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Preface

Twenty years have passed since the book entitled Electrochemical Activation of
Catalysis: Promotion, Electrochemical Promotion and Metal-Support Interactions,
authorized by C.G. Vayenas, S. Bebelis, C. Pliangos, S. Brosda, and D. Tsiplakides,
and prologized in the foreword by the famous Professor John O’ M. Bockris, was
published by Kluwer Academic/Plenum Publishers.

That book established the basic phenomenology of the electrochemical promo-
tion of catalysis (EPOC) by reviewing more than 70 catalytic reactions which had
been already electropromoted at the time. The rules of electrochemical, but also of
chemical, promotion were also derived and discussed, and it was established that
promotion, electrochemical promotion, and metal-support interactions are funda-
mentally equivalent and only operationally different.

The present volume reviews the scientific advances of the last two decades in the
EPOC field, starting from its story, the quest for its understanding, and effort towards
practical applications. A major practical application stemming from the open EPOC
literature has been in the correct choice of supports and promoters to optimize
practical catalyst performance. The extent of this informational spillover is hard to
quantify, but we have learned from very good colleagues and friends in the NAE of
the USA and from industrial partners that catalyst manufacturers, for example, for
ethylene epoxidation and emission control catalysts, were following for years with
great interest the open EPOC literature on this reaction and were making their, at
least initial, promoter screening and selection by using this literature as a valuable
guideline. Some of these aspects are discussed in Chap. 2 of the present book by one
of the world’s top EPOC experts on ethylene epoxidation, Professor Symeon
Bebelis. Professor Elena Baranova at Ottawa University, along with her
co-workers Arash Fellah Jahromi and Christopher Panaritis, has exhaustively
reviewed the intensive research effort to tailor electro-promoted metal nanoparticles
(Chap. 3). This chapter highlights the variety of methods used to prepare mono- and
bimetallic- nanoparticles and promising results recently obtained on transition
metals. The mechanism and potential applications of the self-sustained electrochem-
ical promotion concept are also fully discussed. In the course of this phenomenon, a
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major discovery was made by Professor Ioannis Yentekakis at the Technical Uni-
versity of Crete at Chania. He found that the spontaneously formed effective-double
layer ([O°~, °*]) on the catalyst particles, resulting from the thermally driven oxygen
back-spillover from high OSC (oxygen storage capacity) supports, can strongly
increase the thermal resistance of metallic nanoparticles (Chap. 4). This is a very
important theoretical and practical finding which will be almost certainly fully
utilized by the catalyst manufacturing industry.

The use of EPOC to face very important environmental challenges is described
subsequently by the second chapter of Professor Ioannis Yentekakis (Chap. 5),
coauthored with Professors Philippe Vernoux and Angel Caravaca, for emission
control catalysts, and also in Chap. 6, co-authored by Christos Chatzilias, Eftychia
Martino, Dimitrios Zagoraios, Professors Kyriakou and Katsaounis on the
electropromotion of CO, valorization catalysts.

Two important applications of EPOC related to H, production and to ammonia
synthesis are discussed in the chapters by Doctor Ruiz-Lopez, Profes-
sor Fernando Dorado, and Professor Antonio de Lucas-Consuegra (H, production,
Chap. 7) and Anastasios Vouros, loannis Garagounis, and Professor Stoukides (NH;
synthesis, Chap. 8).

In the last chapter of the book, Professors Angel Caravaca, Jesus Gonzalez-
Cobos, Vasilis Kyriakou, and Philippe Vernoux provide a thorough and realistic
in-depth discussion on the prospects towards large-scale application of EPOC.

Patras, Greece Constantinos G. Vayenas

Villeurbanne, France Philippe Vernoux
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Chapter 1 ®)
Presentation, Story, and Mechanistic <
Understanding of Electrochemical

Promotion of Catalysis

Constantinos G. Vayenas (® and Philippe Vernoux

Abstract The electrochemical promotion of catalysis (EPOC) or non-Faradaic
electrochemical promotion of catalysis (NEMCA effect) is a phenomenon observed
as a reversible change in catalytic rate (i.e., no net charge transfer rate) of a chemical
reaction occurring on a catalyst film (or supported dispersed catalyst) deposited on
an ionically conducting or mixed electronically-ionically conducting solid electro-
Iyte support upon the application of electrical potential between the catalyst and a
second conductive film deposited on the solid electrolyte support. This chapter
relates the discovery of the concept at the end of the 1970s and briefly describes
the research efforts to unravel its physicochemical origin over the following
40 years.

Keywords NEMCA - EPOC - Discovery - Story - Mechanism

1.1 EPOC Discovery

EPOC is a phenomenon, discovered, rather unexpectedly, by Michael Stoukides and
Costas (Constantinos) Vayenas at MIT in Spring 1978. Inspired by the use of solid
electrolyte galvanic cells, for thermodynamic measurements [1, 2], for electrolysis of
gases such as NO [3, 4], for cogeneration of electricity and chemicals [5], or for in
situ measuring the activity of oxygen on working catalysts [6], assistant professor
Costas Vayenas and his PhD student Mike Stoukides decided to explore if the rate
and selectivity of ethylene epoxidation on Ag catalyst films deposited on yttria-
stabilized-zirconia (YSZ), an oxygen ionic conductor, could be enhanced via

C. G. Vayenas (D<)
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e-mail: cat@chemeng.upatras.gr
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application of positive potentials between the porous Ag catalyst electrode and a
counter Ag electrode deposited on the opposite side of the YSZ disc (Fig. 1.1).

A few days before the first experiments, Professor Vladimir Ponec from Prague, a
prominent catalysis researcher at that time, was visiting MIT and giving a seminar
after which Costas described to him the plan: “We will use a potentiostat to apply a
potential between the catalyst and a reference electrode during ethylene epoxidation,
and we will thus change the work function of the catalyst in order to see what effect
this will have on catalytic rate and selectivity.”

Professor Ponec said, “You will change the Fermi level but not the work function
of the film!”, and then he added, “And thus there will probably be no effect on the
catalytic rate.” “We shall see,” Costas said.

As it turns out, Professor Ponec was right about the Fermi level change, but this
does not imply a change in a catalytic (no net charge transfer) rate. But, as it turns
out, the work function of the catalyst film is also changing, due to electrochemically
controlled ion migration (spillover) on the catalyst surface, and this modifies the
catalyst surface work function and thus modifies the catalytic rate. This electro-
chemically induced ion migration to the catalyst surface was not easy to anticipate
those days, and this made all the difference, thus making EPOC an interesting and
important field between catalysis and electrochemistry. The day for the first crucial
experiments had finally arrived (Figs. 1.2 and 1.3).

In these first experiments, the porous Ag catalyst electrode had a thickness of the
order of 10 pm. Figure 1.2 displays some of the first transient ethylene epoxidation
and deep oxidation experiments. One sees that negative current application (i.e., 0%~
removal from the Ag catalyst) causes a decrease both in epoxidation rate (r;) and in
the deep (complete) oxidation rate (r,). The selectivity, S, defined as r/(r; + 1)
decreases. The same figure shows that positive potential application, i.e., O~ supply
to the catalyst, causes both r; and r, to increase. The selectivity, S, increases.
Consequently, the selectivity to ethylene oxide can be reversibly varied between
40 and 60% as shown in Fig. 1.2. The increase in the epoxidation rate r; is
significantly larger (Fig. 1.3), typically a factor of 50, than the electrochemical
rate, I/4F, denoted Gy, , of supply to O, to the catalyst surface. As also shown in
Figs. 1.3 and 1.4 which refer to Ag [7] and Pt [8] catalyst films respectively, the time
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Fig. 1.2 Effect of electrochemical oxygen pumping on the rate of ethylene epoxidation r; and deep
oxidation r,. Comparison with the rate of oxygen transport through the electrolyte G, = i/4F.
(Reprinted with permission from Elsevier [7])

constant T of the catalytic rate transients upon constant current imposition is of the
order of several min. As it turns out, they are generally of the order of:

2FN
=== (1.1)

T

where N is the catalyst surface area in mol of metal and F is Faraday’s constant. This
is the time required for the migrating spillover O~ species supplied at a rate I/2F to
occupy a surface with N sites.

It was with excitement that Stoukides and Vayenas obtained the results of
Fig. 1.3. The rate of epoxidation could be enhanced by ~30%, and the rate of CO,
production was also enhanced by ~15% or so; therefore, selectivity to ethylene oxide
was enhanced. The effect was small, but it became obvious that other reactions and
other conditions would exist where the effect would be much bigger. The big and
unexpected surprise was that the increase in catalytic rate, Ar, was much larger than
that anticipated from the law of Faraday, i.e., I/2F. The faradaic efficiency, A, could
be defined from
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and A value up to 400 was measured already in the first study [7]. The new
phenomenon was termed non-Faradaic electrochemical modification of catalytic
activity (NEMCA effect). Figure 1.5 shows that A values up to 2-10° have been
measured during ethylene oxidation on Pt [8, 9]. Figure 1.6 depicts the effect of
gaseous composition on the electrochemical promotion of C,H, oxidation on Pt. The
effect is more pronounced at high O,/C,H, ratios, i.e., under oxidizing conditions
and also when the Pt catalyst film surface has been re-oxidized.

1.2 EPOC Story

It took 7 years for the next NEMCA papers to be prepared and published [8—11],
since family reasons had caused Costas Vayenas to return to Greece and start a new
laboratory at the University of Patras. He was again quite lucky there to have some
truly outstanding new PhD students of the same level as Mike Stoukides. These were
Yannis Yentekakis [12—17], Symeon Bebelis [8, 9, 13, 14, 16], Stelios Neophytides
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Fig. 1.4 NEMCA: Rate and catalyst potential response to step changes in applied current during
ethylene oxidation on Pt [8, 9]; T = 370 °C, po, = 4.6 kPa, pcops = 0.36 kPa. The experimental (1)
and computed (2FNg/I) rate relaxation time constants are indicated on the figure. See text for
discussion. o = 1.5-10~% mol O/s, Ar = 38.5-10~% mol O/s, I/2F = 5.2-10~ "% mol O/s, ppmax = 26,
Amax = 74,000, Ng = 4.2:10~° mol Pt. (Reprinted from ref. [38] with permission from Elsevier)

[8, 13, 16, 22, 25], Panagiotis Tsiakaras [14, 18-20], and Marina Despotopoulou
[21] followed by Costas Pliangos [10, 16, 23, 24, 37, 38], Susanne Brosda [37, 39],
Yi Jiang [16, 17, 26, 27], Christos Karavasilis [28, 40, 56], Eleni Karasali [14, 29],
Maria Makri [30-32], D. Archonta [33, 34, 46], K. Yiokari [35], D. Tsiplakides
[22, 25, 33, 36, 38, 41, 42], Costas Koutsodontis [42, 43, 48], Alex Katsaounis [42—
44, 48], Michalis Tsampas [45], Stamatios Souentie [49, 50], Fenia Sapountzi
[45, 51], Ioannis Constantinou [47], and others. The work of these students, together
with the equally spectacular work of Professor Lambert and his collaborators at
Cambridge [11, 15], produced a series of papers with outstanding results which
showed that the NEMCA effect is a general phenomenon connecting electrochem-
istry and catalysis and is not limited to any group of catalytic reactions or conducting
catalyst phases [16]. Some examples of these papers are shown in Figs. 1.7, 1.8, and
1.10. The loneliness of NEMCA disappeared when, in addition to Richard Lambert,
some equally prominent physical chemistry leaders of the time, i.e., Gary Haller and
Louis Hegedus in catalysis and Christos Comninellis in electrochemistry, realized its
importance and when John Pritchard, who reviewed the first paper of the Patras
group in Nature [9], coined on that occasion the term electrochemical promotion of
catalysis (EPOC) in a short and very important paper in the same issue of Nature



8 C. G. Vayenas and P. Vernoux

a I_ ¥ rsec
- ¥ TE30°C
o I o0

6oL 8 T=286°C

N\ ‘\
\
N\

hY

r, 569 ol;(.l s
D
T
_ATI5000
B e
7,
N ('é'f;l
A
x
A
1
LN
1689-al.0le

&
¥
L
A
gr

e 2 /
> g {
L’ ’ o ! # 450°C
P;’-‘ - R2 v QSQC
s ® 395°C |
- u 369°C |
L . L '; & 1 . }lo L L ._,.
] < : 5 0B w & @
1z, 1P ar.0v H2F, 17%g-at. 015

Fig. 1.5 Steady-state effect of applied current on the rate of C,H, oxidation on Pt [8, 9]. Broken
lines are constant enhancement factor lines. (a) Catalyst Rl, Pgr = 0.4 X 1072 bar, Po,
=4.8 x 1072 bar. (b) Catalyst R2, Pgr = 0.4 x 1072 bar, Pp, =6.4 x 10~ bar. (Reprinted from
ref. [8] with permission from Elsevier)

[52]. The term EPOC gradually replaced its synonymous term NEMCA effect after
the group of Philippe Vernoux in France started producing some new contributions
from 2002 [53, 54, 55] (Fig. 1.9 and 1.10).

At the same time, Fritz Kalhammer, former student of Schwab and vice president
of Research for EPRI in the USA, became a prominent EPOC enthusiast and, as a
result, EPRI in California, as well as BASF in Germany, provided stable funding for
NEMCA research for many years. In year 2008, Philippe Vernoux and the EPOC
scientific community organized a series of training schools and the first EPOC
Conference on the Oleron Island in France with more than 100 participants coming
from the United Kingdom (Metcalfe group), Switzerland (Comninellis and Harbich
groups), Spain (Valverde and de Lucas-Consuegra group), Greece (Tsiplakides and
Vayenas groups), France (Siebert, Billard, Guizard, and Vernoux groups), Germany
(Anastasijevic group), and many other countries. By that time EPOC researchers
produced some very exciting results bridging classical heterogeneous catalysis with
electrochemistry (both solid and aqueous [22]) and with surface science published in
a special issue in Catalysis Today (2009, Volume 146, Issues 3—4, pages 265-386
edited by Comninellis C, Vayenas CG and Vernoux P) and summarized in a review
in 2013 [57].
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Fig. 1.6 Effect of gaseous composition on regular (open-circuit) and NEMCA-induced reaction
rate (Vwg = 1 V). Catalyst R2 [8]. (a) Preoxidized surface; (b) prereduced surface. (Reprinted from
ref. [8] with permission from Elsevier)

1.3 The Quest for Understanding EPOC

Since its discovery, various spectroscopic, microscopic, electrochemical, and sur-
face techniques were performed to unravel the EPOC physicochemical origin. Most
of them were focused on Pt/YSZ catalysts, where a Pt film was interfaced on a dense
YSZ membrane because the more pronounced NEMCA effects were observed on
this system. Furthermore, Pt coatings are relatively thermally (sintering) and chem-
ically (oxidation) stable in comparison to other metals such as Pd, Rh, Ag, or
transition metals. However, recent efforts to investigate other systems such as Ni-
or Ru-based catalysts have been done in the last decade and will be described in
other chapters. O, temperature-programmed desorption (TPD) [63-68], XPS
[58, 69, 70], cyclic voltammetry [71], photoemission electron spectroscopy
(PEEM), [72] and STM [30] merge to the conclusion that ions from the ionically
conducting supports can provide, via electrical potential application, spillover ions
(O, Na®, etc.) which establish an effective double layer on the gas-exposed
catalyst surface. This double layer formed via spillover ions affects the work
function of the catalyst surface and thus affects the binding energies of coadsorbed
reactants, intermediates, and products. This process is called “sacrificial promoter”
mechanism because spillover ionic species can react with the oxidizable reactant and
then have a finite lifetime on the surface. This lifetime directly impacts the magni-
tude of the Faradaic efficiency: the higher the lifetime of the ionic promoters, the
higher the NEMCA effect. This is, of course, only valid if the chemical reaction is
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under kinetic control conditions without any mass transfer or equilibrium limita-
tions. The “sacrificial promoter” model provided the means to rationalize and even
predict the experimental catalytic rate time constants via a simple equation
[22, 59]. The theoretical work of Pacchioni and Illas [60] was also extremely
valuable, as well as the STM work of Makri [30] and Archonta [33].

Isotopical labeling experiments, using labeled '®0,, were also crucial to
operando distinguish the oxygen species coming from the solid electrolyte (such
as YSZ) with those from the gas phase [66, 67, 74]. Figure 1.9 gives the example of
the propane oxidation which has been operated on Pt/YSZ in the presence of '*0, in
the gas phase. At 350 °C, the application of a positive current density (j = 43 pA.
cm %) was found to enhance the propane conversion from 8.4% up to 55%, leading
to a Faradaic efficiency of 20. The predominant product of the reaction is C'*0,,
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Fig. 1.8 Ethylene epoxidation on Ag/f’-Al,O;. Steady-state effect of catalyst potential on the
selectivity to ethylene oxide at various levels of gas-phase dichloroethane (a) and three-dimensional
representation of the effect of dichloroethane concentration, catalyst potential, and corresponding
Na coverage on the selectivity to ethylene oxide (b). (Reprinted from ref. [40] with permission from
Elsevier)
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confirming that the backspillover of '°0”~ species promotes the reaction of propane
with gaseous oxygen (‘*0,). It is interesting to note that the enhancement in the rate
of C'°0, formation almost coincides with the rate (I/2F) of O*~ supply to the
catalyst (AC'®0, = 1). These results are in good agreement with the sacrificial
promoter mechanism as they validate that '°O*~ ionic species act as promoting
agents and weakly participate to the reaction. More recently [75], density functional
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theory (DFT) was used to unravel the impact of applied potentials on the catalytic
activity of RuO, deposited on YSZ for the ethylene oxidation at 350 °C. Increase in
the ethylene conversion with a non-Faradaic manner was experimentally observed
both for positive and negative polarizations. DFT modeling has explained these
electrochemical activations by the strengthening of the ethylene adsorption on RuO,
upon positive potentials, also facilitating the cleave of the C-C bond, and by the
promotion of the oxygen chemisorption for negative polarizations. These conclu-
sions are in accordance with the oxygen ion backspillover mechanism. This latter has
also been analyzed by thermodynamic calculations [76] which have confirmed its
validity but after considering some additional specific conditions such as the appli-
cation of small potentials, low lateral interactions between surface ions (low ion
coverage), and a fast surface diffusion of the ionic species.

Catalytic reactions were thus also soon directly grouped in four categories on the
basis of the sign of the rate change observed upon positive potential applications:
nucleophilic (or electrophobic), electrophilic, volcano-type, and inverted-volcano
type [37, 39, 57, 77] (Fig. 1.11). Simple analytical expressions were derived
describing the rate vs work function dependence in excellent agreement with
experiment [37, 39, 57]. It was soon realized that the same rules also applied to
classical ex situ promotion and to the phenomenon of metal-support interactions
MSI) [37, 39, 57] and that therefore promotion, electrochemical promotion, and
metal-support interactions are fundamentally identical phenomena and only opera-
tionally different. For instance, Fig. 1.12 depicts the electrochemical promotion of
Rh films [10] and the chemical promotion by changing the support of supported
dispersed Rh catalysts. The two effects are similar and show that TiO, (4% WO3) is
the best catalyst support for this reaction on Rh [38].
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Fig. 1.11 Examples for the four types of global electrochemical promotion behavior: (a)
electrophobic, (b) electrophilic, (¢) volcano type, (d) inverted-volcano type. (a) Effect of catalyst
potential and work function change (vs / = 0) for high, (20:1) and (40:1), CH,4 to O, feed ratios,
Pt/YSZ; (b) effect of catalyst potential on the rate enhancement ratio for the rate of NO reduction by
C,H,4 consumption on Pt/YSZ; (¢) NEMCA-generated volcano plots during CO oxidation on
Pt/YSZ; (d) Effect of dimensionless catalyst potential on the rate constant of H;CO formation,
PYYSZ. I1 = FUwgr/RT (=A®/k,T). (Reprinted from ref. [77] with the permission of Elsevier)

Simple expressions were also derived for the time constants of galvanostatic, i.e.,
fixed applied current, rate transients, and the first multichannel and multiplate EPOC
units were designed and built [61]. At the same time, aqueous NEMCA was
demonstrated with Pt catalyst electrodes in aqueous alkaline solutions [22].
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Fig. 1.12 Effect of po, on the rate of C,H, oxidation on Rh supported on four supports of
increasing @ [10]. Rh loading 0.05 wt%. Inset: electrochemical promotion of a Rh catalyst film
deposited on YSZ: effect of potentiostatically imposed catalyst potential Uwg on the TOF depen-
dence on p, at fixed pcopg. (Reprinted with permission from Elsevier [38])

1.4 EPOC Current Research Efforts

Two main directions are currently investigated: First, the design and testing of larger,
simpler, and more efficient multiplate electropromoted units, and second, electro-
chemical promotion of nanodispersed catalysts. The latter is more difficult, since the
particles of fully supported nanodispersed catalysts are already, at least partially,
promoted via ion migration from the support to the nanoparticle surface. Such EPOC
transients are often quite complex, exhibiting spikes of the type shown in Fig. 1.13.
The successful interpretation of such transients and concomitating electropromotion
of such catalysts remains both challenging and promising and could lead to practical
applications. The nanostructure of nanodispersed EPOC catalysts is a scientific issue
as the mobility of both electrons and ions is required to achieve significant electro-
chemical enhancements of catalytic rates. Different strategies of nano-architectures
have been recently proposed to combine a high mixed electronic and ionic conduc-
tivity with a good thermal stability of the active nanoparticles like nanoporous
electrodes, metal, or metal oxide nanoparticles finely dispersed on either electron
conductor matrix or mixed ion-electron conductor matrix. Nevertheless, in situ and
operando investigations, such as synchrotron or spectroscopic techniques, are still
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missing on dispersed electropromoted catalysts to determine if the sacrificial pro-
moter mechanism, demonstrated on continuous films, is also valid.

The polarization mode is also a research field to explore aiming to optimize
non-Faradaic effects. Up to date, a constant potential or current in a static mode is
commonly used to polarize the catalyst. However, in 2021, C. Wei Lim et al. [78]
have demonstrated that the application of dynamic potentials can enhance with the
non-Faradaic manner the ethylene hydrogenation rate on a Pd/C electrode at 60 °C in
a liquid electrochemical cell although a conventional static polarization has no
effect. Optimized polarization modes were achieved for potential oscillations
between a low value (—0.25 Vypg) and high value (0.55 Vygg) with a frequency
of around 0.1 Hz.

1.5 Conclusions

Electrochemical promotion of catalysis is related to the electrochemically supply of
ionic species on the catalyst surface and the concomitant modifications of the
electronic and chemisorptive properties of the catalyst. The lifetime of these ionic
promoters on the surface is the key parameter that governs the EPOC magnitude.
Since the discovery of EPOC, most of the studies focused on solid/gas interfaces in a
temperature range (200-600 °C), where the ionic conductivity of solid electrolytes is
high enough, and mainly involved platinum group metals (PGM) as catalysts for
many different reactions. On these systems, the sacrificial promoter mechanism,
based on the establishment of a neutral double layer at the gas/solid interface upon
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the polarization of the catalyst/electrolyte interface, is now well established, and
rules have been proposed to predict the impact of the electric field on the catalytic
activity. Many research efforts are still needed to the development of EPOC reactors
and electropromoted nanodispersed catalysts. We strongly believe that EPOC can
play a vital role in the energy transition, the first consequence of which being the
intensive electrification of processes.
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Chapter 2 ®)
Electrochemical Promotion of Catalysis: S
From Discovery to Fundamentals

to Applications

Symeon Bebelis

Abstract Electrochemical promotion of catalysis (EPOC) is an electrochemically
induced catalytic effect which corresponds to in situ reversible modification of the
catalytic behavior of metal or metal oxide catalyst-electrodes deposited on solid
electrolytes or mixed ionic-electronic conductors (MIEC) upon polarization of the
electrode/electrolyte or MIEC interface. This work highlights the key landmarks in
EPOC starting from its discovery. Firstly, a brief history of the experimental work
that resulted in the rather unexpected discovery of EPOC when using as catalysts
metal film electrodes deposited on ZrO,(Y,0s3), an 0% conductor, is presented.
Secondly, the efforts towards validation of the general nature of EPOC, by investi-
gating this phenomenon in a very large number of combinations of electrolytes or
MIEC, electrodes, and catalytic reactions, are briefly described in chronological
order. A short reference is then made to the experimental and theoretical works
that led to understanding of the mechanistic origin of EPOC and its functional
equivalence to metal-support interactions. The focus is then shifted to current
activities and efforts towards developing configurations for practical applications
of EPOC, with emphasis on bipolar designs, monolithic electropromoted reactors,
EPOC with nanodispersed catalysts, and wireless self-driven and self-sustained
EPOC systems.

Keywords Electrochemical promotion of catalysis (EPOC) - Electrochemical
activation of catalysis - Non-faradaic electrochemical modification of catalytic
activity (NEMCA) - Spillover-backspillover - Ionic promoters - Solid ionic and
mixed conductors
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2.1 Introduction

The terms electrochemical promotion of catalysis (EPOC) or non-faradaic electro-
chemical modification of catalytic activity (NEMCA) both refer interchangeably to
an electrochemically induced catalytic effect which corresponds to in situ or in
operando reversible modification of the activity and selectivity of catalysts
interfaced to solid electrolytes or mixed ionic-electronic conductors (MIEC), upon
polarization of the catalyst/solid electrolyte or MIEC interface [1, 2]. This effect was
first observed by M. Stoukides and C.G. Vayenas in 1981, as detailed in Chap. 1, in
the reaction of ethylene oxidation on Ag deposited on yttria-stabilized zirconia or
7r05(Y,03), an 0* conducting solid electrolyte [3], who reported polarization-
induced non-faradaic changes in the catalytic rates of CO, and C,H,4O production as
well as in selectivity to C,H4O. However, this behavior was then attributed to
peculiarity of the specific catalytic system and was explained by a kinetic model
which was based on the hypothesis of formation of surface silver oxide, more active
than reduced silver, on sites adjacent to chemisorbed oxygen [3]. It was some years
later, in 1988, when C. G. Vayenas and his coworkers reported results showing
conclusively that EPOC, then referred to as NEMCA effect, is a general effect in
heterogeneous catalysis, which they attributed to electrochemically induced change
in catalyst work function [4].

The distinguishing feature of EPOC is that the induced catalytic rate change
Ar = r — r, upon catalyst polarization (via current or potential application), where
r and r,, denote the observed reaction rates under closed- circuit (current 7 # 0) and
open-circuit (I = 0) conditions, is higher, even by orders of magnitude, than the
electrocatalytic rate dictated by Faraday’s law, which is equal to the rate of ion
transport through the electrolyte. The electrocatalytic rate is equal to I/(nF), where
I denotes the applied current, n denotes the number of exchanged electrons in the
charge transfer reaction at the catalyst-electrode/solid electrolyte or MIEC interface
(e.g., n = 2 for an O~ conductor), and F is Faraday’s constant. Thus, under EPOC
conditions the absolute value of the enhancement factor or faradaic efficiency, A, of
the process, defined from [1, 4],

>

r

)

is larger than 1 (IAl > 1), which can be explained only by induced changes in the
catalytic properties of the electrode. Another important parameter for quantifying the
EPOC effect is the rate enhancement ratio, p, defined from [1, 4]
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as the ratio of the catalytic rates in the presence and absence of polarization.
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EPOC has been reported for a large number of catalytic reactions, involving
various combinations of metal or metal oxide catalysts and solid electrolytes or
MIEC as active catalyst supports, whereas it has been also demonstrated for catalytic
reactions in aqueous electrolytes and inorganic melts. Work on EPOC prior to 2001
is summarized in a book [1] whereas more recent progress in several book chapters
and review articles [2, 5-15]. This chapter concerns a historical tracing of the
progress in research related to EPOC, describing briefly the important steps from
its discovery to the fundamental understanding of its origin and the exploration of
the underlying rules and principles, as well as its relation to other catalytic effects,
and, finally, the key steps towards technological applications.

