gap
membrane reactor because the GDE is in direct contact with a free-flowing
electrolyte. Nonetheless, the findings from the microfluidic studies provide
useful insight into the influence of GDE properties on electrochemical CO,
reduction performance for zero-gap membrane reactors and hybrid reactors.
The mass transport and catalytic performance of GDEs are also affected by
properties including porosity, permeability, and conductivity, factors that
were not considered in this series of studies. In contrast to fuel cells, catalyst
layer deposition methodologies for CO, reduction have not yet been opti-
mized. Modulating the properties of catalyst layers and GDLs therefore
provides an opportunity for performance improvements using existing
technologies and reactor architectures.

The required characteristics of a GDL and catalyst layer for CO, reduction
are generally understood qualitatively, but the rational design and fabri-
cation of GDEs are non-trivial. Beyond the variations on existing GDE con-
figurations mentioned above, more direct changes to the catalyst ink
composition and deposition methodologies may yield more pronounced
improvements in performance.'*’®”® The primary functions of the binding
polymer in catalyst inks are to create a suitable hydrophobic surface and to
immobilize catalyst particles. PTFE is commonly used in this role for its
excellent hydrophobic properties and chemical stability, but adding ion-
exchange polymers such as Nafion®™ or Sustainion®™ imparts a supporting
catalytic function to the binder. Replacing PTFE with other suitable poly-
mers also enables control over the relative hydrophobicity of the interface,
which is especially useful for CO, reduction because different reactor
architectures have unique electrode/electrolyte interfacial properties that
must be maintained. Improvements on the current metal nanoparticle
catalysts can be expected to come from catalyst engineering; however, the
most active portion of the catalyst is embedded beneath the surface of the
deposited layer, facing away from the membrane when in an assembled
reactor. Traditional nanostructuring approaches must therefore be re-
assessed because the primary active surface area is not easily accessible to
surface characterization techniques.'’ This reversed geometry presents a
unique challenge in catalyst layer engineering because GDEs must be de-
signed not only with high active surface areas but also with porosity and
permeability to enable efficient mass transport to and from the active cata-
lytic sites. Methodologies such as air-brushing with precise control over
deposition parameters can influence the morphology and promote the
formation of these highly porous layers with suitable permeability.**
Implementing electrode fabrication methods comparable with existing



426 Chapter 10

state-of-the-art methods used in analogous fuel cell systems, and addressing
these design challenges, is paramount if commercially relevant performance
metrics are to be met for CO,RR."” Engineering the catalyst-aqueous
interface to optimize the number of active sites and the amount of H,O
supplied to the cathode (without flooding the cell) is necessary to achieve
stable, high-selectivity conversion of CO, at appreciable current densities.

10.6.3 Water Management

Water management is critical for CO,RR in zero-gap membrane reactors.
Strategies for managing H,O supply and consumption is complicated be-
cause H,O is present in multiple phases and locations within the flow re-
actor. For most CO,RR chemistry, H,O is a reactant; thus, a constant supply
of H,O to the cathode is needed. However, H,O can also block CO, from
reaching the active catalytic sites, thereby promoting the HER and reducing
the CO,RR selectivity. Finding the conditions that provide the ideal amount
of H,O to the catalyst is paramount to CO,RR in a flow reactor.

In gas-fed zero-gap reactors, H,O is needed to hydrate the membrane.
Hydration of the membrane is needed to enhance ion conductivity and
prevent mechanical failure of the membrane. We have demonstrated sub-
stantial improvements in stability in BPM-based zero-gap membrane sys-
tems by simply managing the relative humidity of the gaseous CO, feed
(Figure 10.10).'® This finding corroborated our earlier experiments in which
a similar improvement in performance was achieved by adding a solid-
supported electrolyte layer adjacent to the bipolar membrane, highlighting
the influence of membrane hydration on CO,RR performance.'®
While the membrane can be hydrated by incorporating a solid-supported
electrolyte layer or adjacent catholyte compartment, the cell potential is
driven up due to high ohmic losses. Bell, Weber, and Weng highlighted the
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Figure 10.10 Comparison of the stabilities (as measured by the required cell
potential at J=100 mAcm ?) of two analogous BPM-based flow cells
containing a solid electrolyte support layer fed with either (a) 15%
humidity CO, gas, or (b) 90% humidity CO, gas.
Reproduced from ref. 4 with permission from American Chemical
Society, Copyright 2018.
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effects of operating conditions on H,O transport processes of diffusion and
electro-osmotic drag.”> Their work shows that thinner membranes can
mitigate membrane dehydration in zero-gap reactors with humidified gas-
eous feeds at both the cathode and anode, but this may increase the risk of
flooding in reactors with a liquid electrolyte at the anode. The PTFE content
of the GDE cathode can modulate hydrophobicity to achieve an optimal H,O
balance.”® Addressing H,O management in CO,RR zero-gap reactors is in the
early stages of development, and solutions must be tailored for specific cell
configurations.

While the mass transport of CO,, H,0, and CO,RR products is largely
influenced by the GDL, the macroscale geometry of chemically-benign
electrolyzer components manipulates the fluid dynamics of gas and liquid
flow within the reactor and therefore must also be considered. The flow
plates govern how species are transported to and from the catalytically active
regions of the reactor. The flow field channel thickness, path lengths, and
patterns will affect the distribution of CO, and H,O delivered to the
cathode.'®®'° The rich literature on fuel cells and H,O electrolyzers teach
that distribution of these reactants needs to be uniform in continuous flow
reactors to avoid non-uniform local current densities, conversion effi-
ciencies, and interface chemistry.'"'"** Defining the relationships between
reactor geometry and performance is only starting to be addressed in the
CO,RR community.'"?

10.7 Conclusions

Research in the CO,RR field has largely focused on batch type H-cell ex-
periments, which do not account for the significant influence of non-
catalytic components and feedstock characteristics on overall cell perform-
ance. Electrochemical flow reactors provide a more commercially relevant
testing platform than H-cells because flow reactors enable the systematic
manipulation of non-catalytic components that affect the industrial viability
of CO, electrolyzers. This chapter emphasized the importance of testing
catalysts at higher current densities, and highlighted promising strategies to
optimize the GDL, PEM, flow field, feedstock type, and electrolyte supply to
drive CO, electroreduction towards the higher current densities required for
commercialization. We hope this chapter will encourage researchers to
consider system-integrated testing of CO,RR materials to accelerate the
translation of this important technology from the lab into practice.
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