2.2 The Discovery of EPOC: An Electrochemically Induced
Catalytic Effect

2.2.1 EPOC with O°~ Conductors

In 1981, M. Stoukides and C.G. Vayenas were the first to report that the catalytic
activity and selectivity of a silver catalyst-porous electrode deposited on ZrO, (8 mol
% Y,03) solid electrolyte in a two-electrode asymmetric set-up (Fig. 2.1) could be
significantly affected by polarization of the Ag electrode under conditions of ethyl-
ene epoxidation [3]. Specifically, they observed that electrochemical pumping of
O”" to the Ag catalyst via positive current application, under oxidative conditions,
could induce reversible increases in both the rates of ethylene oxide and CO,
production which exceeded by up to ca. 400 times (for the C,H4O production rate)
the ion pumping rate and were accompanied by an increase in selectivity to ethylene

aelh— AQ
Zr0,(8% Y,04)

Fig. 2.1 Schematic diagram of the solid electrolyte cell reactor for the first EPOC experiments. The
Ag catalyst-electrode film (working electrode) was deposited on the inner bottom side of a
ZrO,(8 mol% Y,05) tube and was exposed to the reaction mixture. A similar Ag film deposited
on the outside bottom side of the tube and exposed to ambient air served as the counter electrode.
(Reprinted from ref. [3], with permission from Elsevier)
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Fig. 2.2 Transient effect of electrochemical oxygen pumping during C,H,4 epoxidation on Ag
interfaced to ZrO,(8 mol %Y,05); r;, rate of epoxidation; r;, rate of CO, formation. Conditions:
Pc,n, = 1.6 kPa, Pg, = 9.5 kPa, T = 400 °C. Open-circuit rates: r;p = 7.6 x 1078 mols,
r20 = 8.9 x 107% mol/s. O*~ pumping rate: G»- = i/2F = 1.3 x 10~'° mol/s. (Reprinted with
permission from ref. [16]. Copyright (1982) American Chemical Society)

oxide (by more than 20%) [3, 16]. The opposite effect, i.e., a decrease in catalytic
rates and in selectivity to C,H4O, was observed upon negative current application
[3, 16]. A typical example of this behavior is shown in Fig. 2.2 [16]. The
non-faradaic increase of the rates upon O° pumping to the Ag catalyst,
corresponding to enhancement ratio p values up to 3 [16] and faradaic efficiency A
values up to 400 [3], was attributed by the two authors to peculiarity of the specific
catalytic system and was explained by a kinetic model which was based on the
hypothesis of formation of a surface silver oxide, more active than reduced silver, on
sites adjacent to chemisorbed oxygen [3]. However, a decade later it became clear
that the observed changes in catalytic activity and selectivity were manifestation of
the EPOC effect in this important catalytic system [17].

A qualitatively identical effect of O~ pumping on rates and selectivity, consid-
ered in consistence with the surface silver oxide model, was reported in 1984 by
Stoukides and Vayenas [18] for the reaction of propylene epoxidation on porous Ag
interfaced to ZrO, (8 mol% Y,0;) in a similar two-electrode asymmetric set-up
(Fig. 2.1). O~ pumping to the Ag catalyst resulted in increase of both the epoxida-
tion rate (by up to 45%) and deep oxidation rate (by up to 11%) and in a concomitant
increase of selectivity to C3HgO (by more than 30%), which however did not exceed
4% [18]. Enhancement in the total rate of C3Hg consumption exceeding the 0>
pumping rate by more than two orders of magnitude was reported [18].

In 1988, the electrochemical promotion effect was reported for the first time by
C. G. Vayenas and his coworkers as a general effect in heterogeneous catalysis,
having been observed until then for a number of different reactions on porous Pt and
Ag catalyst-electrodes (5—10 pm thick) interfaced to ZrO, (8 mol% Y,03) or YSZ
[4]. The term “non-faradaic electrochemical modification of catalytic activity”
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(acronym NEMCA) was also introduced to describe it [4]. Specifically, electrochem-
ical promotion had been observed in C;H, epoxidation on Ag/YSZ [3, 16], in C3Hg¢
epoxidation on Ag/YSZ [18], in C,H, combustion on Pt/YSZ [4, 19], in CO
oxidation on Pt/YSZ [4, 20], in CH3OH oxidation to CO, and H,CO on Pt/YSZ
[4, 21], and in CH30H dehydrogenation to H;CO and decomposition to CO and H,
on Ag/YSZ [4, 22], with faradaic efficiency absolute values up to 3 X 10° [19], rate
enhancement ratios up to 55 [19], and significant changes in selectivity [4, 21, 22]
and in oscillatory behavior [20], where appropriate. Results from these studies,
published from 1988 to 1991, are shown in Figs. 1.5 and 1.6 of Chap. 1 for C,H,
oxidation on Pt/YSZ [19] and in Fig. 2.3 for methanol oxidation on Pt/YSZ [21],
respectively.

With the exception of C,H, and C3Hg epoxidation on Ag/YSZ, the aforemen-
tioned studies were performed in a three electrode set-up [19] where two porous
metal (Pt or Ag) films were deposited on the outer bottom side of the YSZ tube
(Fig. 2.1), exposed to ambient air and serving as counter and reference electrode,
respectively. This allowed for measurement of the catalyst-working electrode
(W) potential Uy with respect to the reference electrode (R) and for its association
with the observed rate change. Interestingly, over specific Uy range for each
reaction, the catalytic rate, r, was found to depend exponentially on AUyg = Uy
~Uwg* according to the equation
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Fig. 2.4 CH;0H dehydrogenation and decomposition on Ag/YSZ: Effect of dimensionless
catalyst-electrode potential /1 = FUyg/RT on the formation rates of H;CO and CO. Pcy,on =
SkPa. A: T=620°C, m: T =643 °C, ®: T = 663 °C. (Reprinted (adapted) from ref. [22], with
permission from Elsevier)

L o aFAUWR
In <r0> == (2.3)

where r, is the open-circuit rate (current I = 0), F is the Faraday’s constant, R is the
universal gas constant, T is the absolute temperature, and @ and Uyg* are reaction
and catalyst specific constants, with lal ranging typically from 0.1 to 1.0 [19, 21—
23]. Reactions for which a > 0, i.e., exhibiting rate increase by O*~ pumping to the
catalyst (I > 0, AUy > 0, A > 0), were termed electrophobic and reactions for which
a < 0, i.e., exhibiting rate increase upon O~ removal from the catalyst (I < 0,
AUwg < 0, A < 0), were termed electrophilic [1, 22]. An example of electrophilic
behavior is shown in Fig. 2.4 for HyCO and CO formation by CH;0H dehydroge-
nation and decomposition on Ag/YSZ [22]. For dimensional catalyst potential
I = FUwg/RT values below —16 for H,CO and — 18 for CO, the corresponding
formation rates increase exponentially with decreasing I1, in agreement with
Eq. (2.3), with a values equal to —0.14 and — 0.30, respectively.

In the first EPOC studies with O~ electrolyte where EPOC is reported as a
general effect in heterogeneous catalysis [4, 19, 21, 22], the observed non-faradaic
rate changes as well as the selectivity changes upon polarization were attributed to
work function change A@ of the gas-exposed catalyst-electrode surface due to
electrochemical adsorption of partially charged oxygen species O created at the
gas-metal-solid electrolyte three-phase boundaries (tpd) and then migrating
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(backspillovering) onto the catalyst surface. The first indication of this electrochem-
ically controlled migration of oxygen promoting species came out from the obser-
vation that the catalytic rate relaxation time constant, 7, during galvanostatic
transients (imposition of constant current /), i.e., the time required to reach 63% of
the final rate change at steady state, was on the order of the time required to form a
monolayer of O species on the catalyst surface when O*~ are supplied at the metal-
gas-electrolyte three-phase boundaries (tpb) at a rate I/{2F), as dictated by Faraday’s
law, i.e.,

Ng
(L4F)

T

(2.4)

where N is the independently measured catalyst surface area, expressed as reactive
oxygen uptake (in mol O) [3, 16, 18, 20-22]. The concomitantly induced work
function change A® was predicted theoretically on the basis of the spatial uniformity
of the Fermi level throughout the conductive electrode and the consideration that the
Volta potential (¥) difference at the electrode/gas interface is equal to zero
(A¥ = 0), because of the presence of an overall neutral double layer at the metal-
gas interface formed by the electrochemically adsorbed species paired with their
compensating image charges in the metal, i.e., [05' — 6" for 0%~ conductors [19, 21,
22]. Specifically, it was predicted that a change AUy in the (ohmic-drop free)
catalyst-electrode (working electrode W) potential vs. the reference electrode
(R) induces a change A in the work function of the gas-exposed catalyst-electrode
surface, given by the equation (e: electron charge) [19, 21, 22]

AD = eAUWR (25)

However, this theoretical prediction needed experimental validation.

This validation came after 1 year, in 1990, when C. G. Vayenas and his collab-
orators used the Kelvin probe vibrating condenser method to measure in situ the
work function of a Pt catalyst-electrode interfaced to YSZ, both under open- and
closed-circuit conditions [24]. These measurements (Fig. 2.5) showed conclusively
that Eq. (2.5) describes the relation between the change AUy, in catalyst-electrode
potential, caused either by polarization or by variation of the gaseous composition,
and the induced change A® in the work function of the gas-exposed catalyst-
electrode surface. Eq. (2.5), which was also confirmed experimentally for Pt
catalyst-electrodes interfaced to p”-Al,O3 [25, 26], a Na* conductor, allows to
write Eq. (2.3) as:

In (;) = % (2.6)

where @* = e Uyp* and k,, is Boltzmann constant.
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Fig. 2.5 Effect of change in °
ohmic-drop-free catalyst 0.6+
potential Uy on the work
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(Reprinted from ref. [24], eAUWR (eV)

with permission from

Springer Nature)

© Open circuit
® Closed circuit ° °

AD (eV)

According to Eq. (2.6), electrophobic (e > 0) and electrophilic (@ < 0) reactions
are accelerated respectively by an increase or decrease in the catalyst work function,
@, and by the concomitant decrease or increase in the availability of electrons from
the catalyst for chemisorptive bond formation [22]. Equation (2.6) implies that
catalytic rates depend exponentially on catalyst work function, which in many
EPOC studies, with 0%~ and cationic conductors, has been found to hold over
wide ranges of experimental conditions and work function (typically 0.2-0.8 eV)
on the basis of the corresponding catalyst potential change [1, 8, 13, 14, 19, 21, 22,
26-30]. More generally, it directly attributes the induced changes in catalytic activity
and selectivity under EPOC conditions to changes in the catalyst-electrode work
function, which alter the chemisorptive bond strengths and surface coverages of the
adsorbed reacting species.

From a practical perspective, Eq. (2.5) shows that the work function of metal
catalysts interfaced to solid electrolytes can be varied at will to influence their
catalytic properties in desirable directions. Moreover, on the basis of Eq. (2.5), it
can be anticipated [31] that in solid electrolyte cells the potential difference Uy
reflects the difference in the actual, adsorption and spillover modified, work func-
tions @y, and @y of the working and reference electrodes, respectively, i.e.,

CUWR = (I’W — (I)R (27)

Equation (2.7) shows that solid electrolyte cells can be used as work function
probes for their gas-exposed electrode surfaces. Moreover, it allows establishment of
an experimentally accessible absolute electrode potential scale in solid-state electro-
chemistry [32]. In 2001, Eq. (2.7) was experimentally validated by Tsiplakides and
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Vayenas [32] in YSZ cells with various combinations of porous Pt, Ag, and Au
working and reference electrodes exposed to O,-He, O,-H,, and H,-He mixtures,
above 600 K and typically over 0.8 to 1 V wide Uy ranges, using two Kelvin probes
to measure @y, and Dy, in situ and practically at the same time.

Up to 2001, electrochemical promotion with ZrO,(Y,03) (or YSZ) as well as
with mixed oxygen ion-electronic conductors (TiO,, CeO,, TiO,-doped YSZ) had
been studied in a large number of catalytic reactions using a variety of porous metal
and metal oxide catalyst-electrodes (Pt, Rh, Pd, Ag, Ag-Au, Au, Ni, IrO,, RuO,)
[1,23, 31, 33]. These reactions included not only oxidation of CO, deep oxidation of
light hydrocarbons (CH,4, C,Hy4, C,Hg, C3Hg) and CH30H, and epoxidation of C,H,
and C3Hg but also NO reduction (by C,H, and by CO or C3Hg, in the presence of
0,), N0 reduction by CO, hydrogenation of CO and CO,, CH30H dehydrogena-
tion and decomposition, H,S decomposition, and CH,4 steam reforming, corroborat-
ing the general nature of EPOC [1, 23, 31, 33]. Rate enhancement ratios p up to
150 [34] and faradaic efficiencies A up to 3 x 10° [19] were reported. CH, steam
reforming on Ni-YSZ and Ni-YSZ cermet/YSZ [35] was the first EPOC study where
non-noble metal catalyst-electrodes were used. Concerning the r vs. Uy or, equiv-
alently, r vs. @ behavior over the entire experimentally accessible range (global
behavior), four types of behavior were observed depending on the catalytic system
and the experimental conditions: purely electrophobic behavior (0r/0Uyy > 0, Or/
0® > 0), as in C,H, oxidation on Pt/YSZ [19]; purely electrophilic behavior (0#/
OUwg <0, 0r/0® < 0), as in NO reduction by C,H, on Pt/YSZ [36]; volcano-type
behavior, i.e., a maximum in the reaction rate r with varying catalyst potential Uyz
or work function @, as in CO oxidation on Pt/YSZ (under reducing conditions) [20];
and inverted volcano-type behavior, i.e., a minimum in r with varying Uy or @, as
in NO reduction by C3Hg on Rh/YSZ in the presence of excess O, [34].

An interesting aspect of EPOC discovered in 1997 by Comninellis and coworkers
in the reaction of C,H,4 oxidation on IrO,/YSZ [37] is the “permanent NEMCA” or
“permanent EPOC” (P-EPOC) effect, i.e., the remaining rate enhancement after
current interruption following prolonged anodic polarization of the catalyst-elec-
trode. Permanent EPOC, which is potentially important for practical applications
(e.g., utilizing EPOC during catalyst preparation), has been observed also in C,H,
combustion on RuO,/YSZ [38] and Pt/YSZ [39] and in NO reduction by C3Hg
[34, 40, 41] or CO [41] in the presence of O, on Rh/YSZ. Permanent EPOC with
YSZ has been explained by storage of promoting oxygen species at the catalyst-
electrode/YSZ interface and subsequent migration towards the catalyst/gas interface
after positive current interruption, through the catalyst-YSZ-gas three-phase bound-
aries [39, 42].
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2.2.2 EPOC with Cationic Conductors and Aqueous
Electrolytes

Studies concerning the discovery of EPOC and its first report as a general, electro-
chemically induced, catalytic effect were carried out using YSZ, an O>~ conducting
solid electrolyte. In 1991 C.G. Vayenas and his coworkers reported for the first time
EPOC using a Na* conductor, in the reaction of ethylene complete oxidation on Pt
interfaced to p”-Al,O3 solid electrolyte in a fuel cell type reactor (§”-Al,O5 tube)
[26]. An important conclusion of this study was that the observed EPOC features
were the same as those for ethylene complete oxidation on Pt/YSZ, in particular the
exhibited electrophobic behavior and the exponential dependence of rate on catalyst
potential (Eq. 2.3) [26], which supported the explanation of the EPOC effect on the
basis of an electrochemically induced alteration of the catalyst surface work func-
tion, as given by Eq. (2.5) [19]. Also, the fact that a very small sodium coverage,
equal to 0.015, was found sufficient to cause a pronounced 70% decrease in the rate
of ethylene oxidation provided strong evidence for “long-range” electronic interac-
tions, ruling out any interpretation of EPOC based on geometric factors [26]. The
main features observed in this work were confirmed some years later by Harkness
et al. [43] who studied the same system in a single pellet reactor [44] and over a
wider range of conditions, in parallel with kinetic and spectroscopic experiments
with Pt(111)/Na model catalysts. In this type of reactor, the Pt catalyst-working
electrode and two inert Au reference and counter electrodes were deposited on the
opposite sides of a B”-Al,O5 disk, all exposed to the reaction mixture. Besides the
application of a different reactor type, a new aspect of their work was the observation
of a volcano-type behavior (a maximum in the ethylene combustion rate) with
decreasing catalyst potential Uy (increasing sodium coverage), corresponding to
a very sharp cutoff of the rate below sufficiently negative values of Uy which was
attributed to extensive blocking of the Pt surface with sodium surface compound
(s) and to strongly enhanced competitive adsorption of oxygen. Moreover, over the
same range of sodium coverages, they observed agreement between the kinetic
behavior of the electropromoted Pt catalyst and that of the Pt(111)/Na model
catalyst, providing strong evidence for the role of sodium as the key promoting
species under conditions of EPOC with Na* conducting solid electrolytes.

From 1991 to 2003, EPOC using alkali ion conductors, specifically p’-Al,Os,
K-p"-alumina and NASICON (Na3Zr,Si,PO,,), was studied by the groups of C. G.
Vayenas in Patras, R.M. Lambert in Cambridge, and G. Haller in Yale in many other
reactions [1], including complete and partial oxidations (C,H, oxidation on
Pt/NASICON [45]; CO oxidation on Pt/p"-Al,03 [46]; C,H, epoxidation on Ag/p-
"-Al,03 [47]); NO reduction on Pt/p"-Al,03 by C,H, [48], CO [49], H, [50], or
C3Hg [51], on Rh/B”-Al,O3 by CO [52, 53] or C3Hg [52, 54], and on Cu/p”-Al,O3 by
CO [55]; hydrocarbon hydrogenations (CgHg hydrogenation on Pt/p”-Al,O3 [56]
and selective C,H, hydrogenation on Pd/p”-Al,O5 [57], Pt/f"-Al,O5 [58], and Pt/K-
f-alumina [59]); CO, hydrogenation on Pd/f"-Al,05 [28, 60]; and Fischer-Tropsch
synthesis on Ru/p”-Al,O5 [14, 61] and Rh/K-B"-alumina [62]. The results of these
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studies confirmed that EPOC is not restricted to O*~ conductors and to oxidation
reactions but can be also induced with alkali ion conductors in many reaction types
providing a means of in situ controlled alkali promotion with numerous potential
applications. Since 2003, a large number of important new contributions to EPOC
with alkaline conductors have appeared, as summarized in recent reviews [5, 7, 63,
64], including the electrochemically assisted NO, storage/reduction on porous
Pt/K-p-Al,O3 [65] under negative/positive polarization, respectively. EPOC with
alkaline conductors for emissions control catalysis is fully described in Chap. 4. We
can also mention the K*-promoted (negative polarization) H, production by CH;0H
steam reforming on nanocolumnar Ni films deposited on K-p-Al,O5 and its simul-
taneous reversible storage in the presence of potassium species, mainly via spillover
of H atoms from Ni onto graphene oxide (GO) produced in situ via electropromoted
methanol decomposition [66]. This study is detailed in Chap. 9.

An attractive feature of using an alkali ion conductor for electrochemical promo-
tion is that the coverage of alkali electrochemically introduced onto the gas-exposed
catalyst surface can be accurately measured coulometrically. This allows easy
comparison with classical promotion studies and evaluation of the promotion
index PI;, which is an important phenomenological parameter for quantification of
the promoting or poisoning effect of a given species i (e.g., Na*) co-adsorbed on a
catalytic surface during a reaction. The promotion index PI; is defined from:

Pl % (2.8)

where r, is the catalytic reaction rate in the absence of species i and r — r, is the
induced rate change by a change A#; in the coverage 6; of the promoting
(or poisoning) species i. For the aforementioned reactions, promotion index values
up to 6000 have been reported for the sodium species supplied electrochemically
onto the catalyst surface [1]. An example of electrochemical promotion using a Na*
conductor is shown in Fig. 2.6 for ethylene epoxidation on Ag/f”-Al,O; in the
presence of 1,2-C,H,Cl, as moderator, studied in a single pellet reactor [47]. Neg-
ative current application, i.e., Na* pumping to the Ag catalyst-electrode, resulted in
enhancement of the ethylene epoxidation rate without affecting the ethylene com-
bustion rate and, concomitantly, in substantial increase of the selectivity to
C,H40. The latter reached a maximum value of 88% for a sodium coverage
of 0.03 and 1 ppm of 1,2-C,H,Cl, in the gas phase. The strong promotional effect
of the electrochemically supplied Na species is reflected in the high values, up to
40, of the promotion index Ply,.

Proton conductors are another class of solid electrolytes which has been used to
induce electrochemical promotion of catalyst-electrodes [1, 11]. In 1990 Politova,
Sobyanin, and Belyaev in Novosibirsk reported reversible non-faradaic rate changes
in the reaction of ethylene hydrogenation on Ni interfaced to CsHSO,4, a H*
conducting solid electrolyte, upon electrochemical H" pumping to or from the
catalyst surface, corresponding to electrophobic EPOC behavior with enhancement
factor p and faradaic efficiency IAl values up to ca. 2 and 300, respectively [67]. This
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Fig. 2.6 C,H, epoxidation
on Ag/f”-Al,O3: Transient
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work was the first EPOC study using a proton conductor and also the first EPOC
study of a hydrogenation reaction. In the same decade, from 1993 to 2000, EPOC
was studied in several other reactions using a variety of H* conductors. In 1993,
M. Stoukides and his coworkers studied for the first time the non-oxidative coupling
of methane to ethane and ethylene on Ag interfaced to SrCeos5YbposOz in a
one-chamber cell [68]. The reaction exhibited electrophobic behavior with p values
up to 8 and total selectivity to C, hydrocarbons near 100%; however, no faradaic
efficiency values were reported. The first report of the use of a proton conductor for
electrochemical promotion of an oxidation reaction appeared in 1996 by Makri et al.
[30] who investigated the effect of electrochemical pumping of H* on the rate of
ethylene combustion on Pt interfaced to CaZr,oIng 035, a solid electrolyte with
predominantly proton conductivity over the temperature range 380—450 °C that was
used in this study. Electrophilic EPOC behavior was observed, corresponding to
reversible increase of the rate of C,H4 combustion by up to 500% upon proton
supply to the catalyst-electrode film (negative current application) and to faradaic
efficiency IAl values up to 2 x 10%,

In 2000, Yiokari et al. [69] demonstrated for the first time electrochemical
promotion under high pressure (50 atm) and using a dispersed industrial
non-precious metal catalyst. Specifically, they achieved up to 1300% non-faradaic
(IAl = 6) enhancement of the rate of NH; synthesis on a state-of-the-art iron-based
industrial catalyst (BASF S6-10RED) by depositing it on proton conductor
Calng 1Zry 9035 pellets, using a mixture of catalyst powder and commercial Fe
paste, and electrochemically pumping H to its surface. This work was also the
first demonstration of scale-up of an EPOC reactor as a multi-pellet configuration
(twenty-four Calng Zry903.5 pellets) was used (Fig. 2.7). Some years later
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Fig. 2.7 Multi-pellet EPOC reactor for NH3 synthesis at high pressure: (a) Machinable ceramic
holders and two Calng ;Zr90;_s pellets showing the location of the electrodes. (b) Twenty-four
pellet unit. (Reprinted with permission from ref. [69]. Copyright (2000) American Chemical
Society)

Stoukides and coworkers [70] also reported a similar weak EPOC effect (IAl and rate
enhancement ratio p less than 3 and 2, respectively) for NH; synthesis on an
industrial Fe-based catalyst-electrode interfaced to the H" conductor
S1Zr995Y0.0503.5 at 450-700 °C and atmospheric pressure. Recent advances on
the electrochemical promotion of ammonia synthesis are reviewed in Chap. 8.

The use of a solid polymer proton conductor in EPOC was reported for the first
time in 1997 by Tsiplakides et al. [71] who studied the oxidation of H, by O, at room
temperature on a Pt black catalyst-electrode deposited on Nafion 117 membrane,
with the other side of the membrane being in contact with a 0.1 M KOH aqueous
solution with a Pt wire counter electrode immersed in it. It was observed that positive
current application reversibly increased the rate of H, oxidation by up to a factor of
20, whereas the induced rate increase was up to 300 times larger than the electro-
chemical rate of H, oxidation, implying change in the chemisorptive bond strength
of adsorbed reactants with changing catalyst potential and work function (Eq. 2.5).
Smotkin and coworkers, also using Nafion as solid electrolyte, demonstrated in 1997
for the first time electrochemical promotion for a unimolecular and non-redox
catalytic reaction, specifically for the isomerization of 1-butene on a high surface
area Pd/C cathode deposited on Nafion 117 in a membrane electrode assembly
(MEA) with an essentially nonpolarizable Pt black/H, counter electrode
[72]. Under galvanic cell operation at 70 °C, the rates of cis- and trans-2-butene
formation increased dramatically, prior to a significant increase in butane formation
by 1-butene hydrogenation, passing through a maximum at a cell voltage of 0.16 V
and 0.1 V, respectively (Fig. 2.8). The enhancement factor p values at these maxima
were approximately 38 and 46, respectively, whereas the absolute value of the
faradaic efficiency for both isomers was approximately 28, denoting a strong
non-faradaic electrophilic behavior. A mechanistic study of this electropromoted
isomerization revealed that it is an acid-catalyzed reaction at the Pd surface facili-
tated by the superacidic Nafion electrolyte [73].
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An interesting EPOC study with Pb** ion conductor appeared in 2002, when
Lambert and coworkers reported the first demonstration of the use of electrochemical
promotion to in situ control, in a reversible and reproducible manner, the composi-
tion and catalytic performance of bimetallic surface Pt/Pb alloy for hydrogenation of
acetylene, via interfacing a porous Pt film with a Pb-p”-Al,05 electrolyte (a Pb>*
conductor) and electrochemically pumping of Pb>* to the Pt film [74, 75]. Increase in
selectivity to ethylene from 20% on pure Pt to 85% on a ~ 26% Pb alloy surface
formed via Pb>* pumping was observed, accompanied by a decrease in C,H,
conversion, which was attributed to weakening of the ethylene and acetylene
chemisorptive bonds.

In 1993 Anastasijevic et al. [76] were first to report a non-faradaic effect in
aqueous electrochemistry, specifically a current efficiency above 100% for H,
evolution during HCHO oxidation on Cu and Ag electrodes in 0.1 M KOH solution.
In 1994, Neophytides et al. [77] reported electrochemical promotion for H, oxida-
tion on a graphite-supported Pt electrode immersed in 0.1 M KOH solution and,
some years later, on a Pt black electrode [78], obtaining identical results. The
Pt/graphite or Pt black working electrode was deposited on a Teflon-frit through
which the reactant mixture was sparged, while a Pt counter electrode was positioned
in a separate compartment. Figure 2.9 shows a characteristic galvanostatic transient
obtained with the Pt/graphite electrode. As seen in the figure, the observed rate
changes in H, and O, consumption are reversible and non-faradaic, corresponding,
for I = 15 mA, to faradaic efficiencies equal to ca. 7 and 5, respectively, while the
rate relaxation time constant is on the order of 2FN/I, as in EPOC studies with o>
conductors (Eq. 2.4). Application of positive overpotentials in this system, i.e., OH™
supply to the Pt electrode, increased the rate of H, oxidation by up to 500% in a
non-faradaic manner with faradaic efficiencies up to 100 [77, 78]. Qualitatively
similar results were obtained using a 0.1 M LiOH solution. Similarly to
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Fig. 2.9 EPOC in H, oxidation on Pt/graphite in 0.1 M KOH: Transient effect of applied positive
and negative current / (15 mA and — 10 mA) on the rates of consumption of oxygen (ro, mol O/s)
and hydrogen (ry,, mol Hy/s); Py, = 0.75 kPa, Pp, = 1.06 kPa, gas flow rate F, = 280 cm>/min at
STP. Total Pt surface area Ng = 3.0 x 1075 mol Pt. (Reprinted from ref. [77] with permission from
Springer Nature)

electrochemical promotion with solid electrolytes, the observed EPOC behavior was
attributed to polarization-induced changes in the work function of the Pt surface and
to concomitant changes in the coverages and binding strengths of dissociatively
chemisorbed oxygen and hydrogen [1, 77, 78].

2.3 The Physicochemical Origin of EPOC: Rules
of Promotion

Since the early 1990s, EPOC had been conclusively associated with polarization-
induced changes of the catalyst-electrodes, and Eq. (2.5) had been experimentally
validated for oxygen and sodium ion conductors [24-26]; however, a detailed
understanding of the EPOC effect at the molecular level was missing. Starting
essentially from 1993, a large number of surface science, catalytic and electrochem-
ical techniques, as well as theoretical calculations and thermodynamic consider-
ations, mentioned in early and recent reviews [1, 2, 6, 8, 13, 14, 79-81], were
employed to determine the physicochemical origin of electrochemical promotion, in
particular as it concerns the nature of the promoting species and the catalyst surface
state under electrochemical promotion conditions.
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In 1993, X-ray photoelectron spectroscopy (XPS) was employed for the first time
to study the effect of polarization on Pt catalyst-electrode films interfaced with YSZ
[82]. Backspillover of oxygen species from the solid electrolyte onto the Pt surface
upon electrochemical oxygen pumping to the catalyst was evidenced by an almost
60% increase in the total Ols spectrum area compared to that under open-circuit,
which was accompanied by a shift of the peak maximum to lower binding energy by
ca. 1.8 eV (Fig. 2.10). The difference Ols spectrum revealed that two distinct
oxygen species existed on the Pt surface following oxygen pumping, specifically
chemisorbed atomic oxygen, at a binding energy of 530.4 eV (peak y), and a more
anionic oxygen species, at a binding energy of 528.8 eV (peak d). The latter oxygen
species, which was less reactive than normally chemisorbed oxygen under the
reducing UHV conditions, was identified as the promoter oxygen species responsi-
ble for electrochemical promotion of catalytic oxidations using O~ solid electro-
Iytes [1, 82].

In 1995, Neophytides and Vayenas used for the first time temperature-
programmed desorption (TPD) under high-vacuum conditions to investigate the
state of adsorbed oxygen on Pt catalyst-electrode films interfaced to YSZ as a
function of catalyst potential [83]. A more detailed TPD study of the same system
followed 3 years later by Neophytides et al. [84]. As shown in Fig. 2.11, gaseous
oxygen adsorption (¢ = 0) resulted in a single adsorption state, while mixed gaseous-
electrochemical oxygen adsorption via subsequent electrochemical supply of O?~
for various times (¢ = 125-3900 s) led to two distinct adsorbed oxygen states,
specifically a weakly bonded state, shifted to lower peak desorption temperature
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T, (by ca. 50 K) compared to that for oxygen adsorption from the gas phase only
(T, = 738 K), and a strongly bonded state (7, from 743 to 773 K) gradually
developing with increasing time of current application. Considering that the time
required for complete development of the strongly bonded oxygen state and the
relaxation time for the catalytic rate to reach its promoted state during galvanostatic
transients in EPOC experiments were both comparable to 2FN/I (Eq. 2.4), equal to
2500 s, the conclusion drawn was that the strongly bonded oxygen state corresponds
to partially charged ionic oxygen species created on the catalyst surface upon
electrochemical pumping of O~ to the catalyst-electrode, which forces normally
chemisorbed oxygen to a more weakly bonded and more reactive adsorption state
acting as “sacrificial promoter” as it is also consumed reacting with the oxidizable
species present (e.g., CoHy, CO), at a rate I/(2F) at steady state [83, 84]. In this
context, the faradaic efficiency A (Eq. (2.1)) can be considered to express at steady
state the ratio of the turnover frequencies TOF, and TOF,, for the electrochemically
promoted reaction and for the consumption of the sacrificial promoting species,
respectively, or, equivalently, the ratio of the average lifetimes 7, and 7, of the
promoting species and of the adsorbed gas-supplied reactants on the catalyst surface,
the former estimated from the time decay of the reaction rate upon current interrup-
tion [1, 13].

The aforementioned XPS [82] and TPD [83, 84] studies of the Pt/YSZ system
provided for the first time evidence for creation of a strongly bonded oxygen state on
the Pt catalyst surface upon positive polarization, which does not form via adsorption
from the gas phase and can act as a sacrificial promoting species in catalytic
oxidations under EPOC conditions by weakening the binding strength of the more
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Fig. 2.12 CO oxidation by 0, on Pt /YSZ: Low-temperature (T = 225 °C) galvanostatic transient
(P1g§0, = 8 X 108 mbar, Perisp =25 x 10~® mbar) leading to non-faradaic behavior; see text for
discussion. (Reprinted from ref. [86], with permission from Elsevier)

reactive normally adsorbed oxygen. Since these first studies and up to 2001 the
electrochemically induced creation of promoting oxygen species on metal catalyst-
electrodes and the sacrificial promoter mechanism of EPOC with O*~ conductors
had been corroborated by the results of many spectroscopic (including XPS, ultra-
violet photoelectron spectroscopy (UPS), photoemission electron spectroscopy, and
surface enhanced Raman spectroscopy) and electrochemical (AC impedance, cyclic
voltammetry, potential programmed reduction) techniques [1]. Direct confirmation
of the sacrificial promoter mechanism came in 2004 by Katsaounis et al. [85, 86]
who studied under high-vacuum conditions both the adsorption of 80, [85] and the
oxidation of CO by '80, [86] on electropromoted catalyst-electrode Pt films
interfaced to YSZ. Their results showed clearly that under anodic polarization '°O
from the YSZ lattice migrates onto the Pt catalyst surface, acting there as a sacrificial
promoter since the '®0®~ species both react with CO and promote the catalytic
reaction between CO and adsorbed '®O from the gas phase. This is illustrated in
Fig. 2.12 [86], which shows that upon positive (I = +1 pA) or negative (I = —1 pA)
current application the induced increase or decrease, respectively, of the rate of
C'0, is very small and (sub)faradaic (Arcisg,/(I/(2F)) < 1) , whereas the
corresponding increase or decrease of the rate of C'°0'®0 formation is much larger
and non-faradaic, i.e., at steady state |Arcisyisp| is ca. 11.4 and 9.6 times larger than
the rate |11/(2F) of supply or removal, respectively, of O*~ to or from the Pt catalyst.

In 2007, P. Vernoux and his coworkers validated the sacrificial promoter mech-
anism of EPOC with O>~ conductors under real operating conditions, by performing



2 Electrochemical Promotion of Catalysis: From Discovery to Fundamentals. . . 39

Fig. 2.13 Propane 20 5
combustion on Pt/YSZ: Peye=0.1kPa , L
Effect of electrochemical P =2 5kPa L co 5
rate of O*~ supply on the %3_2“35'000 /A=40 2 - A=20
CO, production rate 16 ¥
increase. Dashed lines -
correspond to constant o
faradaic efficiency values. 90 12
PC3H3 =0.1 kPa, Poz = E
2.5 kPa, T = 350 °C. o
(Reprinted from ref. [88], e
with permission from B
. o
Elsevier) o
&2
5
4
0

0 0.2 0.4 0.6 0.8 1
(I/2F) / 108 molO's™!

0,-TPD in the Pt/YSZ system under atmospheric pressure in the presence and
absence of propane in the gas phase [87]. In continuation of this work, isotopic
labeling experiments were performed by Tsampas et al. [88, 89] to operando
investigate EPOC in the reaction of propane combustion on Pt/YSZ under atmo-
spheric pressure and distinguish the role of oxygen species originating from the gas
phase and from the YSZ solid electrolyte. In agreement with the sacrificial promoter
model, application of positive polarization resulted in pronounced electropromotion
(faradaic efficiency A up to 35) of the reaction of propane with gaseous O, (C'*0,
production) and to significant surface oxygen exchange at the gas-Pt-YSZ bound-
aries generating active oxygen species, as evidenced by the production of C'°0'*0
which was also promoted but to a lesser extent, whereas production of C'°0, via
(sub)faradaic electrochemical oxidation of propane by O* was also observed
(Fig. 2.13) [88, 89].

The origin of EPOC when using alkali ionic conductors and the nature of the
promoting alkali surface phases have been investigated by a large number of
catalytic, spectroscopic, and surface imaging techniques [1, 6]. In 1995 and 1996
Lambert and coworkers combined for the first time kinetic and spectroscopic
(postreaction XPS, Auger electron spectroscopy (AES), and TPD) data obtained
with a Na-dosed Pt(111) single crystal and electrochemical promotion data for the
reactions of ethylene combustion [43] and NO reduction by ethylene [48] on Pt films
supported on f”-Al,O;. The observed agreement in the kinetic behavior of the Pt
(111)/Na model catalyst with that of the electropromoted Pt film catalyst over the
same range of sodium coverages provided strong evidence that reversible sodium
backspillover is the origin of EPOC with Na* conductors. Moreover, postreaction
XP and Auger spectra showed that the chemical state of the promoting sodium
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depends on reaction conditions. From 1996 to 2003, Lambert and coworkers
performed in situ and ex situ XPS, UPS, AES, and X-ray absorption near edge
spectroscopy (XANES) studies on Pt/p”-Al,O5 [1, 51, 90], Rh/p”-Al,O5 [52, 54],
Cu/p’-ALL05 [55, 91], PUK-B"-Al,05 [59], and Rh/K-p”-Al,O3 [62] under condi-
tions simulating EPOC or after EPOC experiments (postreaction). These studies,
which are summarized in a recent review [6], further confirmed that electrochemical
promotion with alkali ion conductors is due to reversible backspillover of alkali
species from the solid electrolyte to the catalyst-electrode. Moreover, they showed
that the surface chemical state of the electrochemically pumped alkali is the same as
that for alkali adsorbed on the surface via vacuum deposition and that under reaction
conditions the alkali promoter is present as surface compounds with submonolayer
coverage and with nature dependent on the composition of the reactive gas phase
(e.g., as a mixture of NaNO, and NaNOs in NO reduction by propene or as Na,CO;
in propane oxidation on Pt/f”-Al,03 [14]). Lambert and coworkers have also
reported a linear correlation between catalyst potential Uyg and catalyst work
function @ in the Rh/B’-Al,O5 [14, 53] and Cu/p’-Al,O3 [91] systems over an
extended range of catalyst potential (AUywg ~ 2 V and 0.9 V, respectively) and
submonolayer sodium coverages, by determining the work function of Rh and Cu
via UPS (secondary electron cutoff method). After 2003, ex situ (postreaction)
SEM/EDX, XRD, XPS, and FTIR analyses as well as cyclic voltammetry have
been also employed by the groups of P. Vernoux, J. L. Valverde, and A. de Lucas
Consuegra to study the nature and arrangement of the potassium promoter phases
present on the catalyst surface under EPOC conditions in the reactions of
low-temperature propene oxidation on Pt/K-f-Al,03 [92] and partial oxidation of
methanol on Pt/K-p-Al,O3 [93] and Cu/K-B-Al,O5 [94].

In 1996, Vayenas and coworkers used successfully scanning tunneling micros-
copy (STM) to follow the polarization-induced reversible migration of sodium
across macroscopic (on the order of mm) distances from a p”-Al,O3 pellet to the
surface of a Pt(111) single crystal deposited on it and exposed to air [95], also
achieving for the first time imaging of an electropromoted catalyst-electrode surface
with atomic-level resolution. They observed that electrochemical pumping of
sodium to the Pt(111) surface caused, at low sodium coverages (less than 0.05),
the creation of a Pt(111)-(12 x 12)-Na adlayer (interatomic distance of 33.2 A)
which was present over atomically huge domains of the Pt(111) surface, overlapping
the well-known Pt(111)-(2 x 2)-O adlattice (interatomic distance of 5.6 A) formed
by oxygen adsorbed from the gas phase. The Pt(111)-(12 x 12)-Na adlayer
disappeared upon reversal of the direction of sodium pumping, leaving the Pt
(111)-(2 x 2)-O adlattice intact. Some years later, an STM study of an air-exposed
Pt(111) single crystal interfaced to an YSZ pellet similarly demonstrated the revers-
ible migration of promoting oxygen species upon polarization, i.e., under conditions
simulating EPOC, which formed a (12 x 12)-O adlattice coexisting with the
underlying (2 x 2)-overlayer of the normally chemisorbed oxygen from the gas
phase [96]. On a distance scale larger than that in STM studies, scanning photoelec-
tron microscopy (SPEM) has been used by Lambert and coworkers to image the
spatial distribution and time dependence of electro-pumped alkali at the surface of
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polycrystalline Cu interfaced to ”-Al,05 [91] and at the surface of polycrystalline Pt
interfaced either to p”-Al,O3 [14] or to K-p”-Al,O3 [59]. In all cases a practically
uniform spatial distribution of the alkali was observed, with its surface concentration
increasing with decreasing potential of the Pt or Cu electrode.

All the experimental techniques and theoretical studies that have been used to
investigate the physicochemical origin of electrochemical promotion [1, 2, 6, 8, 13,
14, 79-81], mostly with 0%~ and alkali ion conductors, have confirmed that EPOC is
due to the electrochemically controlled introduction of partially charged promoting
species from the solid electrolyte (or mixed ionic-electronic conductor) support to
the gas-exposed catalyst-electrode surface. These electrocatalytically created spe-
cies, accompanied by their compensating (image) charges in the electrode, form an
overall neutral double layer on the catalyst/gas interface, as shown schematically in
Fig. 2.14. The presence of this effective double layer, whose density and field
strength in it vary with varying catalyst potential, affects the electronic properties
(work function) of the catalyst surface and concomitantly its chemisorptive proper-
ties, thus inducing pronounced and reversible alterations in catalytic rates and
selectivity. It is noted that although the nature of the promoting species under
EPOC conditions has been extensively studied for O>~ and alkali ion conductors,
establishing the sacrificial promoter mechanism [1, 13] in the former case, much less
is known about the promoting species formed on the catalyst-electrode surface in
EPOC with H* conducting electrolytes, in particular in oxidation reactions. In this
case it has been proposed that adsorbed hydroxyl species formed by association of
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the migrating protons with chemisorbed atomic oxygen act as sacrificial promoters
[1, 97].

In 2001, a systematic and meticulous search of the electrochemical promotion
literature allowed Vayenas and coworkers to classify reactions in four types
(electrophobic, electrophilic, volcano, and inverted volcano-type reactions, as
defined in Sect. 2.2.1) on the basis of the rate versus catalyst potential or work
function behavior and, moreover, establish simple and rigorous rules which permit
prediction of the electrochemical promotion behavior on the basis of the reaction
kinetics under unpromoted conditions or the chemisorptive bond strengths of the
electron donor (D) and electron acceptor (A) reactants on the unpromoted catalyst
[1, 98]. These rules were extended also to chemical promotion [1, 98] which was
validated some years later using the chemical (classical) promotion literature
[99]. The four global promotional rules (R1 to R4), which predict the rate r vs.
catalyst potential Uyg or work function @ behavior over the entire experimentally
accessible range (typically, over 1.5 to 2 eV for @), are summarized schematically in
Fig. 2.15 [100]. Vayenas and Brosda [100] showed that these four promotional rules
can be combined in a single generalized rule which states that the r vs. @ dependence
always traces the rate vs. electron donor (D) reactant partial pressure dependence.
Vayenas and coworkers also demonstrated that the electrostatic interaction between
the electric field in the effective double layer and the adsorbate dipoles leads to
Frumkin-type electrochemical isotherms, consistent with the experimentally
observed in TPD studies linear changes of heats of adsorption with catalyst work
function [1, 98], and to generalized Langmuir-Hinshelwood kinetics which success-
fully model the kinetics of promoted catalytic reactions, in good semiquantitative
agreement with experiment, also mathematically describing the rules of promotion
[1, 101].

The validity of the aforementioned rules of promotion and modelling of promoted
catalytic kinetics for both electrochemical promotion, where the promoter level on
the catalyst surface is varied in situ by varying catalyst potential, and for chemical
(classical) promotion, where the promoters are typically added ex situ in the course
of catalyst preparation, underlines their functional similarity and only operational
differences [1, 99] which had become evident already from the first studies of the
origin of EPOC, in particular those with alkali ion conductors. However, the in situ
controllable reversible promotion and the ability to create and continuously replenish
short-lived but extremely effective promoter species, such as O%, that are not
available in classical promotion are distinct features of EPOC and important oper-
ational advantages [1, 102], highlighting its practical usefulness.

In 2001 it was also shown that EPOC with O*~ conductors is functionally
equivalent with metal-support interaction (MSI) promotional phenomena in dis-
persed nanocrystalline metal (Pt, Rh) or metal-type conducting oxide (IrO,) catalysts
supported on porous O conducting (e.g., YSZ) or mixed ionic-electronic
conducting (e.g., WOj3-doped TiO,) supports [1, 103]. In both cases backspillover
of oxygen ions to the catalyst surface is the dominant promoting mechanism; thus
EPOC can be considered an electrically controlled MSI [1, 102, 103]. The common
underlying principle is shown schematically in Fig. 2.16. In conclusion,
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Fig. 2.15 Effect of the
reaction orders a, and ap
with respect to the electron
acceptor, A, and electron
donor, D, reactant (top) and
effect of the magnitude of
adsorption equilibrium
constants kp and k4 and
corresponding partial
pressures pp and p, of the
electron donor and electron
acceptor reactant,
respectively, (bottom) on the
observed rate dependence
on catalyst potential or work
function: electrophobic (/),
electrophilic (\), volcano
(N), and inverted volcano
(U) dependence and range of
validity of the
corresponding four global
promotional rules R1, R2,
R3, and R4. (Reprinted from
ref. [100], with permission
from Springer Nature)
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electrochemical promotion, promotion, and MSI on ionic and mixed conducting
supports are all three facets of the same phenomenon and are due to the interaction of
the adsorbed reacting species with the effective double layer formed by promoting
species at the gas-exposed catalyst surface [1, 102].
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Fig. 2.16 Schematic of a metal grain (~pm) in a metal catalyst film deposited on YSZ or TiO,
under EPOC conditions (left) and of a metal nanoparticle (~nm) deposited on a porous TiO, support
(right), showing the locations of the classical double layers formed at the metal-support interface
and of the effective double layers formed at the metal-gas interface. (Reprinted (adapted) with from
ref. [103], with permission from Elsevier)

2.4 From Fundamentals to Applications

Since its discovery, EPOC has been studied in more than 80 catalytic reactions
(including oxidation, hydrogenation, and dehydrogenation, NO, reduction and stor-
age, decomposition, isomerization, and reforming reactions) using a variety of metal
(mostly noble metal) or metal-type oxide catalysts supported on many different ionic
or mixed ionic-electronic conductors, as summarized in a number of early and recent
reviews [1, 2, 7, 8, 11]. EPOC has also been reported in a few catalytic systems with
aqueous electrolytes [1, 76-78, 104, 105] and inorganic melts [1, 106], including a
very recent study of methanol electrolysis with methanol-KOH solution introduced
in both the anode and cathode, where the observed over-faradaic H, production was
attributed to electrochemical promotion of the catalytic methanol decomposition at
the Pd/C cathode by K* ions supplied from the liquid electrolyte under electrolysis
conditions [107]. Over the years, there has been a gradual shift of the interest from
EPOC studies of model reactions (originally oxidation reactions of C,H, and CO),
mainly aiming to elucidation of the origin and molecular-scale mechanism of this
effect, to EPOC studies of reactions of environmental and industrial importance,
such as selective catalytic reduction (SCR) of NO,, H, production by catalytic
reforming or partial oxidation, and CO, hydrogenation [1, 2, 7, 8, 11, 108—
112]. In particular, electrochemical promotion of CO, hydrogenation has attracted
increased interest in recent years aiming to management and mitigation of CO,
emissions [2, 28, 29, 109-111, 113-118]. Recently, there is also growing interest for
electrochemical promotion of non-noble transition metal [2, 66, 94, 109, 118-121]
and metal oxide [122, 123] catalysts, driven by the need to develop sustainable and
commercially viable processes, with the research efforts focused on H, production
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[66, 94, 119, 120], CO, hydrogenation to hydrocarbons and other organics
[118, 121], reverse water gas shift (RWGS) reaction [109, 122], and gas phase
Brgnsted acid-catalyzed reactions [123]. Theoretical modelling of EPOC using
quantum mechanical calculations, which started in 1996 by Pacchioni et al. [124]
and continued later by Leiva et at. [125], has also drawn increased interest recently,
in particular by Steinmann, Baranova, and coworkers who have used density
functional theory (DFT) calculations and ab initio atomistic thermodynamics to
study the origin of EPOC in C,H4 oxidation on RuO,/YSZ [79] and in CH4
oxidation on Pt/'YSZ [126].

Besides its fundamental scientific importance, EPOC has a great potential for
practical utilization, although its commercial application is still missing for several
technical and economic reasons [1, 2, 5, 8, 12, 13, 127]. The main technical obstacles
for practical utilization of EPOC have been (a) the very low dispersion (less than
ca. 0.01%) of the porous metal films (0.1-5 pum typical thickness) and (b) the lack of
compact, efficient, and cheap reactor designs allowing electropromotion of the
catalyst with a minimum number of electrical connections [2, 11-13]. Efforts to
address these issues and foster practical applications of EPOC have started since the
mid-90s with contributions by different groups, as summarized in recent reviews
[2, 5,8, 12, 128] and concisely described below.

2.4.1 EPOC via Polarization in Bipolar Configuration

In 1997 Marwood and Vayenas demonstrated EPOC in C,H, combustion on a Pt
stripe catalyst deposited on YSZ between two Au electrodes in a bipolar configura-
tion where the Pt catalyst was electronically isolated, i.e., not used as an electrode,
and polarization was applied between the two catalytically inert terminal Au elec-
trodes [129]. Although the maximum rate enhancement ratio obtained in this bipolar
configuration was a factor of 2 smaller than that obtained in the conventional
monopolar configuration, which was attributed to current bypass and nonuniform
distribution of the work function in the bipolar Pt electrode, it was clearly shown for
the first time that EPOC can be induced without direct electrical connection to the
catalyst [129]. Some years later the same idea was successfully extended to multi-
stripe and multi-dot bipolar Pt catalysts [130]. In 1999, Comninellis and coworkers
used a bipolar configuration to demonstrate for the first time EPOC of C,H,
combustion on RuO, catalyst deposited (by thermal decomposition of RuCl;xH,0)
on the inside of the channels (2 mm ID) of a cylindrical YSZ monolith (2.2 cm dia. X
1 cm height, 37 channels) in a plug flow reactor assembly, reporting enhancement
factor and faradaic efficiency values up to 1.5 and 90, respectively, even for high
(36%) open-circuit C,H, conversions [131]. A schematic of this bipolar design is
shown in Fig. 2.17a [132].

In 2010 bipolar configurations were used for the first time to electropromote
isolated metal nanoparticles [133—135]. Comninellis and coworkers demonstrated
EPOC of CO oxidation (under high vacuum) on isolated Pt nanoparticles (60 nm)
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Fig. 2.17 Monolithic (multiple-channel) bipolar configurations for EPOC in ethylene combustion
on RuO, deposited on YSZ (a) and in methane combustion on Pd isolated particles deposited on
YSZ (b). (Reprinted (adapted) from refs. [132, 135], with permission from Elsevier)

sputter-deposited on a rectangular YSZ pellet by applying in plane polarization
between two Au electrodes in a bipolar configuration [133, 134]. They also used
for the first time isotopic '®0, as oxidant to accurately quantify EPOC in a bipolar
system of non-percolated nanoparticles [134]. Vernoux and coworkers reported
non-faradaic inhibiting effect on the rate of CH,; combustion on isolated Pd
nanoparticles deposited (by electroless deposition) on the inner surface of an YSZ
honeycomb cylindrical monolith (3.2 cm dia. x 3.2 cm height, with ca. 600 channels
I mm X 1 mm), upon applying polarization between a continuous Pd film deposited
in the center channel and a Au film painted on the outer surface of the monolith
(Fig. 2.17b) [135]. Such monolithic bipolar designs are in principle promising as it
concerns scale-up of EPOC reactors; however, there are several technical issues to be
addressed, including the current bypass [132] and the limited thermal stability of the
metal nanoparticles as they are not deposited on a porous substrate [2].

2.4.2 Monolithic Electropromoted Reactors (MEPR)

A big step towards practical application of EPOC was the development of the
monolithic electropromoted reactor (MEPR), whose successful operation was dem-
onstrated for the first time in 2004 in the reactions of C,H, combustion and NO,
reduction by C,Hy in the presence of O,, on Pt and Rh catalysts [136]. The MEP
reactor can be considered as a hybrid between a planar solid oxide fuel cell (SOFC)
and a monolithic honeycomb reactor [12, 136]. A schematic and a picture of the
MEPR are shown in Fig. 2.18. The reactor consists of several (typically >10) parallel
solid electrolyte plates (flat or ribbed) positioned in properly carved grooves on the
opposite internal surfaces of a ceramic casing. Thin (ca. 2040 nm) porous catalyst
films are sputter-deposited on both sides of the plates, exposed to the same reaction
mixture. Suitably painted metal films on the surfaces of the grooves create two
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Fig. 2.18 Schematic and picture of the monolithic electropromoted reactor (MEPR). (Adapted
from refs. [136, 137], with permission from Elsevier)

current collectors, the one providing electrical contact among all catalyst films on the
top sides of the plates and the other among all catalyst films on the bottom sides of
them. The entire assembly is enclosed in a properly designed stainless steel gas
manifolding casing.

The MEP reactor is a simple, compact, and efficient reactor for practical utiliza-
tion of EPOC. It requires only two external electrical connections to polarize
simultaneously the catalyst films on all plates (with opposite polarity the two films
on the two sides of each plate) and one of the plates can be used as a gas sensor
element, there is only a single gas stream to and from the reactor, as in classical
catalytic reactors, it is easily assembled and dismantled, permitting easy replacement
of the solid electrolyte plates whenever necessary, and it exhibits very good thermal
and mechanical stability, which allows its use in harsh environments
[12, 136]. Equally important, the use of thin sputtered metal electrodes with metal
dispersions higher than 10%, i.e., comparable with those of supported commercial
catalysts, allows overcoming a major economic obstacle for practical utilization of
EPOC which is the very low dispersion (less than 0.01%) and hence the poor metal
utilization of the typically 0.1-5 pm-thick catalyst films used in EPOC studies
[12, 136]. However, the thermal stability of the sputtered thin metal films may be
low for practical long-term operation [2]. Since 2004, MEP reactors with YSZ
electrolyte have been successfully implemented for EPOC of C,H; combustion
[136, 138] and NO reduction by C,H, in the presence of O, on Pt and Rh
[112, 136], including testing with simulated and real exhaust gas of a diesel engine
[139], SO, oxidation on Pt [140], CO, hydrogenation on Rh, Pt, and Cu [118], and,
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more recently, CO, hydrogenation on Ru [137, 141], at high hourly space velocities
in all cases (up to ca. 3 x 10* h_1[140]).

2.4.3 Electrochemical Promotion of Highly Dispersed
Catalysts

The electrochemical promotion of a highly dispersed metal catalyst was first reported
in 1998 by Marwood and Vayenas [142] in the reaction of C,H4 combustion on
finely dispersed Pt (dispersion higher than ca. 20%) in a porous Au film electrode
deposited on YSZ electrolyte. This finding pointed the way to practical applications
of EPOC as supported highly dispersed metal catalysts exhibit efficient metal
utilization, which is particularly important in case of noble metal catalysts, and
improved thermal stability. Since this first demonstration of EPOC with highly
dispersed catalysts, two main approaches have been followed in this direction,
specifically dispersion of the catalytically active phase in an electronically or
ionically conducting matrix and dispersion of the catalytically active phase in a
mixed ionic-electronic conductive matrix, as concisely described below. Relevant
work up to 2017 is summarized in recent reviews [2, 8].

2.4.3.1 Electrochemical Promotion of Metal Nanoparticles Dispersed
in an Ionically or Electronically Conducting Matrix

In these EPOC systems, the ionically or electronically conducting matrix with the
dispersed metal nanoparticles is deposited as film on a dense solid electrolyte
element. Metal nanoparticles dispersed in an ionic conductor can also be deposited
on a porous interlayer metal film supported on the dense solid electrolyte. The ionic
promoting species are electrocatalytically created at the boundary between the gas
phase, the solid electrolyte, and the electronically conductive phase and then migrate
(backspillover) to the catalytic sites. The main drawback of this design is
the difficulty of the ionic species to backspillover via the conductive support from
the solid electrolyte to the catalytic active sites at the surface of the nanoparticles.
The particular approach has been recently applied in the following catalytic systems:

* CO; hydrogenation (to CH; and CO) on Ni- and Ru-impregnated carbon
nanofibers (CNFs) deposited on dense YSZ, in various configurations [143]. Neg-
ative polarization resulted in weak enhancement of the CO, consumption rate
and, for the Ni-based catalyst, of the selectivity to CHy, whereas the rate enhance-
ment ratio for CH, (electrophilic behavior) was up to 3. The observed weak
electropromotion was attributed to the limited transport of O~ along the CNF
support.

e H, production from CH;OH via partial oxidation and steam reforming on Pt
nanoparticles dispersed on a diamond-like carbon (DLC) matrix deposited on
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Fig. 2.19 CO, hydrogenation on Ru-Co nanodispersed in BZY powder and deposited on a Ru film
supported on a dense BZY disk: (a) Schematic of the BZY support disk and of the three electrodes.
(b) Effect of catalyst potential Uy and dispersed Ru-Co/BZY catalyst loading, mg,,_c./pzy, on the
selectivity to CH4 and CO. Py, = 7 kPa, T = 450 °C, total flowrate F, = 200 cm>/min. (Reprinted
(adapted) from ref. [111], with permission from Elsevier)

dense K-f-Al,O; [144]. Electrochemical pumping of potassium ions to the
catalyst resulted in increase of the H, production rate up to 2.5 and 3.4 times in
partial oxidation and in steam reforming of CH;OH, respectively, under optimal
coverage of the potassium promoter.

* CH, combustion on Pd dispersed (up to 27% dispersion) on a porous interlayer
YSZ film deposited on dense YSZ [145], aiming to a more intimate contact
between YSZ and the palladium phases under reaction conditions. Electrophobic
electrochemical promotion with faradaic efficiencies ranging from 8 to
61, depending on the CH4/O, ratio, was reported. It is noted that CH4 combustion
has been also studied on Pd dispersed on a porous interlayer CeO, film deposited
on dense YSZ [146]. This system exhibited high catalytic activity but no
electropromotion was achieved.

e CO; hydrogenation (to CH, and CO) on nanodispersed Ru-Co in BZY which was
deposited on a porous interlayer Ru film supported on dense BZY
(BaZry gsY. 1505 + 1 wt.% NiO) proton conductor (Fig. 2.19a) [111]. This was
the first study exploring the similarities between EPOC and MSI for the case of a
H* conducting support (BZY) and the first EPOC study of a dispersed Ru-Co
catalyst. Anodic polarization (proton removal from the catalyst) resulted in
reversible non-faradaic increase of the methanation rate (electrophobic behavior),
with faradaic efficiency values up to 65, and in parallel decrease of the CO
production rate (electrophilic behavior). The selectivity to CH, varied between
16% and 41% with varying catalyst potential and dispersed Ru-Co/BZY loading
(Fig. 2.19b). An important conclusion of this study was that both the Ru film and
the Ru-Co nanoparticles were electropromoted, which implied that the
polarization-imposed work function change on the Ru film is also imposed to a
large extent on the metal nanoparticles of the dispersed Ru-Co/BZY catalyst.
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CO; hydrogenation (to CH,; and CO) on nanodispersed Ru in YSZ (2 wt.%
Ru/YSZ) which was deposited on a porous interlayer Ru film supported on
dense YSZ [147]. Small non-faradaic enhancement of the CH,4 production rate
with parallel decrease in the CO production rate was observed upon positive
polarization (O*~ pumping to the catalyst). The weak electrochemical promotion
was attributed to the fact that the catalyst was in a promoted state due to thermally
induced backspillover of O>~ from the YSZ support.

2.4.3.2 Electrochemical Promotion of Metal Nanoparticles Dispersed

in a Mixed Ionic-Electronic Conducting Matrix

The idea behind this approach is that mobility of both electrons and ions in the
catalytic layer can yield significant electrochemical promotion of the dispersed
catalytic nanoparticles [2]. The particular approach has been recently applied in
the following catalytic systems, adopting different strategies:

H, production from steam reforming, partial oxidation, and autothermal steam
reforming of CH, at 500 °C, on a composite electrode Pt-Pt/YSZ electrode
deposited on a dense Na-f-Al,Oj; electrolyte disk, using an ink prepared by
mixing a commercial Pt paste with powder of a dispersed 3 wt. % Pt on YSZ
catalyst [148]. Positive polarization resulted in increase of H, production, as
chemisorption of CH, species was enhanced, but also to deactivation due to
carbon deposition. However, in situ regeneration of the catalytic activity was
possible, in particular under autothermal reforming conditions, by applying
negative polarization, i.e., by supplying Na* to the catalyst, due to the induced
increase in the coverage of H>O and oxygen (electron acceptors) responsible for
the deposited carbon removal. This behavior, which is shown in Fig. 2.20,
demonstrated the possibility of cyclic operation between electropromoted H,
production from CH, at relatively low temperature (500 °C) and in situ regener-
ation of the catalyst, under fixed reaction conditions.

Propane combustion on Pt nanoparticles (3—20 nm) dispersed (~15% dispersion)
on a porous LSCF/GDC (La0,6Sr0.4C00_2Feo_803,5 /Ceg.nga,O]_%)ﬁlm (75 um
thick) deposited on dense GDC [149]. Electrophobic EPOC behavior was
observed corresponding to increase of propane conversion up to 38% and appar-
ent faradaic efficiency up to 85. This study demonstrated the ability to
electropromote metal nanoparticles dispersed in a porous mixed ionic-electronic
conducting (MIEC) electrode (LSCF/GDC), its ionic conductivity ensuring the
transport of the ionic oxygen promoting species from the solid electrolyte (GDC)
to the nanoparticles.

C,H, combustion on Ru nanoparticles (1.1 nm) dispersed on CeO, (a mixed
electronic — O conductor) with the 1 wt.% Ru/CeQ, electrode deposited on
dense YSZ, using a suspension of Ru/CeQO, powder in ethanol [150]. Electrophilic
EPOC behavior was observed with up to 2.5 times increase in the catalytic rate
and absolute values of faradaic efficiency up to 96. The increase of the C,Hy
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Fig. 2.20 Autothermal steam reforming of CH,4 on a composite Pt-Pt/YSZ electrode deposited on
Na-B-AlyOs: Influence of the applied cell potential (two-electrode set-up) on H, production rate
during the reproducibility experiment. 7= 500 °C. Feed composition: CH4/H,O0/O;: 1%/4%/0.2%
in N,. Total flow rate: F;, = 6 L/h. (Reprinted (adapted) from ref. [148], with permission from
Elsevier)

combustion rate with negative polarization was associated with partial reduction
of CeO, and with formation of a stronger metal-support interaction (MSI)
between the Ru nanoparticles and the partially reduced CeO,.y, i.e., with in situ
electrochemical enhancement of the MSI effect.

o Selective partial oxidation of methanol on Au nanoparticles (2—10 nm) dispersed
in an ultrafine grained YSZ matrix, with the composite Au/YSZ catalyst-electrode
deposited on dense K-f-Al,O; [151]. The Au/YSZ catalyst film, which was
highly selective towards HCOOCH; formation and stable under reaction condi-
tions, was prepared by reactive co-sputtering of Au and Zr-Y targets. This novel
preparation method resulted in Au nanoparticles confined in the YSZ matrix but
in contact with the reacting mixture [2, 151]. At 280 °C, electrochemical pumping
of K* ions to the catalyst (negative polarization) resulted in enhancement of the
H, and HCOOCHj; rates by more than 9 and 5 times, respectively (electrophilic
EPOC behavior), for a potassium coverage of ca. 0.5, which demonstrated the
suitability of the employed configuration for electropromotion by potassium of a
highly dispersed Au catalyst.

* CH, combustion on nanodispersed Pd supported on porous Co;04 (5 wt.%
Pd/Co30,) with the Pd/Co;0, electrode deposited on dense YSZ [152]. This
was the first EPOC study where the catalyst consisted of metal nanoparticles
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supported on a semiconductor (i.e., Co30,), the latter acting both as an electronic
conductor and as a pathway for the oxygen ions to reach the Pd nanoparticles.
Positive current application under reducing conditions resulted in increase of the
CO, production rate by up to 2.5 times, with faradaic efficiency up to 80.

e CO; hydrogenation (to CH, and, mainly, to CO) on nanodispersed Ru (0.7—1 nm)
supported on porous Co304 (2 wt.% Ru/Co3;04) with the Ru/Coz0, catalyst-
electrode deposited on dense BZY (BaZrpgsYp. 1503 + I wt.% NiO) proton
conductor [110]. Weak electrophilic EPOC behavior of the CO production rate
was observed under oxidizing conditions. The low rate enhancement ratios were
explained considering that the catalyst was already in a promoted state due to
enhanced MSI effect (“wireless” EPOC) [103].

2.4.4 Wireless Self-Driven and Self-Sustained
Electrochemical Promotion

In 1993, Cavalca et al. [153], in their study of electrochemical promotion of CH;0H
oxidation on Pt/YSZ in a single chamber flow reactor, demonstrated for the first time
that it is possible to induce electrochemical promotion in an oxidation reaction
applying not an external polarization but utilizing the potential difference between
the active Pt catalyst-electrode and a more inert Au counter electrode, which results
from the reaction-induced lower oxygen activity on the Pt catalyst. The observed
electrophobic self-driven “wireless” electrochemical promotion (wireless NEMCA),
realized by short-circuiting the Pt catalyst and the Ag counter electrode, was
explained by the continuous supply of promoting ionic oxygen species from the
YSZ support to the Pt surface, while the spent O~ were continuously replenished by
oxygen from the gas phase.

Almost 15 years later, the concept of wireless EPOC was realized by Poulidi et al.
in C,H4 combustion over a porous Pt catalyst film deposited on one side of a dense
pellet of a mixed ionic-electronic conductor (MIEC) in a dual chamber reactor
consisting of the reaction side and a sweep side where a second Pt electrode
deposited on the other side of the MIEC pellet was exposed to a sweep gas
[154, 155]. In this configuration, the driving force for migration of the promoting
species is the chemical potential difference across the MIEC generated by using an
appropriate sweep gas, while the mixed conductivity eliminates the need for an
external circuit by internally  short-circuiting the  system. Both
Lay ¢Srp 4Cog 2Fe 3035 (a mixed oxygen ion-electronic conductor) [154, 156] and
Srp.97Ce0.9Ybg 103.5 (a mixed protonic-electronic conductor) [155] have been used
as MIEC supports, while moderate rate increases, compared to symmetric operation,
were induced via exposure of the Pt electrode in the sweep side to an O, and a H,
atmosphere, respectively. Wireless electrochemical promotion in a similar dual
chamber set-up was reported recently for CO oxidation on Pt supported on
BaCe ¢Zrp,Y(,05.5, a mixed protonic-electronic conductor at temperatures up to
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650 °C, with a maximum rate increase of 10% observed upon introduction of H,/He
flow in the sweep side [157]. Wireless EPOC has been also investigated in Co,Hy
combustion over Pt supported on a Lag St 4Cog 2Feq 035 hollow fiber, where the
use of this effect for in situ regeneration of the Pt catalyst was demonstrated [158].

A more recent and more promising concept for practical application of EPOC is
the self-sustained electrochemical promotion (SSEP) of the catalytic activity of
metal nanoparticles dispersed on ionic (0>~ conducting) or MIEC supports, due to
migration of ionic oxygen species from the support to the surface of the
nanoparticles without applying any external polarization, even at temperatures
lower than 200 °C [2, 8, 128]. The self-sustained EPOC mechanism is based on
the functional similarity of EPOC and metal-support interactions (MSI) [1, 81, 102,
103], merging EPOC and MSI at the nanometric scale [8]. As summarized in recent
reviews [2, 5, 8, 80, 128], the self-sustained EPOC has been studied in several
catalytic systems, including propane [159, 160], toluene [161], and CO [162, 163]
oxidation on Pt nanoparticles dispersed on YSZ, ethylene combustion on Pt and Ru
nanoparticles dispersed on YSZ and samarium-doped ceria (SDC) [164], and ethyl-
ene combustion on Pt, PtSn, Ru, and Ir nanoparticles dispersed on CeO, in the
presence and absence of oxygen in the feed [165, 166]. These studies have eluci-
dated the role of the ionic species in the support on the catalytic mechanism and on
the promotion of the dispersed nanoparticles. Migration of ionic species from the
support (backspillover) may be self-induced thermally [2, 8, 159, 163, 164] and/or
by differences in the work function between the support and the metal, which affects
their interaction [2, 165, 166]. In general, the driving force for migration will depend
on the ionic conductivity and oxygen storage capacity of the support (e.g., for CeO,),
the temperature, and the metal-support interface at the nanoscale [2, 8, 128, 166]. It
is also noted that in the absence of O, in the gas phase, Pt nanoparticles dispersed on
YSZ or MIEC (SDC and CeQ,) have been found much more active for CO and C,H,
combustion than Pt nanoparticles dispersed on supports not exhibiting ionic con-
ductivity (e.g., Al,O3) [128, 164, 167]. To explain this behavior, which was
observed for nanoparticles less than 5 nm implying the necessity of strong
interaction with the support, Baranova and coworkers proposed the mechanism of
nano-galvanic cells, according to which Pt/YSZ or Pt/MIEC interfaces act as local
nano-galvanic cells where CO and C,H, are electrochemically oxidized by O*~ from
the oxide support, which is reduced [167]. Thermally induced backspillover of
oxygen ions to metal nanoparticles and creation of an effective double layer,
accompanied by trapping of diffusing atomic metal species by the resulting surface
oxygen vacancies, has been also proposed to explain the increased resistance to
sintering of Ir [168] and Rh [169] nanoparticles dispersed on supports with high
oxygen ion lability.

Self-sustained electrochemical promotion catalysts can also be synthesized by
combining in the catalyst composition microparticles or nanoparticles of two mate-
rials with different catalytic and electrocatalytic properties which act as cathodes and
anodes of microscopic galvanic cells formed if the two materials are dispersed either
on a MIEC conductor or on a pure ionic conductor with an electronic conductor also
added for the transfer of electrons [2]. When such a catalyst based on a mixed



54 S. Bebelis

Catelyst - cathode
@ nano;sarticles
Catalyst — anode
° nanogtrﬁd’és
Electropic conducting

rt r—
o

Fig. 2.21 Schematic illustration of the electrochemically-assisted NSR catalysts, with the metal
nanoparticles dispersed (a) on an O>~ ion conducting support (e.g., YSZ) deposited on an electronic
conductor (e.g., N-doped SiC-DPF) and (b) on a mixed conducting (ionic and electronic) support
(e.g., GDC). (Reprinted from ref. [172], with permission from Elsevier)

oxygen ion-electron conductor is used in an oxidation reaction, oxygen species
generated at the cathodes of the microscopic galvanic cells via reduction of gas
phase oxygen are transferred to the anodes to promote, as sacrificial promoters, the
catalytic oxidation reaction on their surface, while in parallel electrons are trans-
ferred from the anodes to the cathodes. Based on this concept, Zhou and coworkers
have synthesized SSEP catalysts composed of Lagy ¢Sty ;MnO5 as cathode, Ni-Cu-
CeO, as anode, YSZ as oxygen ion conductor, and Cu or Ni-Cu as electron
conductor [170, 171]. These SSEP catalysts demonstrated improved performance
for partial oxidation reforming (POXR) of n-C;sH3; at 450-650 °C [170] and CH,4 at
350-650 °C [171], compared both to commercial catalysts and to catalysts lacking
one or more of the components of the SSEP catalyst. More recently, Vernoux and
coworkers used the same concept to develop NO, storage/reduction (NSR) catalysts
which exhibited improved NO, removal efficiency in synthetic diesel exhaust gas
conditions [2, 172]. The NSR catalysts were developed by dispersing Pt and Rh
nanoparticles on YSZ or gadolinium doped ceria (GDC) nanoparticles, to form
nanometric electrodes (Pt anode and Rh cathode nano-electrodes), and then wash-
coating the powder in the porosity of N-doped (electron conducting) and non-doped
(insulating) SiC mini-DPFs (diesel particulate filters), respectively. A schematic
illustration of these novel electrochemically assisted catalysts is shown in
Fig. 2.21. The best performance was obtained with the GDC (mixed oxygen
ion-electron conductor) as support of the metallic nanoparticles, whereas the reaction
products analysis revealed that electrocatalytic reactions can occur on the nano-
electrodes alongside the catalytic reactions.
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2.5 Conclusions

After more than 40 years, electrochemical promotion of catalysis (EPOC) remains
the focus of intensive research, which highlights the scientific importance of this
effect and its potential for practical applications. The physicochemical origin of
EPOC has been validated via application of numerous techniques and experimental
approaches, in particular for O>~ and alkali ion conductors. Nevertheless, there are
open research questions yet to be explored. The functional similarity of electro-
chemical promotion, classical promotion, and metal-support interactions has been
conclusively established. Rules of promotion applying both to EPOC and classical
catalysis have been derived, which allow promoter selection based on unpromoted
kinetics. Current research in EPOC focuses on catalytic systems of technological and
environmental importance, such as CO, hydrogenation to value-added products or
H, production by reforming with simultaneous reversible storage, where EPOC
could offer a competitive advantage, mainly aiming to electrochemical promotion
of non-noble metals and nanodispersed metal/metal oxide catalysts. Development
and scale-up of electropromoted reactors remains a priority, following two main
directions: (a) improvement of MEPR design (durability, useful lifetime, electrolyte
and stack cost minimization, scale-up) and use of nanodispersed catalysts, and
(b) development of novel catalytic systems based on self-sustained EPOC. Coupling
EPOC with electrolysis is also of strategic future importance as it can potentially
reduce the electrolysis cost improving electrochemical technologies that are mature
enough and easy to scale up.
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Chapter 3 )
The Quest of Electropromoted Shes
Nano-dispersed Catalysts

Arash Fellah Jahromi, Christopher Panaritis, and Elena A. Baranova

Abstract Electrochemical promotion of catalysis (EPOC) also known as
non-Faradaic electrochemical modification of catalytic activity (NEMCA) phenom-
enon of nano-dispersed catalytic systems has been of paramount interest since the
pioneering studies of Vayenas and co-workers in the 1980s. A typical heterogeneous
catalyst consists of a nano-sized active phase dispersed on high-surface-area support.
This allows decreasing the noble metal catalyst loading while considerably increas-
ing the number of surface-active sites available for the reaction. In EPOC studies the
catalyst-working electrode is often fabricated as a continuous, porous film with low
dispersion; however, more and more works on the fabrication and study of EPOC
with nanostructured, dispersed catalysts have emerged recently. This chapter pre-
sents a review of EPOC studies with nano-sized, electropromoted catalytic systems
reported in the last decade. The first section discusses the origin of EPOC, the main
parameters, and the rules. The second part provides the observation of the EPOC
effect for both noble and non-noble nanoparticle catalysts. The third part examines
recent advances in density functional theory (DFT) for the understanding of electri-
fied interfaces in catalysis, followed by recent advances in self-sustained EPOC.
Finally, the last section highlights the research gaps in understanding and applying
electrochemically promoted nanostructured catalysts to technologically important
processes.
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Abbreviations

ALD Atomic layer deposition

BZY BaZr 85Y0.1503.«

DFT Density functional theory

DLC Diamond-like carbon

EDX Energy-dispersive X-ray

EMF Electromotive force

EPOC Electrochemical promotion of catalysis

GO Graphene oxide

LSCF/GDC La()'GSI‘()_4CO(),2FC()'8O3_5/Ceo'9Gd0_101_95

LSM/GDC  (Lag gSt9.2)0.95 MnO3_5/Cep 9Gdg. 1O 95

MIEC Mixed ionic-electronic conductive

MSI Metal-support interaction

NAS-XPS Near-ambient pressure X-ray photoelectron spectroscopy
NEMCA Non-Faradaic electrochemical modification of catalytic activity
NPs Nanoparticles

P-EPOC Permanent or persistent electrochemical promotion of catalysis
PM-IRRAS  Polarization modulation infrared reflection absorption spectroscopy
PVD Physical vapor deposition

PVP Polyvinylpyrrolidone

RHE Reversible hydrogen electrode

RWGS Reverse water-gas shift

SHE Standard hydrogen electrode

SMSI Strong metal-support interaction

SRM Steam reforming of methanol

SSEP Self-sustained electrochemical promotion

SS-EPOC Self-sustained electrochemical promotion of catalysis
TGA Thermogravimetric analysis

TMAOH Tetramethylammonium hydroxide

TOF Turnover frequency

tpb Three-phase boundary

TPD Temperature program desorption

VOCs Volatile organic compounds

WGS Water-gas shift

XAS X-ray absorption spectroscopy

YSZ Yttria-stabilized zirconia

3.1 Introduction to Electrochemical Promotion of Catalysis

EPOC or NEMCA phenomenon allows for in situ control of the activity and
selectivity of a catalyst towards a favorable reaction rate and products in a reversible
manner through the application of electric stimuli (constant current or potential)
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[1]. Since the first discovery of the EPOC phenomenon by Vayenas and collabora-
tors [1-3], well over 100 catalytic processes have been studied and demonstrated
exceptional enhancement activity and selectivity [4, 5]. As selectivity and activity
show a long-life trade-off in heterogeneous catalytic reactions, EPOC can be a
noticeable step to resolving and aligning both parameters for reactions and catalysts
[6]. To date, the application of EPOC includes, among others, environmental
reactions (methane oxidation, abatement of volatile organic compounds (VOCs),
and NO, reduction) [7-11] and production of various chemicals (hydrogen, ammo-
nia, methane, carbon monoxide, etc.) in gas and liquid phases [12—-18].

The origin of EPOC is based on the action of ionic promoters’ spillover and/or
backspillover from the support-solid electrolyte to/away from the deposited catalyst.
An electric current or potential is manipulated to control the flux of promoters onto/
from the catalyst surface through the three-phase (solid electrolyte-gas) boundary. In
a typical EPOC cell, the catalyst-working electrode is polarized using an inert
counter electrode that results in the supply/removal of ionic promoters to/from the
catalyst surface. This permits to in situ modify the work function of the metal or
metal oxide catalyst and as a result its catalytic activity and, in several instances,
selectivity in a sustainable and reversible manner. Several promoters have been
investigated including positive promoters, e.g., alkali, H", and Ag*, or negative
ones, e.g., 0°~ and F~ [14]. Yttria-stabilized zirconia (YSZ) is the popular choice of
solid electrolytes among researchers due to its remarkable stability and bulk ionic
conductivity of O>~ at temperatures as low as 300 °C [19, 20].

The main parameters to quantify the EPOC phenomenon are the apparent Faradic
efficiency (A) (Eq. 3.1) and the rate enhancement ratio (p) (Eq. 3.2) [4]:

_rfl"()

= TnF (3.1)
p=— (3.2)
0

where 7 is the open-circuit (zero voltage) rate (mol s~ l), r is the rate of reaction (mol
sfl), 1 is the current measured across the cell (A), F is Faraday’s constant (96,485 C
molfl), and n is the number of electrons. Electrochemical promotion occurs when
p # 1 and it is non-Faradic when IAl > 1. The apparent Faradaic efficiency could be
below 1 and still indicate the EPOC effect, when the conducting ion from the solid
electrolyte does not participate in the electrochemical reaction but alters the catalytic
properties (i.e., catalyst work function, oxidation state, surface coverage, etc.) that
lead towards the final product [4].

To investigate the behavior of a catalyst under EPOC conditions, it is important to
provide information on the electronic properties of the reactants (electron donor or
acceptor) [21] and the apparent orders of reaction rate. Therefore, four principal rules
were defined to aid in predicting the behavior of the catalytic systems [22]. The four
rules were first proposed in [4, 23, 24] and well established in [25]:
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R1. Electrophobic (nucleophilic): with an increase in work function (applied poten-
tial), the reaction rate shows ascending trend.

R2. Electrophilic: reaction rate exhibits descending behavior with an increase in
applied potential.

R3. Volcano-type: the variation of applied potential results in a maximum value and
then decreases.

R4. Inverted-volcano type: reaction rate demonstrates a minimum value that ascends
once the applied potential varies.

Studies of EPOC reversibility by Comninellis and co-workers led to the discovery
of permanent or persistent electrochemical promotion of catalysis (P-EPOC) [26]. In
P-EPOC, the catalytic rate after the current/potential interruption is maintained at a
higher value than the original open-circuit rate (rp). The magnitude of the current or
potential and the duration of polarization strongly impact the reversibility properties
of EPOC [26]. The permanent rate enhancement parameter (y) (Eq. 3.3), analogous
to the rate enhancement ratio of EPOC, is given by

_
=0 (3.3)

where r,, is the new steady-state catalytic rate (mol s~ ') after potential/current
interruption and ry is the open-circuit (zero voltage) rate (mol sfl) similar to
Eq. (3.2) [26].

Since the year 2000, there are a number of excellent books, book chapters, and
comprehensive reviews on the EPOC phenomenon that present and discuss its
origin, mechanism, rules, and concept of EPOC, as well as its application to
numerous catalytic reactions [14, 27-29]. In this chapter, we focus on reviewing
the application of EPOC to nano-sized, highly dispersed catalytic systems published
since 2010. In particular, the preparation of mono- and bimetallic nano-catalysts and
their implementation into solid-state electrochemical cells for efficient polarization
and promotion are discussed. A particular emphasis is made on the functional
similarity between metal-support interaction (MSI), also called self-sustained
EPOC (SS-EPOC or SSEP), observed between nanoparticles and ionically conduc-
tive or mixed ionic-electronic conductive (MIEC) ceramic supports and conven-
tional EPOC phenomenon.

3.2 Electrochemical Promotion of Nanoparticle Catalysts

3.2.1 Pt-Based Nanostructured Catalyst

Nanostructured platinum has been widely investigated in EPOC studies in the last
decade thanks to its excellent activity and stability in various reactions, as well as
ease of Pt synthesis using various physical (sputtering, physical vapor deposition
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(PVD), atomic layer deposition (ALD), etc.) and chemical (chemical vapor deposi-
tion, impregnation, polyol method, etc.) techniques. EPOC of Pt nanoparticles was
studied for oxidation [30, 31], light alkane production [32, 33], oxidation of aromatic
hydrocarbons, e.g., toluene [34], water-gas shift (WGS)/reverse water-gas shift
reaction (RWGS) [35, 36], and alcohol synthesis [13] as well as various methane-
oriented reactions [37-39].

A pioneering study that employed non-percolated Pt nanoparticles of well-
defined size and dispersion was reported by the group of Comninellis and coworkers
[4, 31, 39]. In these studies, CO oxidation over electropromoted Pt nanoparticles
(NPs), prepared via sputtering deposition, has been studied focusing on fundamental
concepts, metal characteristics, supports, and the mode of polarization (bipolar and
monopolar) [31, 39]. Pt nanoparticles of the controlled size and size distribution
were investigated in the bipolar cell configuration on YSZ (1.7 x 10° Pt particles per
em?) for CO oxidation at 300 °C [39]. A quantifying method was proposed to
distinguish classical electrochemical promotion (EP) from bipolar electrochemical
promotion with the aid of isotopically labeled oxygen [39]. Two stages of polariza-
tion in the absence and presence of reactive gas were presented. In the absence of
reactive gas, only large particles were polarized, whereas increasing the current led
to the polarization of smaller particles. With the presence of reactive gas, an
equivalent number of completely galvanized cells (n.) increased and resulted in
a boost of the enhancement ratio, as well as CO, formation (as indicated by Cc'®0,
and C160180). However, a considerable difference was observed between the
Faradaic efficiency, Eq. (3.2) (A = 1.8) [4], and the modified bipolar efficiency
(A = 0.086), where no electrochemical promotion occurs [39]. This behavior was
due to nonuniform current distribution and the presence of high local current
densities.

Furthermore, Pt nanoparticles of 40 nm average size (1.7 x 10° particles per cm?
of YSZ) were investigated for CO oxidation [31] where comblike gold electrodes
served as a strong electrical field (27,000 Vm™") at 1pA to polarize Pt nanoparticles.
Pt NPs were prepared using sputter deposition following calcination at 700 °C for
4 h. Although only 5% of the active surface area was covered by Pt, the bipolar
electrochemical promotion resulted in an enhancement ratio of 500, and operando
tuning of catalytic activity was observed at a low current of 0.1pA. As the relaxation
step upon current interruption was slow (shown as a slow decrease in the C'°0, and
C'°0"0 formation rate), the electrochemical promotion was determined as a per-
sistent P-EPOC effect [40] where 'O species were stored on the surface as Pt-oxide
(PtO,). Once polarization was relaxed, the stored oxygen species were made avail-
able as sacrificial promoters for the reaction [41].

Another significant EPOC breakthrough using highly dispersed Pt NPs catalyst
was reported by the group of Vernoux [42]. Pt NPs prepared via wet impregnation on
porous Lao_6Sr0_4C00.2Feo.803_5-Ceo_9Gd0.101.95 (PULSCF/GDC) were investigated
for deep oxidation of propane at low temperatures (267-338 °C) with maximum
promotion parameters of p = 1.38 and A = 85 [42]. The particle size of Pt NPs was
in the range of 3 to 20 nm with 15% dispersion. Pt/LSCF/GDC resulted in a
remarkable decrease in activation temperature of propane oxidation from 350 °C
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to 250 °C in comparison to bare LSCF/GDC. An increase in partial pressure of C3Hg
from 2200 ppm to 3880 ppm (keeping Po, = 2.2%) resulted in an open-circuit rate
enhancement from 2.7 x 10" to 19 x 10~® mol O s~ (or 56%) but only a slight
variation in the open-circuit potential (A Vyyg) from —85 to —73 mV in disagreement
with solid electrolyte potentiometry (SEP) [43]. The authors concluded that mea-
sured potentials and currents for the Pt/LSCF/GDC film corresponded to the elec-
trochemical properties of the LSCF/GDC MIEC layer and not to the Pt NP activity.
Under polarization (I = +200pA), the rate enhancement ratio showed two peaks at
267 °C (Fig. 3.1 (bottom)), while at higher temperatures, one peak was observed.
Such results are explained by the low conductivity of LSCF/GDC at relatively low
temperatures, which requires time to delocalize the current onto the overall layer of
the working electrode. Equally important, the gradual delocalization acts as a proof
for homogeneous dispersion of Pt NPs into the LSF/GDF phase.

One of the pioneer studies of active support and EPOC was conducted by the
same research group [44]. The authors carried out an investigation of the reaction
mechanism of propane combustion over Pt nanoparticles, synthesized with wet
impregnation, on YSZ, SiO,, and ZrO,. The contribution of the lattice oxygen was
investigated using '®0, temperature-programmed desorption (TPD) for all described
catalytic systems. Pt deposited on YSZ demonstrated the oxidation of propane by
lattice oxygen from YSZ. The strong interaction of nanoparticles and support
promoted the state of the catalyst in agreement with the EPOC mechanism.
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Methanol conversion to hydrogen through steam reforming and partial oxidation
was studied using electropromoted nano-dispersed Pt catalysts, deposited by the
filter cathodic arc deposition technique [13]. The dispersed Pt NPs (3 nm average
size) over diamond-like carbon (Pt-DLC) were deposited on K-f”-Al,05 solid
electrolyte. The resulting Pt-DLC underwent high-temperature pre-treatment to
attain desirable electrical conductivity. The conductivity increase was confirmed
by the scanning transmission microscopy (STEM) and electron energy-loss spec-
troscopy (EELS) techniques, where the transition from sp® carbon into sp*-hybrid-
ized graphitic carbon was observed. The maximum enhancement ratio of 2.5 and 3.5
times was attained under partial oxidation of methanol and steam reforming of
methanol (SRM) reactions as a function of H, production rate, respectively. The
observed steam reforming results were due to the formation of bicarbonate and
potassium carbonate promoting species that were also observed using dense Pt films
[45]. A comparative study between Pt-DLC catalyst films and pure dense Pt dem-
onstrated that a higher activity was obtained for Pt-DLC due to a lower Pt particle
size (3 nm). The maximum enhancement ratio of H, for the steam reforming reaction
was p = 3.4 at 360 °C and for partial oxidation was p = 2.5 at 280 °C. In other
studies by de Lucas-Consuegra et al., H, production was enhanced 5-fold over dense
Pt film [46] for SRM and 6-fold for partial oxidation [45] of methanol using the same
NEMCA cell as in [13].

The application of novel techniques for nanoparticle synthesis is important from a
fundamental and practical point of view. ALD technique fabricates well-defined
nanoparticles and nano-layers. Pt NPs (6.5 nm) were deposited by the ALD on a
porous composite backbone fabricated by (LaggStg2)90sMn0O3.5/CegoGdy 101 .95
(LSM/GDC) inspired from solid oxide electrolyte cells (SOEC) [47]. The Pt NPs
on LSM/GDC led to a 27% to 33% increase in the catalytic rate (i.e., p = 1.27-1.33)
with respect to the open-circuit and resulted in an apparent Faradaic efficiency
between 1000% and 3860% at 300 °C for C3Hg oxidation. Long-term stability of
13 h of continuous polarization (100pA) led to a marginal decrease of 5x 10! mol
s~ in CO, production, signifying a stable conversion. The authors concluded that
the catalyst agglomerated at higher temperatures (425 °C) and was in a stable active
state [47].

The functional similarity between EPOC and MSI was investigated using Pt and
RuO, NPs (~2 nm average diameter) for complete ethylene oxidation [48]. The
authors synthesized Pt and RuO, NPs using the polyol reduction method [49] and
deposited them directly on the YSZ solid electrolyte disk resulting in free-standing
NPs. In addition, the same NPs were dispersed (1 wt.% ) on CeO,, TiO,, and YSZ
powder supports [48] resulting in supported NPs. The closed-circuit reaction rate
increased with anodic current (Fig. 3.2a). In addition, the relaxation time (7), i.e., the
time required to reach 63% of steady-state reaction rate under closed-circuit,
decreased as a function of current, e.g., I00pA (z = 1.5 min) and 15pA (z = 5 min).
The enhancement ratio of 1.7 and apparent Faradaic efficiency of 90 were reported
for free-standing Pt NPs in this study (Fig. 3.2b).

Only free-standing Pt and RuO, NPs were electrochemically promoted (Fig. 3.3),
while the supported catalysts were already in the promoted MSI state. Figure 3.3
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Fig. 3.2 (a) Transient rate response of Pt NPs under constant current; (b) variation of enhancement
ratio p and apparent Faradaic efficiency 4 upon applying similar constant current denoted in (a).
T = 350 °C, 3 kPa of O, and 0.012 kPa of C,H,, flow rate of 100 mL min . (Reprinted with
permission from Ref. [48], Copyright 2017, Elsevier)
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shows that the specific reaction rate increased with increasing C,H, partial pressure
for all Pt catalysts, where the reaction rate of unpromoted free-standing Pt NPs was
the lowest and increased significantly under polarization or by interfacing Pt with
active ionic ceramic supports. A comparable degree of promotion was achieved
under open-circuit conditions for dispersed Pt NPs on CeO,, TiO,, and YSZ
supports and EPOC of free-standing Pt NPs. These findings further confirmed the
functional equivalence of EPOC and MSI with highly dispersed Pt NPs.
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Therefore, the synthesis and application of size-controlled mono- and bimetallic
NPs for electrochemical promotion studies in the last decade led to the advancement
and better understanding of the MSI phenomenon, in particular, the MSI mechanism
with ionically and mixed ionic-electronic conducting supports that will be discussed
later in Sect. 4 [5]. The summary of EPOC studies with Pt NPs is shown in Table 3.1.

3.2.1.1 Pd-Based Nanostructured Catalyst

Palladium (Pd) has been widely studied for catalytic reaction development, partic-
ularly for energy and environmental application. Pd is the most active metal for the
complete oxidation of methane in conventional heterogeneous catalysis and in
EPOC studies [4, 52-56]. Recently, EPOC of nanostructured Pd films [37] deposited
inside a monolith honeycomb (600 channels) YSZ (8 mol% Y,0O3) solid electrolyte
was reported for deep methane oxidation. Pd NPs were deposited into the YSZ
monolith via the electroless plating technique reported earlier [50]. A maximum
electrochemical promotion of Pd/YSZ under oxidizing conditions of CH4/O;: 2%/
10% and under —2 V resulted in A = 47 at 400 °C. In this study, electrochemical
promotion was observed at both negative and positive potentials [52].

In the work of Matei et al. [51], Pd NPs (8 nm average size) were prepared by the
impregnation method on YSZ solid electrolyte of different porosity for complete
methane oxidation. The authors demonstrated that a more porous YSZ increased the
activity of Pd towards methane combustion due to a 4.5-time increase in the catalyst
dispersion when compared with dense YSZ [51]. The porosity of the support
impacted the transformation between metallic Pd and more active PdO,. Another
study [9] reported EPOC of Pd NPs synthesized via polyol method (average particle
size of 5-35 nm) and deposited on YSZ for methane oxidation. Both positive and
negative polarization at relatively low temperatures (340 °C) resulted in the reaction
rate increase. Enhancement under negative polarization was explained by compet-
itive adsorption of CH, and O, under stoichiometric, reducing, and oxidizing
conditions. This competitive adsorption was mechanistically explained by the for-
mation of PdO, which can be limited at low O, partial pressure (<5 kPa). Higher
oxygen partial pressure resulted in the full coverage of the catalyst surface and
blockage of CH,4 adsorption sites leading to a decrease in the reaction rate.

Zagoraios et al. [52] evaluated EPOC of Pd/Co50, nanoparticles (4 nm average
size) prepared by the polyol method for complete methane oxidation. To this end, Pd
colloidal NPs were dispersed on commercial porous Co3;0, semiconductor powder
and deposited on YSZ solid electrolyte disk. Pd/Co;0, was compared to a Pd thin
film (1.5 mg cm ™ ?) prepared using Pd commercial paste (Engelhard A1121). The
open-circuit catalytic activity for Pd/Coz04 was 12 times higher than the Pd film.
Under anodic polarization, the catalytic rate of the Pd film increased 12-fold, while
for Pd/Co30,, the catalytic rate increased 2-fold. Pd/Co;04 required half the time to
reach a promoted state over the Pd film, due to the shorter diffusion path over the
nanoparticles. Even though the Pd film experienced a higher electrochemical pro-
motion effect, the overall catalytic activity for Pd/Co3;0,4 outperformed Pd film. Pd
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nanoparticles deposited on Co3;0, powder resulted in an MSI which enhanced the
catalytic properties of Pd/Co3;0,4 by cycling oxygen during open-circuit conditions
and directing oxygen and electrons under polarization.

Persistent EPOC (P-EPOC) was observed during methane oxidation over Pd NPs
(5 nm average size), synthesized using the polyol method [53]. EPOC of Pd NPs on
YSZ solid electrolyte showed an electrophobic behavior with an apparent Faradaic
efficiency of 3000 (at / = 1pA) and a maximum rate enhancement ratio of p = 2.7
under a 2 kPa and 4 kPa gas composition of CH, and O,, respectively (Fig. 3.4). The
degree of p-EPOC increased with polarization time due to the continuous increase in
the amount of O*~ stored in the PdO, active phase [53]. The relationship between the
duration of polarization and the time required to obtain the initial value of the open-
circuit rate is shown in Fig. 3.4a (insert) with a slope of 0.5, along with the
corresponding current (Fig. 3.4b). Thus, p-EPOC occurred due to the stored oxygen
ions in PdO, that acted as sacrificial promoters when polarization was interrupted.

Bimetallic nano-sized catalysts have attracted considerable attention, to achieve
bi-functionality to increase and/or stabilize the catalytic activity and reduce the
amount of noble metals [54, 55]. EPOC of the bimetallic Ni9Pd (90:10 at% of Ni
to Pd) nanoparticles was studied for the complete oxidation of methane [54]. The
Ni9Pd NPs were synthesized using a modified polyol method and deposited on the
YSZ disk. The resulting structure of NPs was a core double-shell with Pd located at
the core, Ni as the inner shell, and a second 3- to 4-nm-thick Pd outer shell (Fig. 3.5)
[54]. Such a structure significantly enhanced the catalytic activity and stability under
open-circuit when compared with monometallic Ni and Pd. The EPOC was observed
under positive polarization in a reversible and controllable manner that increased the
reaction rate by 240% (p = 2.4) at 425 °C (Fig. 3.6a). The highest promotion was
attained under fuel-rich conditions if compared to fuel-lean and stochiometric gas
composition. This catalytic system met economic and performance criteria, where
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Fig. 3.4 (a) Transient rate response of Pd/YSZ polarized for 3.5 h, 6.5 h, and 10.5 h. Insert in (a)
time after polarization to reach the initial open-circuit as a function of polarization time; (b)
corresponding potential/current recorded at potentiostatic or galvanostatic application. Conditions:
T = 425 °C, 2 kPa of CH, and 4 kPa of O,, and flow rate of 100 mL min . (Reprinted under an
open access Creative Common CC BY license from Ref. [53], Copyright 2019, Molecular Diversity
Preservation International)
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Fig. 3.5 HAADF STEM-EELS and element mapping under different signal range showing (a) Pd
at signal range: 364.3-468.0 eV, (b) Ni at signal range: 848.0-885.8 eV and (c) illustration of
double-shell structure (colored coded map) with Pd (green) as the core, Ni (red) inner shell, and Pd
outer shell with average particle size of 3—4 nm. (Reprinted with permission from Ref. [54],
Copyright 2019, Elsevier)

the costly Pd phase was minimized while maintaining the high active surface area
and synergistic interaction between Ni and Pd. A maximum rate enhancement ratio
and Faradaic efficiency of 1.3 and 39, respectively, occurred at Uy = 0.25 V and
POQ/PCH4 ratio of 0.1 (Flg 36b)

Electrochemical promotion of Pd was also investigated for CO, hydrogenation
[56] and electrochemical CO, reduction reactions [57] with the goal of waste carbon
dioxide utilization and transformation to useful chemicals, such as CO [56], formate
[57], or methane [58]. CO, hydrogenation reaction pathways vary over different
catalysts under atmospheric pressure, such as RWGS, methanation, or conversion to
formate in aqueous media [57]. CO, hydrogenation was studied by Bebelis et al.
over a thin-film coating of Pd (A1122 Engelhard Pd paste) on solid electrolytes YSZ
and Na-f” A1,03 [56]. Only the RWGS reaction was observed at 533 °C and 605 °C
for a CO,/H, ratio of 1:2.3. For Pd/YSZ, the RWGS was enhanced under anodic and
cathodic polarization indicating an “inverted-volcano” behavior. For Pd/p”-Al,0s,
the RWGS rate increased under negative polarization where Na* is supplied to the
gas-exposed catalyst surface resulting in a 6-time rate increase. This behavior is
explained by the coverage increase of the Na positive promoter and simultaneous
drop of the catalyst work function. Consequently, the CO, adsorption was enhanced
leading to an increase in the CO formation rate.

Electrochemical promotion of Pd NPs for CO, electroreduction in an aqueous
1 M KHCOj5 solution saturated with H»/CO, was reported recently [57]. The Pd NPs
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Fig. 3.6 (a) Catalytic rate response of Pd and Ni9Pd upon the application of I = 80pA. Experi-
mental condition: 7= 450 °C, Pcys = 2 kPa, Po, = 4 kPa, and He balanced. (b) Enhancement ratio
and apparent Faradaic efficiency obtained for Ni9Pd as a function of step change of Uwg to 0.25 V
and 0.5 V, respectively. Experimental conditions: 7' = 450 °C, Pcy4 = 10 kPa, and a variable P,/
Pcpq ratio. (Reprinted with permission from Ref. [54], Copyright 2019, Elsevier)

with an average particle size of 3.7 nm were synthesized using the sodium borohy-
dride reduction method. The catalyst layer was composed of a catalyst ink of Pd/C
and Nafion ionomer deposited on carbon paper (Toray TGP-H-060). The experi-
ments were carried out in an H-type electrochemical cell (Fig. 3.7a) under ambient
temperature. Working and counter electrode cell compartments were separated by a
Nafion 115 membrane. Both electrochemical and catalytic reduction of CO, took
place over Pd/C. Electrochemical promotion of Pd/C catalyst under negative polar-
ization (in the range of —0.1 and —0.4 vs. RHE) showed that the formate production
rate increased between 10 and 143 times depending on the Pd particle size and
applied potential (Fig. 3.7b). Electrochemical polarization activated H, from the
electrolyte solution and stabilized the active phase of PdH, to promote catalytic CO,
reduction. Authors suggested that electrocatalytic and catalytic reduction of CO,
shared the same HCOO® intermediate that resulted in formate rate increase [57]. The
reaction mechanism was explained by the weakening of the hydrogen adsorption
bond on PdH, under negative polarization, at an optimal value of —0.2 V with
respect to the maximum enhancement ratio. The relationship between NP size and
enhancement ratio is illustrated in Fig. 3.7b [57]. Decreasing the particle size
increased the enhancement ratio for all applied potentials.

In a recent work [59], catalytic non-Faradaic CO, hydrogenation to formate in
aqueous media was significantly enhanced via polarization. The reaction rate of
formate production increased by three orders of magnitude due to local pH changes
under polarization. Small polarization affected a nonequilibrium local environment
in the vicinity of the electrode, leading to a coexistence of high alkalinity and high
CO, concentration. The local pH changes were different from the electrolyte bulk,
where alkalinity and CO, concentration were inversely correlated. These early works
on CO, hydrogenation in aqueous media [57, 59] show a significant potential of the
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Fig. 3.7 (a) Schematic of the H-cell for CO, reduction. (b) Rate enhancement ratios for formate
production at different negative potentials for Pd NPs with an average size of 2.4 nm, 3.7 nm, and
7.8 nm in 20% H,/CO,-saturated 1 M KHCOj5 solution under ambient temperature. (Reprinted from
Ref. [57] licensed under a Creative Commons Attribution 3.0 Unported License (materials can be
used without requesting further permissions); Copyright 2017, The Royal Society of Chemistry)

EPOC phenomenon for the field of CO, conversion and utilization not only in the
gas phase but also in liquid-phase catalytic reactions in combination with
electrocatalysis. Table 3.2 shows the summary of some examples of electropromoted
Pd NPs catalysts that were discussed in Sect. 3.2.2.

3.2.2 Ru-Based Nanostructured Catalyst

Free-standing RuO, nanoparticles (0.8 nm average size) deposited on YSZ solid-
electrolyte were studied for the complete ethylene oxidation [61]. The catalyst was
evaluated experimentally and theoretically, using DFT calculations to provide an
atomistic understanding of the role of O~ in promoting RuO,. Free-standing RuO,
nanoparticles [62] were synthesized through the polyol method using
tetramethylammonium hydroxide (TMAOH) to adjust the pH. Under reaction con-
ditions (Pcops = 0.012 kP and Po, = 3 kPa), the CO, rate increased under both
positive and negative polarization or otherwise followed an inverted-volcano EPOC
behavior (Fig. 3.8a, b). Theoretically, RuO, structures were examined as a function
of potential and oxygen coverage, correlated to the experimental data. The DFT part
of this work is discussed in detail in Sect. 3.3.

Ruthenium is active for CO, hydrogenation reactions because it can activate CO,
and H,, to produce CH, and CO through the methanation and RWGS, respectively.
Kotsiras et al. [63] studied nano-dispersed Ru-Co nanoparticles (6—8 nm) deposited
on an interlayer Ru film (2.1 mg cm~ %) on the proton conductor (H) barium zirconia
yttria-doped (BZY, BaZryg5Y0.1503.« + 1 wWt% NiO) solid electrolyte for CO,
hydrogenation [63]. The Ru-Co nanoparticles were synthesized on BZY powder
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Fig. 3.8 Transient reaction rate response of free-standing RuO, nanoparticles (a) under Uyr =1 V
and (b) summary of the rate enhancement ratio as a function of potential. Experimental conditions:
T =1350°C, Pcopys = 0.012 kPa, Po, = 3 kPa, and total flow rate = 100 mL. min~ . (Reprinted with
permission from Ref. [61], Copyright 2020, Elsevier)

via the wet impregnation method. The interlayer Ru film was used to disperse the
Ru-Co nanoparticles, ensuring electrical contact and closing the circuit. The selec-
tivity to CO was 84% due to the spontaneous migration of protons backspilling over
on Ru-Co at 450 °C and CO,/H, ratio of 1:7. Under 1.5 V the Ru-Co/BZY/Ru
deposited on BZY solid- electrolyte promoted the methanation rate (p = 2.7) and
suppressed the CO rate (p = 0.8) while under —1.5 V promoted the methanation
(p = 1.1) and CO rate (p = 1.05).

In another study [16, 62], RuO, nanoparticles (0.8 nm average size) were
deposited on YSZ and BZY solid electrolytes and evaluated for the CO, hydroge-
nation reaction in the temperature range of 250 °C to 400 °C. Under open-circuit
conditions and a CO,/H; ratio of 1:7, Ru nanoparticles were selective to CO (>75%)
over CH,, which was assigned to the small size of the nanoparticles and high
dispersion on the solid electrolyte. Positive polarization increased the CH,4 produc-
tion rate (p = 1.8 and 1.5 for YSZ and BZY, respectively) and suppressed CO
formation. Negative polarization decreased the CH,4 rate and minimally affected the
CO rate. The same electrochemical behavior was observed regardless of the type of
solid electrolyte and followed the same results when a Ru film of 3um was deposited
on YSZ, BZY, Na-Al,O3, and K-Al,Oj solid electrolytes [63-66].

3.2.2.1 Rh-Based Nanostructured Catalyst

The first EPOC studies of the rhodium (Rh) nanostructured catalyst electrode for
ethylene complete oxidation were reported in the early 2000s [67-69]. Recently, an
elegant work by Katsaounis et al. [70] reported a fundamental study on the depen-
dency of the Rh oxidation state and its stability under polarization using near-
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS). To this end, a Rh
nano-film (thickness of <40 nm) catalyst was sputtered on a YSZ solid electrolyte
(Rh/YSZ) using DC magnetron sputtering. NAS-XPS results revealed that the
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supply of oxygen ions onto the pre-oxidized Rh surface promotes the shift to a
metallic state by facilitating the reduction of the Rh surface under C,H,. Thus, a Rh
oxide layer (RhO,, x < 2) is present and stabilized under certain experimental
conditions.

Closed-circuit results were examined at a potential difference of 1.5 V between
the Rh catalyst-working electrode and counter electrode and continuous current
flow. The mixture ratio (oxidizing, stoichiometric, and reducing) versus the current
reveals that the stoichiometric ratio (C,H4/O, = 0.33) secured the maximum value of
current (+100pA) as the optimal partial oxide layer was formed. Under reducing
conditions (C,H4/O, > 0.33), the current decreased. Thus, RhO, surface films can be
stabilized under mild reducing and stoichiometric mixtures. This study provided
spectrometric evidence to support the contribution of anodic polarization on the
pre-oxidized Rh surface and the alteration of surface oxidation and subsequent
reduction step from RhO, to Rh metallic. This observation is in line with the
sacrificial promoting ion model for EPOC and MSI [4, 71, 72].

3.2.2.2 Au-, Ag-, and Cu-Based Nanostructured Catalyst

Gold (Au)-based catalysts were disregarded for many years since they were viewed
as inert and inactive in heterogeneous catalysis and in EPOC application. Haruta
et al. [73-75] demonstrated that Au is active in the nanoparticle range (<10 nm). In
recent years, several studies on the electrochemical promotion of Au NPs have been
reported [79-82]. Gonzélez-Cobos et al. [76] promoted Au nanoparticles towards
the partial oxidation of methanol. The catalytic system consisted of a 7% atomic
weight of Au (3.3 nm, synthesized via magnetron sputtering) supported on a thin
film (170 nm) of YSZ. Then, the Au-YSZ catalyst was deposited on the K-f”Al,O5
solid electrolyte. Catalytic measurements were conducted under CH;OH/
0, = 5.9%/0.43% at 280 °C. Au nanoparticles resulted in a promising selectivity
towards methyl formate (HCOOCH;) and H, with a five- and nine-fold increase in
production rate with respect to open-circuit conditions, respectively [77-79]. Anal-
ysis of the results revealed that the observed EPOC effect was only sensitive to the
rate of K™ supply and coverage. The optimal promoter coverage was 0.5 at 280 °C
and Vg < —0.5 V and resulted in an enhancement ratio of 9, 2, and 5 for H,, CO,,
and HCOOCHj3; production, respectively.

Silver (Ag)-based catalysts have been widely used to study the EPOC effect since
its discovery and in recent studies [80]. Ag nanoparticles deposited via evaporative
PVD on a YSZ solid electrolyte were characterized through cyclic voltammetry to
study the growth of silver oxides in the vicinity of the three-phase boundary. The
results demonstrated that both anodic and cathodic polarization affected the oxida-
tion state of Ag, where anodic polarization contributed to the formation of Ag,O
over metallic Ag [81]. Kalaitzidou et al. developed an Ag-coating film (10-25pm
thickness) electrochemical cell using the screen-printing deposition on YSZ to study
the EPOC effect of propylene combustion [82]. The authors showed that high
catalytic activity towards propylene conversion is attainable under the high coverage



86 A. Fellah Jahromi et al.

of propylene and oxygen over the surface of the catalyst-working electrode (Ag).
The highest enhancement ratio (p = 1.34) was obtained by applying +25pA under
lean-burn conditions, whereas stoichiometric conditions gave the highest enhance-
ment ratio equal to 1.03 under +2pA polarization. The promotion was amplified
under lean-burn (oxidizing atmosphere) conditions. This technology can aid in the
abatement of propylene from the air.

Table 3.3 summarizes EPOC studies with Ru-, Rh-, Au-, and Ag-based
nanoparticles for various catalytic processes.

Copper is an economic option in comparison with noble metals such as Pt, Rh,
Pd, and Ru and can be an attractive catalytic system in EPOC studies. Gonzalez-
Cobos et al. [83] studied the electrochemical promotion of Cu deposited on
K-B”Al,0;5 for the partial oxidation of methanol to produce H, at a relatively low
temperature of 320 °C. Nanostructured Cu was prepared via oblique angle physical
vapor deposition with a thickness of ~0.8um, a porosity of ~50 nm, and a
nanocolumn cross-sectional diameter of 120 nm. The applied polarization (I < 0
and Vyyr = 0 with Vi, < +0.5 V) resulted in a remarkable enhancement in catalytic
activity and a subsequent three-fold increase in production rates of methyl formate
(C,H»0,) and Hy (prax= 2.7 for CoH,0,, pmax= 2.63 for H,). The work function of
Cu decreased due to the migration of positive promoters (K*) and enhanced the
reaction. These species altered the chemisorption of the O, molecules (electron
acceptor) in a favorable manner upon the consumption of CH;0H. The post-mortem
energy-dispersive X-ray (EDX) and XPS characterization determined that the
electropromoted state caused the formation of potassium-derived by-products
(K, O, and/or carbonates).

In another study, Ruiz et al. [84] conducted a bench-scale study on CO, hydro-
genation over Cu nanoparticles deposited on K-p”Al,O5 solid electrolyte. Cu
nanoparticles with an average diameter of 23 nm were deposited on K-p”Al,O;
using electroless deposition. The reactant ratio of H,/CO, was modified to 2, 3, and
4 based on post-combustion CO, capture exit streams to investigate the practical
application and scalability of the process. The results revealed that the determining
parameter to control selectivity was affiliated to Cu™ ions and large Cu particles that
were selective towards CH3;0OH and an unconventional selectivity to CH, and
CO. Selectivity values of C,H¢O, CH30H, and C,HsOH were boosted by a
maximum of 34%, 340%, and 220% via polarization (in a range between —2 and
4 V). The optimal reaction temperature was 325 °C, and the maximum
selectivity was attained by a feed ratio of H,/CO, of 2:1. Selectivity of dimethyl
ether decreased with an increase in the reactant ratio. Thus, this study is one of the
forward steps for EPOC commercialization because the flow rate was high
(522 L h~' = 8700 mL min "), and industrial feed ratios were selected.

In a recent study, EPOC of Cu NPs deposited on the YSZ was investigated for
RWGS. Cu NPs of 20 nm average size were synthesized via the polyol method and
deposited on the YSZ disk [85]. Only positive polarization increased RWGS, and the
highest rate increase occurred under +2 V at a CO,/H; ratio of 1:1 at 400 °C. The
resulting rate enhancement ratio (p) was 1.2, and the Faradaic efficiency (A) was
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6.52. TEM, XPS, and cyclic voltammetry confirmed the active state of Cu as Cu,O
and CuO indicating that the reaction over Cu/YSZ followed the redox mechanism.

3.2.2.3 Ni-, Fe-, and Co-Based Nanostructured Catalyst

Nickel is an alternative to noble metals and economically preferable over noble
metal catalysts [54, 86, 87]. Various Ni catalyst electrodes have been studied for a
number of reactions deposited on solid electrolytes supplying positive [88-91] or
negative promoters [54].

Nickel electrode deposited using oblique angle PVD on K-B”Al,O3 was applied
in methanol steam reforming. The research group of de Lucas-Consuegra [89]
studied the contribution of formed graphene oxide on H, storage and production
during methanol steam reforming over Ni at 280 °C. The proposed mechanism was
based on the chemisorption of H, on the active sites of Ni and the role graphene
oxide (GO) had on the spillover of H, under the K* promotion effect. Such a porous
catalytic system increased the possibility of GO aggregate formation, whereas H,
storage and production were controlled by varying current/potential under fixed
experimental conditions.

In another study, Espinos et al. [90] elucidated the EPOC mechanism over
alkaline ionic conducting materials via the in situ near-ambient pressure photoemis-
sion (NAP) spectroscopy technique. They revisited the migration of K* ions with
regard to diffusion of positive promoter ions or their reduction, by applying various
polarization modes. It was proposed that ions adsorbed at the three-phase boundary
had two different modes of transport: (i) onto the surface of the catalyst exposed to
reactants and (ii) into the inner interfaces or grain boundaries of the catalyst. Both
modes are at equilibrium where backward and forward migration continuously take
place; however, the first mode of transport is favorable with respect to energy.

As one of the early works on Ni deposited on alkali (K¥) solid electrolytes, de
Lucas-Consuegra et al. [91] investigated the water-gas shift reaction (7" = 350 °C
and CO/H,O0 ratio of 1:3) over Ni NPs (100 nm and film dispersion of 0.84%). The
authors observed that with negative polarization, K* ions migrated onto the catalyst
surface to promote the selectivity towards CO and H, with an increase in the H,
catalytic rate (pgp = 2.7). The reversibility of the EPOC effect can be explained by
the activation of the chemisorption process for H,O molecules and subsequent
generation of OH species.

In the most recent research conducted over Ni-based catalysts [88] for CO,
hydrogenation, three catalyst-working electrodes were investigated with respect to
CO, and CH, production: (i) Ni/K-p”Al,O3, (ii) Ni-aAl,O3/K-f"Al,O3 (40 mg Ni,
20 mg a-Al,Os, and ethylene glycol), and (iii) Au-Ni (30%)-aAl,03/K-p”Al,O;
(mixture of 40 mg Au ink and 20 mg a-Al,O; previously impregnated with Ni
(30%)). The mean particle diameter (after reduction through TPR) of the first sample
(denoted as sample N) was 39.9 nm, whereas the particle size of the second sample
(labeled as NA) and the third sample (labeled as GNA) was 37.5 and 35.2 nm,
respectively. The authors showed that with the addition of a-Al,O5; to NA, the
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dispersion of Ni was improved, and all samples were porous (based on SEM
analysis) which remarkably enhanced the diffusion of reactants and products. NA
catalyst showed the highest activity explained by an increase in the porosity of the
catalyst film (composed of Ni). In addition, the CO formation rate was dependent on
two parameters: (i) a direct relationship with the CO, feed and (ii) an inverse
variation with changes in applied potential (where a decrease in potential resulted
in an increase in the CO production rate). Although CO formation gave promising
results under negative polarization, CH, production was favored by introducing
positive potential (spillover of K™ onto solid electrolyte and removal from the
catalyst surface). In addition, increasing H, concentration (electron donor) demon-
strated a positive impact on CH, production due to its electrophilic nature. Finally,
the rate of consumption of CO, profoundly increased, and the EPOC effect exhibited
a reproducible and reversible trend.

Progress towards the use of transition metals has been pioneered in the use of
nanostructured FeO, catalysts for the RWGS reaction. Monometallic FeO,
nanowires (@ = 5 nm) deposited as a nano-film on YSZ solid electrolyte responded
to the application of polarization with a CO rate increase of 200% (p = 2). FeO,
nanowires were synthesized through the polyol synthesis method with TMAOH.
This was the first EPOC study where non-noble metal nanostructured catalysts were
studied to electrochemically activate FeO, for the RWGS reaction. Under open-
circuit conditions, the CO, conversion varied as a function of temperature, relating to
the oxidation state of FeO,. XPS and cyclic voltammetry (CV) characterization
provided insight on the state changes of FeO, cycling between
Fe,O3 — Fe;0, — FeO — Fe — Fe, C from —1.6 eV to 1.6 eV (Uwg) under a
CO,/H, ratio of 1:1 (Fig. 3.9a) [17]. Figure 3.9b [17] summarizes an interesting
electrochemical response to the application of Uwr = 2 V at 350 °C. A potential
difference of 2 V initially electrochemically oxidized Fe-carbide that was formed
during open-circuit conditions. As polarization continued, FeO, was saturated with
oxygen (Fe;04/FeO), reaching an active state to favor RWGS. Once polarization
was interrupted, the stored oxygen in FeO, was made available for the RWGS
reaction resulting in a P-EPOC for 5 h. FeO, is active for the RWGS reaction as
Fe;0,, FeO, and Fe, while Fe,O; and Fe,C phases are inactive. The efficiency of the
RWGS reaction was ensured by the in situ control of the oxidation state. To evaluate
the presence of the Fe,C phase, CO, and H, were left to react on FeO, for 12 h and
then replaced by He, and polarization then supplied Fe,C with oxygen to produce
CO in the absence of CO,. Additionally, negative polarization led to a p = 2.4 and
A = 4 at 350°C, following inverted-volcano behavior. Overall, this study showed
how the oxidation state of Fe can be manipulated electrochemically to favor
the RWGS catalytic reaction. The advantage of the inverted-volcano effect is the
increase in catalytic rate during positive and negative polarization that allows the
counter and working electrodes to be composed of the same metal, where both sides
are efficiently promoted under polarization.

In another study [92], FeO, nanowires decorated by Ru clusters (20 at.%) have
been shown to inhibit Fe,C formation, allowing FeO, to remain in an oxide state
during open-circuit conditions (Fig. 3.10 [92]). The Ru/FeO, catalyst was
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Fig. 3.9 Cyclic voltammetry of FeO, nanowires deposited on YSZ under reaction conditions at
350 °C (a) stable CV and (b) transient response at 350 °C for 2 V under reaction conditions and
current response. CO,/H, = 1:1, and 100 mL min~ ", (Reprinted with permission from Ref. [17];
Copyright 2020, Elsevier)

0.48 nm
Fe;0,(111)

Fig. 3.10 Mechanism of the RWGS reaction on the Ru/FeO, catalyst. (Reprinted with permission
from Ref. [92]; Copyright 2020, Elsevier)

synthesized through a two-step polyol method where FeO, nanowires were first
synthesized followed by Ru clusters reduced on FeO,. Polarization of Ru/FeO, led to
a reversible catalytic rate increase of p = 2.4. Positive polarization shared a similar
response to FeO, with the absence of the initial CO rate. Ru inhibited the formation
of Fe,C by ensuring it remained as Fe;O,4, as shown in the STEM images. The
presence of Ru was shown to favor the adsorption of H, and its dissociation into H,
where it can spill over onto FeO, to keep it oxidized.

Zagoraios et al. [93] studied free-standing Co nanoparticles (20 nm) synthesized
through the polyol method deposited on YSZ and BZY for the RWGS reaction. XPS
and imaging characterizations confirmed that polarization affected the work function
and oxidation state of the Co catalyst surface. Figure 3.11 [93] displays the transients
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Fig. 3.11 Transient rate response of Co nanoparticles under 2 V polarization for (a) Co NPs/YSZ
and (b) Co NPs/BZY, under reducing and oxidizing conditions at 375 °C. (Reprinted with
permission from Ref. [93]; Copyright 2020, American Chemical Society)

of Co nanoparticles deposited on YSZ (027) and BZY (H") under a potential
difference of 2 V. For YSZ, the CO rate decreased as CoO, was fully oxidized,
followed by a spike in the catalytic CO rate of 650%, once potential was interrupted.
Similar to FeO, on YSZ, oxygen is stored as CoO, and made available for the
reaction. In the case of BZY, the CO rate response followed the kinetic behavior of
the RWGS reaction and the absence of the post-polarization promotion. Regardless
of the type of ionic species, the RWGS reaction for Co nanoparticles followed
electrophilic behavior. The authors showed with XPS characterization that Co3;0,4
is dominant on the Co nanoparticles exposed to gaseous oxidation, while for 2 V
polarization a mixed Co®*>*/Co* state was formed. XPS confirmed that polariza-
tion affected the oxidation state of the Co nanoparticles providing a method to tailor
the catalytic activity to favor the RWGS reaction. This study supports the unique



92 A. Fellah Jahromi et al.

behavior exhibited by transition metals that are influenced by polarization to tailor
the reaction.

Table 3.4 summarizes EPOC studies over Cu, Ni, Fe, and Co nanoparticles for
various catalytic processes that were discussed in Sects. 3.2.5 and 3.2.6.

3.3 Study of EPOC Using Density Functional Theory

DFT is a unique tool to elucidate the atomic nature of the catalytic reaction.
Numerous studies have been conducted using DFT calculations to supplement
experimental results; however, only a handful have rationalized the EPOC effect
[94-96]. Atomic slabs of Pt(111), RuO,(110), and Ru(0001) were used to simulate
small, free-standing Pt, Ru, and RuO, nanoparticles (1-3 nm) and to establish a
computational method to evaluate the EPOC effect by using the surface charging
method or grand-canonical DFT [61]. Polarization was simulated through the addi-
tion and removal of electrons following the linearized Poisson-Boltzmann equation
from VASPsol. Omitting many computational details, this method is used to control
the number of electrons for the metal, which modifies the surface charge and work
function of the slab. The model is not limited to the type of reaction since it affects
the properties of the metal and the molecules.

The first study to apply the electrochemical model was on the RuO, (110) surface,
where it was used to describe the electrochemical behavior of RuO, nanoparticles for
the complete oxidation of C,H, [61]. The surface energies were measured as a
function of potential and oxygen surface coverage. DFT calculations confirmed that
under positive polarization simulated conditions (removal of electrons) facilitate the
cleavage of the C—C bond to activate C,H, on the RuO, (110) surface. Under
negative polarization, DFT confirmed O, dissociation as the rate-limiting step
justifying the inverted-volcano behavior. Thus, DFT calculations identified how
polarization affected the binding energy of each molecule.

To provide insight into the origin of the “two oxygen species” that were demon-
strated upon positive polarization through XPS, TPD, and cyclic voltammetry
characterizations over Pt catalyst-working electrode [97-99], DFT calculations
were carried out using Pt(111) slab for the complete oxidation of CH4 [100]. The
hypothesis was that one species originated from YSZ, while the other one was from
the gas phase, relating to one oxygen atom on Pt(111) and a-PtO,, respectively. DFT
calculations were compared alongside the experimental methane oxidation reaction,
where the reaction followed inverted-volcano behavior (i.e., catalytic rate increased
under positive and negative application). Pt(111), 0.25 monolayer (ML) of O on Pt
(111), and a-PtO, on Pt(111) were evaluated under the influence of polarization and
are summarized in Fig. 3.12 [100], in the potential difference range of —1 to 1 U/V
vs SHE. Evaluating the activation energy (E,) of methane on the surface, above
Uwr > 1 U/V vs SHE, the most stable surface was a-PtO, on top of Pt(111). In the
range of 0 to 1 U/V vs SHE, one oxygen atom (0.25 ML) on Pt(111) was the most
stable, which displayed the highest E,. While for negative polarization, the Pt(111)
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Fig. 3.12 Summary of the Pt(111) surface for the CH,4 oxidation reaction as a function of potential
and oxygen coverage with corresponding activation energy (E,). The Pt(111) is strongly influenced
by polarization resulting in the change in activation energy of the reaction. (Reprinted with
permission from Ref. [100]; Copyright 2020, American Chemical Society)

surface is favored. The initial hypothesis was that Pt(111) favors the dissociation of
O,, but the E, energy was lower than CH, in the whole potential range. Thus, the
authors concluded that the inverted-volcano effect was affiliated with the surface
state change influenced by the potential conditions. When compared with the
experimental E, energies [101], the theoretical trend lines up with the negative
application, while the positive is not as steep and is affiliated to other oxide surfaces
that have not been evaluated. Thus, decades after the discovery of the NEMCA/
EPOC effect, DFT calculations provide a way to back up the experimental
observations.

Furthermore, the CO, hydrogenation reaction was evaluated on the Ru(0001) slab
to elucidate the EPOC effect of Ru where positive polarization led to CH,4 formation
and negative polarization led to CO formation regardless of the type of ionic species
in the solid electrolyte. DFT calculations were performed without taking into
account the type of ionic species (i.e., 0>, H*, Na*, K*); instead only polarization
is analyzed by adding and removing electrons on Ru(0001). The intermediates were
evaluated as a function of potential where the binding energy of the CHO and CO
molecules was discovered to influence the selectivity of the reaction (Fig. 3.13)
[62]. For positive polarization, CO is strongly adsorbed increasing its hydrogenation
towards CH,4, by enhancing the adsorption strength of the CHO* intermediate. For
negative polarization, the CO bond is weakened allowing it to likely desorb. The
energies under the influence are close in value, which further explains the selectivity
between CH; and CO for a Ru catalyst. Thus, a universal mechanism for Ru
(nanoparticles, sputtered, thick porous layer, etc.) influenced by polarization can
be used to model and simulate electrochemical polarization and its behavior.
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Fig. 3.13 Branching of the
CO* + O* intermediate
towards CO and CHO* as a
function of potential at
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3.3.1 Recent Advancement of Self-Sustained Electrochemical
Promotion

Metal-support interaction (MSI) and EPOC have long been considered two different
phenomena in heterogeneous catalysis; however, in the last two decades, it has been
shown that, functionally, MIEC and ionic conducting materials, both phenomena are
linked by the transfer of ionic species at the metal-ceramic interfaces. Understanding
the metal-support interaction and its link with EPOC was first observed in 2001 in
collaborative work between the research groups of Vayenas, Verykios, and
Comninellis [102]. In this work, the reaction of ethylene complete oxidation was
investigated over a highly dispersed Rh catalyst deposited on TiO,, y-Al,O3, WO3-
doped TiO,, SiO,, and YSZ supports. In addition, a Rh thin-film catalyst-working
electrode was deposited on YSZ for EPOC experiments. The application of potential
to the Rh catalyst-working electrode resulted in similar behavior to Rh dispersed on
supports, proving how EPOC can be functionally like the MSI effect, where EPOC is
in situ controlled via electrochemical stimuli (see Fig. 1.12). In the MSI effect, the
conducting supports (e.g., CeO,, TiO,) not only enhance catalyst dispersion but also
change the catalyst properties by changing the d-bond centers of the surface (metallic
state) that interact with the oxide support. The strong metal-support interaction
(SMS]) initially coined by Tauster [103—106] implies the coverage of nanoparticles
by suboxides that originate from the support under reducing conditions [103-105,
107]. These suboxides are recognized as atomic layers with a presumably amor-
phous character. A trade-off between the blockage of active sites by suboxides and
alteration of local electronic structures was investigated, and the latter case out-
weighs the former as the role of suboxides as Lewis acids caused the activation of
reactants and subsequent tuning of the catalytic performance [108].
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Furthermore, extensive research on the functional similarity of EPOC and MSI
with ionic and MIEC catalyst supports has been carried out in the last decade. The
first confirmation of the existence and the role of ionic species (027) from the
support was reported by Vernoux et al. in the instance of Pt deposited on a YSZ
powder support for deep propane oxidation [109]. The authors used TPD to study the
oxidation state of nano-dispersed Pt synthesized via the impregnation method on
YSZ support. Three states were determined via TPD (Fig. 3.15): state (I) TPD
spectrum under 1 h exposure of oxygen to the surface of the fresh Pt/YSZ at
300 °C, state (II) spectrum recorded after cooling down to 300 °C and again
exposure to oxygen for 1 h (following the completion of the first state and increasing
the temperature to 700 °C), and state (III) spectrum taken after cooling down to
500 °C and exposing to oxygen for 1 h, cooling down to 300 °C and subsequent
exposure to 1% O, for 1 h, and lastly cooling down to room temperature under
oxygen purging. Catalytic measurements were carried out under the conditions of
states II and III with 2000 ppm C3Hg and 1% O,. The TPD analysis showed the
presence of O°~ at 595 °C that was assigned to O°~ from YSZ support (state I) in
agreement with the previous studies by Katsaounis et al. [110] and Li et al.
[111]. Catalytic results under states II and III showed that 0> species were
thermally induced and originated from YSZ, which resulted in a strong promotion
of propane deep oxidation (Fig. 3.14). Thermal migration of O>~ was proven by
TPD analysis for propane combustion over Pt/YSZ and can be considered as a key
step for advancing the understanding of the MSI with ionically conducting ceramics
as active supports. The effect was coined self-sustained electrochemical promotion
(SS-EPOC or SSEP) to indicate that this is MSI with ionically conductive supports,
where the charge transfer occurs via ionic species that migrate to the gas-exposed
catalyst surface to modify its properties. SS-EPOC or MSI for a P/YSZ catalytic

Fig. 3.14 Spectra of O,_ 600
TPD taken after O,
adsorption over Pt/YSZ

(powdered). (Reprinted with 500 A
permission from Ref. [109]; \ State 1
Copyright 2009, IOP - j \
Science) E 400 f *.’ll
o -
E ro% 4
= 300 1 )Jf .
° t
_— | J I
d\l 200 O(g) é \

100 -
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system was demonstrated for CO, C,H,, and toluene oxidation reactions [30, 34,
112, 113].

The charge transfer and modification of the catalyst electronic state were con-
firmed by ex situ XPS investigations of Pt NPs deposited on YSZ powder support
[114]. Pt nanoparticles with four different average sizes ranging from 1.9 to 6.7 nm
were dispersed on YSZ powder. For all catalysts, the Pt4f peak was found at lower
binding energies compared to the position of the peak of a Pt bulk foil. The Pt4f XPS
peak shifted by as much as 0.9 eV for the smallest Pt NPs compared to the peak
position of the Pt foil. In addition, changes were found on the Y3d, Zr3d, and Ols
spectra after Pt nanoparticle deposition. All these confirmed a charge transfer from
the oxide support to the Pt NPs and that this effect was particle size dependent, where
the highest electronic modification was observed for the smallest catalyst (Fig. 3.15).

The particle size effect on the extent of MSI [115] was investigated over Pt/'YSZ
powder catalyst for the oxidation of CO and C,H, in oxygen-free and oxygen-rich
environments. In this work, Pt nanoparticles of various average sizes were synthe-
sized via the polyol method and deposited as 1 wt% on YSZ powder. This work
demonstrated that oxygen ions from the support take part in the reaction even at
temperatures below 100 °C. The proposed mechanism for CO and C,H, oxidation in
the absence of oxygen in the gas feed was explained through the formation of local
nano-galvanic cells in the vicinity of the three-phase boundary (tpb). In the sponta-
neous nano-galvanic cell, the oxidation of CO and C,H, was accompanied by the
electroreduction of zirconia. The smallest Pt NPs with a mean diameter of 1.9 nm
displayed the highest activity and turnover frequency (TOF), whereas no activity
was observed for larger particle size (6.7 nm) in an oxygen-deficient environment
(Fig. 3.16). As for the oxygen-rich environment, the reaction took place at a lower
temperature. Two contributing oxidizing mechanisms under oxygen-rich conditions
were proposed: (i) thermally induced backspillover of O~ from YSZ to the surface
of the catalyst (metal/gas interface) and (ii) electroreduction at the three-phase
boundary.

Furthermore, the effect of the ionically conducting support, i.e., pure ionic (YSZ
or SDC) vs. MIEC (CeO,) and non-conducting y-Al,O3; and carbon black, was
studied for ethylene and carbon monoxide oxidation over Pt NPs (2.5 nm average
size) [8]. To this end, 1 wt% of Pt NPs was deposited on YSZ, CeO,, SDC
(Smp,Cey 501 .9), y-Al,O3, and carbon black [8]. Catalytic activity measurements
showed that Pt/C and Pt/y-Al,O3 were both inactive under a zero-oxygen environ-
ment, whereas the rest of the samples exhibited high catalytic activity in the oxygen-
deficient environment with complete oxidation of CO and C,H, below 220 °C. The
highest catalytic activity for C,H, oxidation was observed for Pt/SDC, explained by
the higher bulk ionic conductivity of SDC [8] and the facile oxygen release from
CeO, if compared to YSZ. The surface O~ resulted in electrochemical oxidation of
CO and C,H,4 by O*~ in the vicinity of the tpb at temperatures as low as 70 °C. In the
presence of O, (Poy = 3.5 kPa), both chemical and electrochemical oxidation of
C,H, and CO took place simultaneously, leading to even lower light-off tempera-
tures for both reactions. This effect was also demonstrated for different metal
catalysts and supports [116-118].
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Fig. 3.15 Pt4f XPS peaks
of the Pt/YSZ catalysts of
various average sizes:

(a) 1.9 + 0.4 nm,

(b) 3.0 £ 0.8 nm,

(¢)4.4 £ 0.3 nm,

(d) 6.7 £ 1 nm, (e) sputtered
Pt foil. (Reprinted with
permission from Ref. [114];
Copyright 2014, Elsevier)
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An MSI study by Dole et al. [119] investigated the effect of particle size and
synthesis parameters on catalytic oxidation of CO. A modified alcohol method was
developed that included polyvinylpyrrolidone (PVP) at an optimal PVP/Au ratio of
10:1. Au nanoparticles of 13.1 nm and 17.1 nm supported on YSZ were compared. It
was found that calcination is inevitable to remove PVP and achieve activity even
though it may increase the particle size. The optimal calcination temperature was
based on thermogravimetric analysis (TGA), associated with mass loss of PVP and
all species at temperature values of 300 °C and 600 °C, respectively. Higher activity
was achieved with lower particle size (13.1 nm), and different calcination temper-
ature did not result in a noticeable change in CO conversion.
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Fig. 3.16 Impact of Pt particle size on YSZ support on the electrooxidation of CO: (a) intrinsic rate
(normalized with respect to catalyst active surface area), (b) turnover frequency, and C,H,
electrooxidation (c) intrinsic rate (normalized with respect to catalyst active surface area), and (d)
turnover frequency, both under oxygen-deficient conditions. Flow rate = 77 mL min~', and
concentration reactant = 909 ppm. He balanced. (Reprinted with permission from Ref. [115],
Copyright 2015, Elsevier)

The application of electrochemical methods, e.g., cyclic voltammetry, steady-
state polarization, chronoamperometry, and chronopotentiometry, has been used in
EPOC studies, to in situ characterize, promote, and shed light on the state of the
catalyst-working electrode under EPOC conditions. Recently, the use of electro-
chemical techniques was extended to studying the MSI effect in highly dispersed
catalytic systems [117, 120]. The steady-state polarization measurements were
carried out to find an exchange current (/) of CeO,-supported Pt- and Ru-based
catalysts and link this quantity to the open-circuit catalytic rates. To correlate
catalytic and electrochemical measurements, [, of each catalyst was obtained from
Tafel plots (Fig. 3.18). According to EPOC theory, a good electrocatalyst (high
electrochemical reaction rates at the tpb and high I;) will show an insignificant
catalytic rate promotion under polarization because of competing electrochemical
reaction and backspillover migration [5, 117]. The following empirical equation was
proposed to define an apparent Faradaic efficiency in addition to the fundamental

Eq. (3.1) [4]:

nkry

A ~ (3:4)

0
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where ry is the open-circuit catalytic rate, I, exchange current, n is the number of
electrons, and F is Faradic efficiency.

It was found that Eq. (3.4) is also applicable to describe and predict the self-
sustained EPOC for the supported and unsupported catalysts in the instance of
ethylene oxidation [117]:

|[Amsi| = @ (for O*~ conducting system) (3.5)
0

where 1Aygyl is the self-sustained apparent Faradaic efficiency and other parameters
are the same as in Eq. (3.4).

The presence of ceria enhanced the catalytic reaction rate when compared to the
free-standing Pt and Ru nanoparticles [117, 120]. The proposed metal-support
interaction rate enhancement ratios, pysy, defined as the ratio between the reaction
rate of supported NPs over the rate of unsupported (free-standing) NPs was found to
be equal to 14. Polarization measurements established that higher exchange current,
Iy, values corresponded to the lower open-circuit catalytic rates. The lowest self-
induced Faradaic efficiency value (IAysl = 20) was for the free-standing Pt
nanoparticles, while the highest value (IAysl = 1053) corresponded to 1 wt%
Pt/CeO,.

The role of ceria in enhancing the reaction rate created an analogy to the
heterojunction phenomenon called the dissimilarity in metal-support work function
(pru = 4.71 €V, @p; — 5.93 €V, pceo,= 4.69 eV). The difference in work function
caused a driving force to transfer O~ from the support (CeO,) to the metallic
catalyst (e.g., Pt, Ru), which is tangible to classical EPOC, where the migration of
promoters backspillover under anodic polarization for negative conducting
ceramics. The mechanism of self-sustained EPOC and conventional EPOC [5] is
illustrated in Fig. 3.17 [118].

The self-induced apparent Faradaic efficiency concept (Eq. 3.5) was further
extended to Ni NPs for the complete ethylene oxidation [120]. Ni nanoparticles
supported on YSZ and CeO, were synthesized using the hydrazine reduction method
[121]. The three catalytic systems were free-standing Ni nanoparticles, Ni/CeO,
(1 wt.% CeO,), and Ni/YSZ (1 wt.% YSZ). Free-standing Ni NPs, Ni/CeO,, and
Ni/YSZ converted 35%, 43%, and 5% of ethylene at 350 °C, respectively. The
apparent Faradic efficiency of MSI (Aysy) was calculated based on exchange current
density extracted from Tafel plot analysis and revealed that the Ay for Ni/CeO, is
2-fold higher than Ni/YSZ. Figure 3.18 shows the summary of catalytic and elec-
trochemical results for several mono- and bimetallic nanoparticles for ethylene
oxidation reaction [117, 120]. In all cases, the highest electrochemical rate (high
ip) corresponded to the lowest catalytic rate in agreement with the EPOC
backspillover mechanism.

SSEP has been investigated for CO, hydrogenation reaction, where commercial
Co304 powder support was used to disperse Ru nanoparticles of ~1 nm average size
[62]. Ru NPs were dispersed on Co30,4 and deposited on BZY for CO, hydrogena-
tion (Fig. 3.19 [16]). Selectivity to CH, and CO was 40% and 60%, respectively.
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Fig. 3.17 Mechanistic view on processes carrying out over nanoparticles smaller than 5 nm for
ethylene oxidation: (a) self-sustained EPOC and (b) conventional EPOC over electropromoted cell.
(Reprinted with permission from Ref. [118]; Copyright 2015, Elsevier)

Fig. 3.18 Normalized 100
catalytic rate (rp) at 350 °C 1 3
(0.012 kPa C;H,, 3 kPa O,, { DO1-PCeO,
He balanced) obtained at 1
350 °C under open-circuit
condition and its variation
versus exchange current
density (ip). Free-standing
Ni, Ni/CeO,, and 1 wt%
Ni/YSZ are shown with red
squares. Black symbols
correspond to literature
results

[122, 123]. (Reprinted with
permission from Ref. [120];
Copyright 2017, IOP
Science)
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Under reducing conditions (CO,/H, = 1:7), CH,4 selectivity surpassed CO. Only the
RWGS reaction was affected under the application of potential following electro-
philic behavior where the CO rate decreased under positive polarization and
increased during negative polarization. The spontaneous migration of H* from
BZY aided in reducing Co;0,4 to cycle oxygen by creating vacancies. Above
350 °C, Co30, conducted protons from BZY and electrons onto the Ru
nanoparticles. The change in catalytic rate was minimally affected by ~10%,
where it was suggested that Ru/Co;0,4 was already in a promoted state or SSEP.
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Fig. 3.19 Electrochemical T/K

activity of Ru/Co;0, as a

function of temperature. 550 600 650 700
Under 350 °C C0;0, cycles MW7
oxygen with Ru and the | Ru/Co,0,/BZY/Au
reactants, above 350 °C H* 90 F; =100 cm*min
ions from BZY migrate on 80 h COH, = 1:7

the Ru/Co;0,. (Reprinted
with permission from Ref.
[16]; Copyright 2020,
Elsevier)
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The ability of Co30,4 to act as a conduit of protons and electrons replaces the need to
employ a conductive film to polarize the catalyst as shown in the Ru-Co
nanoparticles deposited on the Ru intermediate film [63].

Panaritis er al. [124] carried out an electrochemical study of FeO, nanowires
dispersed on Co304 commercial powder support for RWGS. The authors found that
Co30, influenced the morphology of FeO, nanowires. When FeO, was dispersed on
Co30,, the morphology of the nanowires (length ~100-500 nm, diameter ~5 nm)
changed to spherical particles of 5 nm. Under open-circuit conditions, FeO,/Co3;0,
outperformed FeO,/Al,05 by 20 times. Under anodic and cathodic polarization, the
CO rate decreased by 10% (or p = 0.9) or referred to as volcano behavior.
Polarization led to the suppression in the catalytic rate of FeO,/Co5;04 by altering
the oxidation state of Co3;0,4 and as a result its MSI effect with FeO,. Electrochem-
ical polarization was used as a tool to study the MSI or SSEP effect between FeO,
and Co304. Thus, under polarization, the active state of FeO,/Co;0,4 is hindered
suggesting that the catalyst is in an SSEP state under reaction conditions.

Another interesting aspect of promotion termed electric field promotion has been
reported in recent years [125—-133]. In [127, 128], the authors proposed a mechanism
of ultra-lean methane oxidation over different Pd-Ce-Zr catalysts in a fixed-bed
reactor under 0.2% CH, mixed with 10% O, and N, balance. The catalytic reactor
consisted of two stainless steel electrodes positioned with no gap (Fig. 3.20). The
product analysis was carried out by FTIR spectroscopy, and the increase in turnover
frequency (under direct electric field) was normalized based on consumed power per
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Fig. 3.20 Schematic representation of experimental setup design combining the catalytic process
with an electric field. (Reprinted with permission from Ref. [125]; Copyright 2018, Elsevier)

run referred to as ATOF [s~'w']. The decrease in the light-off temperature and
increase in ATOF" was due to an electric field that resulted in the release of lattice
oxygen ions present in the support. Thus, more surface localized oxygen was
produced to oxidize Pd’. This in turn promoted the dissociative chemisorption of
CH,4 and its subsequent dehydrogenation while eliminating formate intermediates.
Therefore, carbonates were directly formed through CH species. In addition, the
reducibility of PdO, was favorably altered via an electric field, which led to CH,
oxidation at a lower temperature. Other examples of electric field promotion include
oxidation of benzene [129, 130], toluene [131], naphthalene[132], and lean methane
combustion over Mn,Co, [133].

3.4 Conclusion and Prospective Research Gaps

This chapter provides an overview of recent advances in EPOC of nanostructured
catalysis covering both classical and self-sustained EPOC. The last two decades
witnessed a large growth in the use of highly dispersed, nano-sized catalytic systems
in electrochemical promotion studies. Furthermore, these studies confirmed the
functional similarity between EPOC and MSI when ionically conductive ceramics
are used as active supports, and the mechanism involved in both phenomena has
been further elucidated. As we demonstrate in this review, the nanoparticle catalytic
systems could be efficiently electropromoted for reforming, oxidation, and hydro-
genation reactions. The application of various synthesis procedures (sputtering,
PVD, ALD, impregnation, polyol, and hydrazine reduction methods) led to the
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fabrication of mono- and bimetallic catalysts of well-defined size, composition, as
well as bulk and surface structure. Furthermore, theoretical calculations based on
DFT were discussed for Pt(111), RuO,(110), and Ru(0001) surfaces that closely
model the real nanoparticle systems. Despite tremendous progress in EPOC with
noble (Pt, Pd, Rh, Au, etc.) and especially with non-noble (Fe, Co, Cu, Ni) metal and
metal oxide nanoparticles, there are still several research gaps that need to be
addressed for the future advancement of EPOC with a goal of developing and
fabricating active and stable catalytic systems:

1. Further Development and Application of In Situ and Operando Techniques for
EPOC and MSI Investigation

Additional experimental in situ observations of EPOC are still needed. Diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) is an informative
technique to in situ analyze reaction mechanisms for the highly dispersed powder
catalysts commonly used in MSI studies. This technique requires highly dispersed
powder samples and shows limitations for studying thin films due to their low
surface area and dispersion. Instead, the polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS) technique could be employed to study the
electrode surfaces of thin films for EPOC applications [134, 135]. Urakawa et al.
demonstrated how the surface species change on the surface of a Pt thin film (40 nm)
during CO oxidation using PM-IRRAS. With a modification in the reactor design
and configuration, the same film can be studied under polarization with solid
electrolyte support. In situ XPS measurements are useful to identify the change in
the oxidation state of the catalyst-working electrode as a function of applied potential
and differentiate between electrochemically induced O’ on the surface over
chemisorbed atomic oxygen [70]. Both in situ approaches require specific reactor
configurations that ensure electrochemical conductivity between the electrodes and
high temperature to ensure ionic conductivity from the solid electrolyte to promote
the catalyst-working electrode. Other important techniques like in situ X-ray absorp-
tion spectroscopy (XAS) and various electron microscopies could further shed light
on the EPOC phenomenon.

2. Cell Design for Efficient NP Polarization

As discussed throughout this chapter, the use of nanoparticles as a catalyst-
working electrode has clear advantages over the micrometer-thick, continuous film
electrodes. However, when moving from a uniform porous, thick metal or metal
oxide film, where one point of contact with the electrode is enough to ensure
conductivity, to NPs, novel cell designs and current collectors are required. For
nanostructured electrodes, composed of non-percolated single NPs or NPs islands,
there are many challenges in assuring the conductivity and the uniform current
distribution. New current collector design and electrode configurations are needed.
The inert current collector in the form of a mesh, rings, or any other pattern could be
deposited over the catalyst. Other approaches could include an inert, conductive
interlayer between the solid electrolyte and catalytic NPs. The application of bipolar
and wireless EPOC configurations is very promising in this regard. For instance,
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researchers designed different current collectors: (i) direct polarization, e.g., using a
gold mesh [17, 48, 112], and (ii) sputtering catalyst on the conductive support
[8, 115, 118, 136]. As one of the recent advances in sputtering techniques, Vernoux’s
group [136] designed a current collector inspired from fuel cell technology for
SS-EPOC of NO, storage-reduction reactions (see Fig. 2.21 in Chap. 2). This current
collector was prepared by dispersing Pt and Rh NPs on YSZ (acting as nanometric
electrodes). Then, Pt/Rh/YSZ catalytic systems (in the form of a powder) were
deposited in the location of the porous structure of the SiC diesel particulate filter
(DPFs). DPFs can play the role of the external circuit to transport electrons between
nanoparticles and, in the case of being doped with N, enhance their electronic
conductivity. Two scenarios of using Pt/Rh/YSZ over N-doped SiC and un-doped
SiC were studied under cycling conditions (lean/rich). The following observations
were reported: (i) overproduction of CO, under rich cycle (absence of oxygen)
explained by CO electrochemical reaction [8, 115, 118], (ii) N-doped SiC displayed
the highest catalytic activity, and (iii) O*~ backspillover (from YSZ onto the surface
of Pt) with NPs smaller than 5 nm while >10 nm required the existence of
electromotive force (EMF). Such EMF can be induced via two distinct metals and
a conductor with sufficient electronic conductivity.

Furthermore, the wireless electrochemical promotion has a great potential for
practical application of the EPOC phenomenon. Stavrakakis et al. [137] studied
wireless EPOC on modified catalytic membrane reactors employing BaCe;_, Y, O5_s
(BCY) and BaCey 3., Zr,Y(, O35 (BCZY) conductive membrane supports. In this
study, wireless EPOC configuration [138—143] utilized the chemical potential dif-
ference between the dense membrane support with a Pt film (synthesized via sol-gel
method) painted on both sides of BCZY disk (Fig. 3.21). Catalytic CO oxidation was
carried out with a total flow rate of 200 mL min~"' and partial pressure of 1 kPa and
10 kPa for CO and O,, respectively, where the high partial pressure for oxygen was
selected to prevent carbon deposition and subsequent poisoning. In addition,
H,/H,O flowing through the sweep side of a dual-chamber reactor supplied pro-
moters to the catalyst and reaction side. The best performance was obtained by
BCZ20Y20 where a 10% promotion reaction rate was reported at 650 °C with a
reversible EPOC behavior and tenable membrane stability. The barrier is to explain
the suppressed promotion in subsequent H,/H,O and Ar sweep cycles in which the
former sweep generated an H, chemical potential gradient from sweep to reaction
side and emerged the ambipolar diffusion of H* (proton) and O°~ ions. In the second
and third cycles, the promotion is completely suppressed as two conducting
(or competing) mechanisms: (i) hydrogen chemical potential gradient and
(ii) ambipolar diffusion of proton and oxygen ions might reach an equilibrium.

Using Pt NPs instead of a Pt film might shift the competing mechanism in a
favorable way to obtain the desirable flux of O°~ and H* ions to carry out promotion
through subsequent cycles (the second and third one). This possible anticipation of
NPs may preserve sustainable and stable CO oxidation. In addition, using BCZY as a
solid electrolyte in other types of EPOC reactions may exhibit positive enhancement
with respect to activation and reaction temperature, stability, and promotion.
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Fig. 3.21 Operation and promotional mechanism of wireless EPOC configuration: (a) symmetrical
operation and (b) O, sweep. (Reprinted with permission from Ref. [142]; Copyright 2008, Elsevier)

3. Development of Catalytic Systems Without Noble Metal Content or with
Reduced Noble Metal Content

Various nanostructured catalytic systems (non-noble or with reduced metal
content) have been studied for EPOC reactions over the last 10 years for complete
methane oxidation over Ni9Pd [54]; RWGS reactions over Co [93], FeO, [17],
RuFeO, [92], and Cu; WGR over Ni[91]; CO, hydrogenation over Ni [88] and Cu
[84]; and partial oxidation of methanol over Cu[83]. Further development and
implementation of nanostructured bimetallic and ternary catalysts for EPOC of
other environmentally and technologically important reactions are needed.

4. Development and Application of Novel Conducting Ceramics and Polymers as
Solid Electrolytes

Yttria-stabilized zirconia is the most used solid electrolyte in EPOC studies to
date. YSZ requires high temperatures of at least of 280 °C to have an observable bulk
ionic conductivity [5]. In addition to low ionic conductivity, YSZ is quite expensive:
0.56 USD g~ ' [144, 145]. In laboratory experiments, a relatively thick (several mm)
YSZ disk is used as a solid electrolyte, which has limitations for a scale-up
application. A recent study attempted to synthesize thin-film NEMCA cells on
conventional alumina supports with and without BiCuVO, [146]. Another direction
is the development of novel solid-state electrolytes that display high ionic conduc-
tivity at lower temperatures with high chemical and mechanical stability. This could
reduce the temperature required for ionic conductivity and extend EPOC to a wide
range of low-temperature reactions and systems.



3 The Quest of Electropromoted Nano-dispersed Catalysts 107

References

1.

11.

13.

14.

15.

16.

Stoukides M, Vayenas CG (1981) The effect of electrochemical oxygen pumping on the rate
and selectivity of ethylene oxidation on polycrystalline silver. J Catal 70:137-146. https://doi.
org/10.1016/0021-9517(81)90323-7

. Bebelis S, Vayanes CG (1989) Non-faradaic electrochemical modification of catalytic activity

1. The case of ethylene oxidation on Pt. J Catal 118:125-146. https://doi.org/10.1016/0021-
9517(89)90306-0

. Vayanes CG, Bebelis S (1999) Electrochemical promotion of heterogeneous catalysis. Catal

Today 51:581-594. https://doi.org/10.1016/S0920-5861(99)00042-5

. Vayenas CG, Bebelis S, Pliangos C, Brosda S (2001) Electrochemical activation of catalysis

promotion, electrochemical promotion, and metal-support interactions. Kluwer Academic
Publishers

. Vernoux P, Lizarraga L, Tsampas MN, Sapountzi FM, De Lucas-Consuegra A, Valverde JL,

Souentie S, Vayenas CG, Tsiplakides D, Balomenou S, Baranova EA (2013) Ionically
conducting ceramics as active catalyst supports. Chem Rev 113:8192-8260. https://doi.org/
10.1021/cr4000336

. Urquhart AJ, Williams FJ, Lambert RM (2005) Electrochemical promotion by potassium of

Rh-catalysed fischer-tropsch synthesis at high pressure. Catal Lett 103:137-141. https://doi.
org/10.1007/s10562-005-6519-1

. Panaritis C, Edake M, Couillard M, Einakchi R, Baranova EA (2018) Insight towards the role

of ceria-based supports for reverse water gas shift reaction over RuFe nanoparticles. J CO2
Util 26:350-358. https://doi.org/10.1016/j.jcou.2018.05.024

. Isaifan RJ, Baranova EA (2013) Catalytic electrooxidation of volatile organic compounds by

oxygen-ion conducting ceramics in oxygen-free gas environment. Electrochem Commun 27:
164-167. https://doi.org/10.1016/j.elecom.2012.11.021

. Kalaitzidou I, Zagoraios D, Brosda S, Katsaounis A, Vernoux P, Vayenas CG (2018)

Electrochemical promotion of methane oxidation on Pd nanoparticles deposited on YSZ.
Mater Today Proc 5:27345-27352. https://doi.org/10.1016/J.MATPR.2018.09.050

. Jiménez-Borja C, Dorado F, de Lucas-Consuegra A, Vargas JMG, Valverde JL (2011)

Electrochemical promotion of CH4 combustion over a Pd/CeO2-YSZ catalyst. Fuel Cells
11:131-139. https://doi.org/10.1002/fuce.201000058

Nakos A, Souentie S, Katsaounis A (2010) Electrochemical promotion of methane oxidation
on Rh/YSZ. Appl Catal B Environ 101:31-37. https://doi.org/10.1016/J. APCATB.2010.
08.030

. Lopez ER, Dorado F, de Lucas-Consuegra A (2019) Electrochemical promotion for hydrogen

production via ethanol steam reforming reaction. Appl Catal B Environ 243:355-364. https://
doi.org/10.1016/j.apcatb.2018.10.062

De Lucas-Consuegra A, Gonzalez-Cobos J, Carcelén V, Magén C, Endrino JL, Valverde JL
(2013) Electrochemical promotion of Pt nanoparticles dispersed on a diamond-like carbon
matrix: a novel electrocatalytic system for H2 production. J Catal 307:18-26. https://doi.org/
10.1016/j.jcat.2013.06.012

Vernoux P (2017) Recent advances in electrochemical promotion of catalysis. Catalysis 29:
29-59. https://doi.org/10.1039/9781788010634-00029

Jiménez V, Jiménez-Borja C, Sanchez P, Romero A, Papaioannou EI, Theleritis D, Souentie S,
Brosda S, Valverde JL (2011) Electrochemical promotion of the CO2 hydrogenation reaction
on composite ni or ru impregnated carbon nanofiber catalyst-electrodes deposited on YSZ.
Appl Catal B Environ 107:210-220. https://doi.org/10.1016/j.apcatb.2011.07.016

Zagoraios D, Panaritis C, Krassakopoulou A, Baranova EA, Katsaounis A, Vayenas CG
(2020) Electrochemical promotion of Ru nanoparticles deposited on a proton conductor
electrolyte during CO2 hydrogenation. Appl Catal B Environ 276:119148. https://doi.org/
10.1016/j.apcatb.2020.119148


https://doi.org/10.1016/0021-9517(81)90323-7
https://doi.org/10.1016/0021-9517(81)90323-7
https://doi.org/10.1016/0021-9517(89)90306-0
https://doi.org/10.1016/0021-9517(89)90306-0
https://doi.org/10.1016/S0920-5861(99)00042-5
https://doi.org/10.1021/cr4000336
https://doi.org/10.1021/cr4000336
https://doi.org/10.1007/s10562-005-6519-1
https://doi.org/10.1007/s10562-005-6519-1
https://doi.org/10.1016/j.jcou.2018.05.024
https://doi.org/10.1016/j.elecom.2012.11.021
https://doi.org/10.1016/J.MATPR.2018.09.050
https://doi.org/10.1002/fuce.201000058
https://doi.org/10.1016/J.APCATB.2010.08.030
https://doi.org/10.1016/J.APCATB.2010.08.030
https://doi.org/10.1016/j.apcatb.2018.10.062
https://doi.org/10.1016/j.apcatb.2018.10.062
https://doi.org/10.1016/j.jcat.2013.06.012
https://doi.org/10.1016/j.jcat.2013.06.012
https://doi.org/10.1039/9781788010634-00029
https://doi.org/10.1016/j.apcatb.2011.07.016
https://doi.org/10.1016/j.apcatb.2020.119148
https://doi.org/10.1016/j.apcatb.2020.119148

108

17

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

A. Fellah Jahromi et al.

. Panaritis C, Zgheib J, Ebrahim SAH, Couillard M, Baranova EA (2020) Electrochemical
in-situ activation of Fe-oxide nanowires for the reverse water gas shift reaction. Appl Catal B
Environ 269:118826. https://doi.org/10.1016/j.apcatb.2020.118826

Fellah Jahromi A, Ruiz-Lépez E, Dorado F, Baranova EA, de Lucas-Consuegra A (2022)
Electrochemical promotion of ethanol partial oxidation and reforming reactions for hydrogen
production. Renew Energy 183:515-523. https://doi.org/10.1016/J.RENENE.2021.11.041

. Shim JH, Park JS, Holme TP, Crabb K, Lee W, Kim YB, Tian X, Giir TM, Prinz FB (2012)
Enhanced oxygen exchange and incorporation at surface grain boundaries on an oxide ion
conductor. Acta Mater 60:1-7. https://doi.org/10.1016/J.ACTAMAT.2011.09.050

Siebert E, Djurado E, Pagnier T, Roux C, Vernoux P (2005) In-situ high temperature study of
oxygen adsorbed on Pt/YSZ under conditions of electrochemical promotion of catalysis. In:
Risoe international symposium on materials science. Roskilde

Skriver HL, Rosengaard NM (1992) Surface energy and work function of elemental metals.
Phys Rev B 46:7157-7168. https://doi.org/10.1103/PhysRevB.46.7157

Vayenas CG, Brosda S (2014) Electron donation-Backdonation and the rules of catalytic
promotion. Top Catal 57:1287-1301. https://doi.org/10.1007/s11244-014-0294-4

Vayenas CG, Brosda S, Pliangos C (2001) Rules and mathematical modeling of electrochem-
ical and chemical promotion: 1. Reaction classification and promotional rules. J Catal 203:
329-350. https://doi.org/10.1006/jcat.2001.3348

Brosda S, Vayenas CG (2002) Rules and mathematical modeling of electrochemical and
classical promotion: 2. Modeling. J Catal 208:38-53. https://doi.org/10.1006/jcat.2002.3549

Brosda S, Vayenas CG, Wei J (2006) Rules of chemical promotion. Appl Catal B Environ 68:
109-124. https://doi.org/10.1016/j.apcatb.2006.07.021

Nicole J, Tsiplakides D, Wodiunig S, Comninellis C (1997) Activation of catalyst for
gas-phase combustion by electrochemical pretreatment. J Electrochem Soc 144. https://doi.
org/10.1149/1.1838143

Gonzalez-Cobos J, de Lucas-Consuegra A (2016) A review of surface analysis techniques for
the investigation of the phenomenon of electrochemical promotion of catalysis with alkaline
ionic conductors. Catalysts 6. https://doi.org/10.3390/catal6010015

Yentekakis IV, Vernoux P, Goula G, Caravaca A (2019) Electropositive promotion by alkalis
or alkaline earths of Pt-group metals in emissions control catalysis: a status report. Catalysts 9:
157. https://doi.org/10.3390/catal9020157

Katsaounis A (2009) Recent developments and trends in the electrochemical promotion of
catalysis (EPOC). J Appl Electrochem 405(40):885-902. https://doi.org/10.1007/S10800-
009-9938-7

Isaifan RJ, Dole HAE, Obeid E, Lizarraga L, Vernoux P, Baranova EA (2012) Metal-support
interaction of Pt nanoparticles with ionically and non-ionically conductive supports for CO
oxidation. Electrochem Solid-State Lett 15:E14. https://doi.org/10.1149/2.024203esl

Xia C, Hugentobler M, Li Y, Foti G, Comninellis C, Harbich W (2011) Electrochemical
promotion of CO combustion over non-percolated Pt particles supported on YSZ using a novel
bipolar configuration. Electrochem Commun 13:99-101. https://doi.org/10.1016/j.elecom.
2010.11.026

Marwood M, Vayenas CG (1998) Electrochemical promotion of a dispersed platinum catalyst.
J Catal 178:429—440. https://doi.org/10.1006/jcat.1998.2156

Vernoux P, Gaillard F, Bultel L, Siebert E, Primet M (2002) Electrochemical promotion of
propane and propene oxidation on Pt/YSZ. J Catal 208. https://doi.org/10.1006/jcat.2002.3573
Dole HAE, Isaifan RJ, Sapountzi FM, Lizarraga L, Aubert D, Princivalle A, Vernoux P,
Baranova EA (2013) Low temperature toluene oxidation over Pt nanoparticles supported on
yttria stabilized-zirconia. Catal Lett 143:996-1002. https://doi.org/10.1007/s10562-013-
1071-x

Souentie S, Lizarraga L, Kambolis A, Alves-Fortunato M, Valverde JL, Vernoux P (2011)
Electrochemical promotion of the water-gas shift reaction on Pt/YSZ. J Catal 283:124-132.
https://doi.org/10.1016/j.jcat.2011.07.009


https://doi.org/10.1016/j.apcatb.2020.118826
https://doi.org/10.1016/J.RENENE.2021.11.041
https://doi.org/10.1016/J.ACTAMAT.2011.09.050
https://doi.org/10.1103/PhysRevB.46.7157
https://doi.org/10.1007/s11244-014-0294-4
https://doi.org/10.1006/jcat.2001.3348
https://doi.org/10.1006/jcat.2002.3549
https://doi.org/10.1016/j.apcatb.2006.07.021
https://doi.org/10.1149/1.1838143
https://doi.org/10.1149/1.1838143
https://doi.org/10.3390/catal6010015
https://doi.org/10.3390/catal9020157
https://doi.org/10.1007/S10800-009-9938-7
https://doi.org/10.1007/S10800-009-9938-7
https://doi.org/10.1149/2.024203esl
https://doi.org/10.1016/j.elecom.2010.11.026
https://doi.org/10.1016/j.elecom.2010.11.026
https://doi.org/10.1006/jcat.1998.2156
https://doi.org/10.1006/jcat.2002.3573
https://doi.org/10.1007/s10562-013-1071-x
https://doi.org/10.1007/s10562-013-1071-x
https://doi.org/10.1016/j.jcat.2011.07.009

3 The Quest of Electropromoted Nano-dispersed Catalysts 109

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Palma V, Ruocco C, Cortese M, Renda S, Meloni E, Festa G, Martino M (2020) Platinum
based catalysts in the water gas shift reaction: recent advances. Metals (Basel) 10:1-74. https://
doi.org/10.3390/met10070866

Roche V, Revel R, Vernoux P (2010) Electrochemical promotion of YSZ monolith honey-
comb for deep oxidation of methane. Catal Commun 11. https://doi.org/10.1016/j.catcom.
2010.05.005

De Lucas-Consuegra A, Caravaca A, Martinez PJ, Endrino JL, Dorado F, Valverde JL (2010)
Development of a new electrochemical catalyst with an electrochemically assisted regenera-
tion ability for H2 production at low temperatures. J Catal 274:251-258. https://doi.org/10.
1016/j.jcat.2010.07.007

Xia C, Hugentobler M, Yongdan-Li CC, Harbich W (2010) Quantifying electrochemical
promotion of induced bipolar Pt particles supported on YSZ. Electrochem Commun 12:
1551-1554. https://doi.org/10.1016/j.elecom.2010.08.031

Falgairette C, Xia C, Li Y, Harbich W, Foti G, Comninellis C (2010) Investigation of the
Pt/YSZ interface at low oxygen partial pressure by solid electrochemical mass spectroscopy
under high vacuum conditions. J Appl Electrochem 4010(40):1901-1907. https://doi.org/10.
1007/S10800-010-0160-4

Jaccoud A, Falgairette C, Féti G, Comninellis C (2007) Charge storage in the O2(g),Pt/YSZ
system. Electrochim Acta 52:7927-7935. doi: https://doi.org/10.1016/j.electacta.2007.06.046
Kambolis A, Lizarraga L, Tsampas MN, Burel L, Rieu M, Viricelle J-P, Vernoux P (2012)
Electrochemical promotion of catalysis with highly dispersed Pt nanoparticles. Electrochem
Commun:19. https://doi.org/10.1016/j.elecom.2012.02.041

Li X, Gaillard F, Vernoux P (2005) The relationship of the catalytic activity and the open-
circuit potential of Pt interfaced with YSZ. Ionics 111(11):103-111. https://doi.org/10.1007/
BF02430408

Fortunato MA, Princivalle A, Capdeillayre C, Petigny N, Tardivat C, Guizard C, Tsampas
MN, Sapountzi FM, Vernoux P (2014) Role of lattice oxygen in the propane combustion over
Pt/Yttria-stabilized zirconia: isotopic studies. Top Catal 57:1277-1286. https://doi.org/10.
1007/s11244-014-0293-5

De Lucas-Consuegra A, Gonzalez-Cobos J, Garcia-Rodriguez Y, Mosquera A, Endrino JL,
Valverde JL (2012) Enhancing the catalytic activity and selectivity of the partial oxidation of
methanol by electrochemical promotion. J Catal 293:149-157. https://doi.org/10.1016/].jcat.
2012.06.016

De Lucas-Consuegra A, Gonzalez-Cobos J, Gacia-Rodriguez Y, Endrino JL, Valverde JL
(2012) Electrochemical activation of the catalytic methanol reforming reaction for H 2 pro-
duction. Electrochem Commun 19:55-58. https://doi.org/10.1016/j.elecom.2012.03.016
Hajar Y, Di Palma V, Kyriakou V, Verheijen MA, Baranova EA, Vernoux P, Kessels WMM,
Creatore M, van de Sanden MCM, Tsampas M (2017) Atomic layer deposition of highly
dispersed Pt nanoparticles on a high surface area electrode backbone for electrochemical
promotion of catalysis. Electrochem Commun:84. https://doi.org/10.1016/j.elecom.2017.
09.023

Hajar YM, Patel KD, Tariq U, Baranova EA (2017) Functional equivalence of electrochemical
promotion and metal support interaction for Pt and RuO2 nanoparticles. J Catal 352:42-51.
https://doi.org/10.1016/j.jcat.2017.05.001

Baranova EA, Bock C, Ilin D, Wang D, MacDougall B (2006) Infrared spectroscopy on size-
controlled synthesized Pt-based nano-catalysts. Surf Sci 600:3502-3511. https://doi.org/10.
1016/j.susc.2006.07.005

Yeung KL, Christiansen SC, Varma A (1999) Palladium composite membranes by electroless
plating technique: relationships between plating kinetics, film microstructure and membrane
performance. J Memb Sci 159:107-122. https://doi.org/10.1016/S0376-7388(99)00041-1
Matei F, Jiménez-Borja C, Canales-Vazquez J, Brosda S, Dorado F, Valverde JL, Ciuparu D
(2013) Enhanced electropromotion of methane combustion on palladium catalysts deposited
on highly porous supports. Appl Catal B Environ 132-133:80-89. https://doi.org/10.1016/j.
apcatb.2012.11.011


https://doi.org/10.3390/met10070866
https://doi.org/10.3390/met10070866
https://doi.org/10.1016/j.catcom.2010.05.005
https://doi.org/10.1016/j.catcom.2010.05.005
https://doi.org/10.1016/j.jcat.2010.07.007
https://doi.org/10.1016/j.jcat.2010.07.007
https://doi.org/10.1016/j.elecom.2010.08.031
https://doi.org/10.1007/S10800-010-0160-4
https://doi.org/10.1007/S10800-010-0160-4
https://doi.org/10.1016/j.electacta.2007.06.046
https://doi.org/10.1016/j.elecom.2012.02.041
https://doi.org/10.1007/BF02430408
https://doi.org/10.1007/BF02430408
https://doi.org/10.1007/s11244-014-0293-5
https://doi.org/10.1007/s11244-014-0293-5
https://doi.org/10.1016/j.jcat.2012.06.016
https://doi.org/10.1016/j.jcat.2012.06.016
https://doi.org/10.1016/j.elecom.2012.03.016
https://doi.org/10.1016/j.elecom.2017.09.023
https://doi.org/10.1016/j.elecom.2017.09.023
https://doi.org/10.1016/j.jcat.2017.05.001
https://doi.org/10.1016/j.susc.2006.07.005
https://doi.org/10.1016/j.susc.2006.07.005
https://doi.org/10.1016/S0376-7388(99)00041-1
https://doi.org/10.1016/j.apcatb.2012.11.011
https://doi.org/10.1016/j.apcatb.2012.11.011

110

52

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

A. Fellah Jahromi et al.

. Zagoraios D, Athanasiadi A, Kalaitzidou I, Ntais S, Katsaounis A, Caravaca A, Vernoux P,
Vayenas CG (2020) Electrochemical promotion of methane oxidation over nanodispersed
Pd/Co304 catalysts. Catal Today 355:910-920. https://doi.org/10.1016/J.CATTOD.2019.
02.030

Hajar YM, Venkatesh B, Baranova EA (2019) Electrochemical promotion of nanostructured
palladium catalyst for complete methane oxidation. Catalysts 9:48. https://doi.org/10.3390/
catal9010048

Hajar YM, Venkatesh B, Houache MSE, Liu H, Safari R, Prabhudev S, Botton GA, Baranova
EA (2019) Electrochemical promotion of Bi-metallic Ni9Pd core double-shell nanoparticles
for complete methane oxidation. J Catal 374:127-135. https://doi.org/10.1016/j.jcat.2019.
04.026

Chang Q, Xu Y, Duan Z, Xiao F, Fu F, Hong Y, Kim J, Choi S-I, Su D, Shao M (2017)
Structural evolution of Sub-10 nm octahedral platinum—nickel bimetallic nanocrystals. Nano
Lett 17:3926-3931. https://doi.org/10.1021/ACS.NANOLETT.7B01510

Bebelis S, Karasali H, Vayenas CG (2008) Electrochemical promotion of the CO2 hydroge-
nation on Pd/YSZ and Pd/p"-Al203 catalyst-electrodes. Solid State Ionics 179:1391-1395.
https://doi.org/10.1016/.51.2008.02.043

Cai F, Gao D, Zhou H, Wang G, He T, Gong H, Miao S, Yang F, Wang J, Bao X (2017)
Electrochemical promotion of catalysis over Pd nanoparticles for CO2 reduction. Chem Sci 8:
2569-2573. https://doi.org/10.1039/c6sc04966d

Solymosi F, Erdohelyi A (1980) Hydrogenation of CO2 to CH4 over alumina-supported noble
metals. ] Mol Catal 8:471-474. https://doi.org/10.1016/0304-5102(80)80086-1

Ryu J, Surendranath Y (2020) Polarization-induced local pH swing promotes Pd-catalyzed
CO2 hydrogenation. J Am Chem Soc 142:13384-13390. https://doi.org/10.1021/jacs.0c01123
Fuel Cell Store (2020) Fuel cell store

Hajar YM, Treps L, Michel C, Baranova EA, Steinmann SN (2019) Theoretical insight into
the origin of the electrochemical promotion of ethylene oxidation on ruthenium oxide. Cat Sci
Technol 9:5915-5926. https://doi.org/10.1039/c9¢cy01421g

Panaritis C, Michel C, Couillard M, Baranova EA, Steinmann SN (2020) Elucidating the role
of electrochemical polarization on the selectivity of the CO2 hydrogenation reaction over
Ru. Electrochim Acta 350:136405. https://doi.org/10.1016/j.electacta.2020.136405

Kotsiras A, Kalaitzidou I, Grigoriou D, Symillidis A, Makri M, Katsaounis A, Vayenas CG
(2018) Electrochemical promotion of nanodispersed Ru-Co catalysts for the hydrogenation of
CO2. Appl Catal B Environ 232:60-68. https://doi.org/10.1016/j.apcatb.2018.03.031
Theleritis D, Souentie S, Siokou A, Katsaounis A, Vayenas CG (2012) Hydrogenation of CO2
over Ru/YSZ Electropromoted catalysts. ACS Catal 2:770-780. https://doi.org/10.1021/
CS300072A

Theleritis D, Makri M, Souentie S, Caravaca A, Katsaounis A, Vayenas CG (2014) Compar-
ative study of the electrochemical promotion of CO2 hydrogenation over Ru-supported
catalysts using electronegative and electropositive promoters. ChemElectroChem 1:254—
262. https://doi.org/10.1002/CELC.201300185

Kalaitzidou I, Makri M, Theleritis D, Katsaounis A, Vayenas CG (2016) Comparative study of
the electrochemical promotion of CO2 hydrogenation on Ru using Na+, K+, H+ and O2-
conducting solid electrolytes. Surf Sci 646:194-203. https://doi.org/10.1016/j.susc.2015.
09.011

Baranova EA, Thursfield A, Brosda S, Féti G, Comninellis C, Vayenas CG (2005) Electro-
chemical promotion of ethylene oxidation over Rh catalyst thin films sputtered on YSZ and
TiO[sub 2]/YSZ supports. J Electrochem Soc 152:E40. https://doi.org/10.1149/1.1839511
Baranova EA, Thursfield A, Brosda S, Féti G, Comninellis C, Vayenas CG (2005) Electro-
chemically induced oscillations of C2H4 oxidation over thin sputtered Rh catalyst films. Catal
Lett 1051(105):15-21. https://doi.org/10.1007/S10562-005-7999-8


https://doi.org/10.1016/J.CATTOD.2019.02.030
https://doi.org/10.1016/J.CATTOD.2019.02.030
https://doi.org/10.3390/catal9010048
https://doi.org/10.3390/catal9010048
https://doi.org/10.1016/j.jcat.2019.04.026
https://doi.org/10.1016/j.jcat.2019.04.026
https://doi.org/10.1021/ACS.NANOLETT.7B01510
https://doi.org/10.1016/j.ssi.2008.02.043
https://doi.org/10.1039/c6sc04966d
https://doi.org/10.1016/0304-5102(80)80086-1
https://doi.org/10.1021/jacs.0c01123
https://doi.org/10.1039/c9cy01421g
https://doi.org/10.1016/j.electacta.2020.136405
https://doi.org/10.1016/j.apcatb.2018.03.031
https://doi.org/10.1021/CS300072A
https://doi.org/10.1021/CS300072A
https://doi.org/10.1002/CELC.201300185
https://doi.org/10.1016/j.susc.2015.09.011
https://doi.org/10.1016/j.susc.2015.09.011
https://doi.org/10.1149/1.1839511
https://doi.org/10.1007/S10562-005-7999-8

3 The Quest of Electropromoted Nano-dispersed Catalysts 111

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

Pliangos C, Yentekakis IV, Verykios XE, Vayenas CG (1995) Non-faradaic electrochemical
modification of catalytic activity: VIII. Rh-catalyzed C2H4 oxidation. J Catal 154:124-136.
https://doi.org/10.1006/JCAT.1995.1154

Katsaounis A, Teschner D, Zafeiratos S (2018) The effect of polarization and reaction mixture
on the Rh/YSZ oxidation state during ethylene oxidation studied by near ambient pressure
XPS. Top Catal 61:2142-2151. https://doi.org/10.1007/s11244-018-1073-4

Katsaounis A, Nikopoulou Z, Verykios XE, Vayenas CG (2004) Comparative isotope-aided
investigation of electrochemical promotion and metal-support interactions: 2. CO oxidation
by 1802 on electropromoted Pt films deposited on YSZ and on nanodispersed Pt/YSZ
catalysts. J Catal 226:197-209. https://doi.org/10.1016/J.JCAT.2004.05.009

Vayenas CG, Koutsodontis CG (2008) Non-faradaic electrochemical activation of catalysis.
J Chem Phys 128:182506. https://doi.org/10.1063/1.2824944

Kishi K, Daté M, Haruta M (2001) Effect of gold on the oxidation of the Si(1 1 1)-7x7 surface.
Surf Sci 486:1L475-L479. https://doi.org/10.1016/S0039-6028(01)01083-4

Haruta M (2003) When gold is not noble: catalysis by nanoparticles. Chem Rec 3:75-87.
https://doi.org/10.1002/TCR.10053

Haruta M (2004) Gold as a novel catalyst in the 21st century: preparation, working mechanism
and applications. ChemInform 35. https://doi.org/10.1002/CHIN.200444247
Gonzalez-Cobos J, Horwat D, Ghanbaja J, Valverde JL, De Lucas-Consuegra A (2014)
Electrochemical activation of Au nanoparticles for the selective partial oxidation of methanol.
J Catal 317:293-302. https://doi.org/10.1016/j.jcat.2014.06.022

Pestryakov AN, Lunin VV, Bogdanchikova N, Temkin ON, Smolentseva E (2013) Active
states of gold in small and big metal particles in CO and methanol selective oxidation. Fuel
110:48-53. https://doi.org/10.1016/J.FUEL.2012.10.012

Chang FW, Lai SC, Roselin LS (2008) Hydrogen production by partial oxidation of methanol
over ZnO-promoted Au/Al203 catalysts. J] Mol Catal A Chem 282:129-135. https://doi.org/
10.1016/J.MOLCATA.2007.12.002

Kihler K, Holz MC, Rohe M, Van Veen AC, Muhler M (2013) Methanol oxidation as probe
reaction for active sites in Au/ZnO and Au/TiO2 catalysts. J Catal 299:162—-170. https://doi.
org/10.1016/J.JCAT.2012.12.001

Cavoué T, Caravaca A, Kalaitzidou I, Gaillard F, Rieu M, Viricelle JP, Vernoux P (2019)
Ethylene epoxidation on Ag/YSZ electrochemical catalysts: understanding of oxygen elec-
trode reactions. Electrochem Commun 105:106495. https://doi.org/10.1016/j.elecom.2019.
106495

Fee M, Ntais S, Weck A, Baranova EA (2014) Electrochemical behavior of silver thin films
interfaced with yttria-stabilized zirconia. J Solid State Electrochem 188(18):2267-2277.
https://doi.org/10.1007/S10008-014-2477-0

Kalaitzidou I, Cavoué T, Boreave A, Burel L, Gaillard F, Retailleau-Mevel L, Baranova EA,
Rieu M, Viricelle JP, Horwat D, Vernoux P (2018) Electrochemical promotion of propylene
combustion on Ag catalytic coatings. Catal Commun 104:28-31. https://doi.org/10.1016/j.
catcom.2017.10.005

Gonzalez-Cobos J, Rico VJ, Gonzalez-Elipe AR, Valverde JL, De Lucas-Consuegra A (2015)
Electrochemical activation of an oblique angle deposited Cu catalyst film for H2 production.
Cat Sci Technol 5:2203-2214. https://doi.org/10.1039/c4cy01524j

Ruiz E, Cillero D, Martinez PJ, Morales A, Vicente GS, De Diego G, Sanchez JM (2014)
Electrochemical synthesis of fuels by CO2 hydrogenation on Cu in a potassium ion conducting
membrane reactor at bench scale. Catal Today 236:108-120. https://doi.org/10.1016/j.cattod.
2014.01.016

Wang J, Couillard M, Baranova E (2022) Electrochemical promotion of copper nanoparticles
for the reverse water gas shift reaction. Cat Sci Technol. https://doi.org/10.1039/
D1CY02315B


https://doi.org/10.1006/JCAT.1995.1154
https://doi.org/10.1007/s11244-018-1073-4
https://doi.org/10.1016/J.JCAT.2004.05.009
https://doi.org/10.1063/1.2824944
https://doi.org/10.1016/S0039-6028(01)01083-4
https://doi.org/10.1002/TCR.10053
https://doi.org/10.1002/CHIN.200444247
https://doi.org/10.1016/j.jcat.2014.06.022
https://doi.org/10.1016/J.FUEL.2012.10.012
https://doi.org/10.1016/J.MOLCATA.2007.12.002
https://doi.org/10.1016/J.MOLCATA.2007.12.002
https://doi.org/10.1016/J.JCAT.2012.12.001
https://doi.org/10.1016/J.JCAT.2012.12.001
https://doi.org/10.1016/j.elecom.2019.106495
https://doi.org/10.1016/j.elecom.2019.106495
https://doi.org/10.1007/S10008-014-2477-0
https://doi.org/10.1016/j.catcom.2017.10.005
https://doi.org/10.1016/j.catcom.2017.10.005
https://doi.org/10.1039/c4cy01524j
https://doi.org/10.1016/j.cattod.2014.01.016
https://doi.org/10.1016/j.cattod.2014.01.016
https://doi.org/10.1039/D1CY02315B
https://doi.org/10.1039/D1CY02315B

112

86

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

A. Fellah Jahromi et al.

. Persson K, Ersson A, Colussi S, Trovarelli A, Jirds SG (2006) Catalytic combustion of
methane over bimetallic Pd—Pt catalysts: the influence of support materials. Appl Catal B
Environ 66:175-185. https://doi.org/10.1016/J.APCATB.2006.03.010

Persson K, Ersson A, Jansson K, Iverlund N, Jiards S (2005) Influence of co-metals on
bimetallic palladium catalysts for methane combustion. J Catal 231:139-150. https://doi.org/
10.1016/J.JCAT.2005.01.001

Gutiérrez-Guerra N, Gonzalez-Cobos J, Serrano-Ruiz JC, Valverde JL, De Lucas-Consuegra
A (2015) Electrochemical activation of Ni catalysts with potassium ionic conductors for CO2
hydrogenation. Top Catal 58:1256-1269. https://doi.org/10.1007/s11244-015-0488-4
Gonzalez-Cobos J, Rico VI, Gonzalez-Elipe AR, Valverde JL, De Lucas-Consuegra A (2016)
Electrocatalytic system for the simultaneous hydrogen production and storage from methanol.
ACS Catal 6:1942-1951. https://doi.org/10.1021/acscatal.5b02844

Espinds JP, Rico VJ, Gonzalez-Cobos J, Sanchez-Valencia JR, Pérez-Dieste V, Escudero C,
de Lucas-Consuegra A, Gonzalez-Elipe AR (2018) In situ monitoring of the phenomenon of
electrochemical promotion of catalysis. J Catal 358:27-34. https://doi.org/10.1016/j.jcat.2017.
11.027

De Lucas-Consuegra A, Caravaca A, Gonzalez-Cobos J, Valverde JL, Dorado F (2011)
Electrochemical activation of a non noble metal catalyst for the water-gas shift reaction.
Catal Commun 15:6-9. https://doi.org/10.1016/j.catcom.2011.08.007

Panaritis C, Zgheib J, Couillard M, Baranova EA (2020) The role of Ru clusters in Fe carbide
suppression for the reverse water gas shift reaction over electropromoted Ru/FeOx catalysts.
Electrochem Commun 119:106824. https://doi.org/10.1016/j.elecom.2020.106824

Zagoraios D, Tsatsos S, Kennou S, Vayenas CG, Kyriakou G, Katsaounis A (2020) Tuning the
RWGS reaction via EPOC and in situ electro-oxidation of cobalt nanoparticles. ACS
Catal:14916-14927. https://doi.org/10.1021/ACSCATAL.0C04133

Leiva EPM, Vézquez C, Rojas MI, Mariscal MM (2008) Computer simulation of the effective
double layer occurring on a catalyst surface under electro-chemical promotion conditions.
J Appl Electrochem 38:1065-1073. https://doi.org/10.1007/S10800-008-9539-X/FIGURES/9
Pacchioni G, Lomas JR, Illas F (1997) Electric field effects in heterogeneous catalysis. J Mol
Catal A Chem 119:263-273. https://doi.org/10.1016/S1381-1169(96)00490-6

Steinmann SN, Michel C, Schwiedernoch R, Filhol JS, Sautet P (2015) Modeling the
HCOOH/CO2 electrocatalytic reaction: when details are key. ChemPhysChem 16:2307-
2311. https://doi.org/10.1002/CPHC.201500187

Neophytides SG, Vayenas CG (1995) TPD and cyclic voltammetric investigation of the origin
of electrochemical promotion in catalysis. J Phys Chem 99:17063-17067. https://doi.org/10.
1021/7100047a001

Ladas S, Kennou S, Bebelis S, Vayenas CG (2002) Origin of non-faradaic electrochemical
modification of catalytic activity. J Phys Chem 97:8845-8848. https://doi.org/10.1021/
J100137A004

Tsampas MN, Sapountzi FM, Boréave A, Vernoux P (2013) Isotopical labeling mechanistic
studies of electrochemical promotion of propane combustion on Pt/YSZ. Electrochem
Commun 26. https://doi.org/10.1016/j.elecom.2012.09.043

Panaritis C, Hajar YM, Treps L, Michel C, Baranova EA, Steinmann SN (2020) Demystifying
the atomistic origin of the electric field effect on methane oxidation. J Phys Chem Lett 11:
6976-6981. https://doi.org/10.1021/acs.jpclett.0c01485

Tsiakaras P, Vayenas CG (1993) Non-faradaic electrochemical modification of catalytic
activity: VIL. The case of methane oxidation on platinum. J Catal 140:53-70. https://doi.org/
10.1006/JCAT.1993.1068

Nicole J, Comninellis C, Tsiplakides D, Pliangos C, Verykios XE, Vayenas CG (2001)
Electrochemical promotion and metal-support interactions. J Catal 204:23-34. https://doi.
org/10.1006/jcat.2001.3360


https://doi.org/10.1016/J.APCATB.2006.03.010
https://doi.org/10.1016/J.JCAT.2005.01.001
https://doi.org/10.1016/J.JCAT.2005.01.001
https://doi.org/10.1007/s11244-015-0488-4
https://doi.org/10.1021/acscatal.5b02844
https://doi.org/10.1016/j.jcat.2017.11.027
https://doi.org/10.1016/j.jcat.2017.11.027
https://doi.org/10.1016/j.catcom.2011.08.007
https://doi.org/10.1016/j.elecom.2020.106824
https://doi.org/10.1021/ACSCATAL.0C04133
https://doi.org/10.1007/S10800-008-9539-X/FIGURES/9
https://doi.org/10.1016/S1381-1169(96)00490-6
https://doi.org/10.1002/CPHC.201500187
https://doi.org/10.1021/j100047a001
https://doi.org/10.1021/j100047a001
https://doi.org/10.1021/J100137A004
https://doi.org/10.1021/J100137A004
https://doi.org/10.1016/j.elecom.2012.09.043
https://doi.org/10.1021/acs.jpclett.0c01485
https://doi.org/10.1006/JCAT.1993.1068
https://doi.org/10.1006/JCAT.1993.1068
https://doi.org/10.1006/jcat.2001.3360
https://doi.org/10.1006/jcat.2001.3360

3 The Quest of Electropromoted Nano-dispersed Catalysts 113

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Tauster SJ, Fung SC, Garten RL (1978) Strong metal-support interactions. Group 8 noble
metals supported on titanium dioxide. J Am Chem Soc 100:170-175. https://doi.org/10.1021/
ja004692a029

Tauster SJ, Fung SC, Baker RTK, Horsley JA (1981) Strong interactions in supported-metal
catalysts. Science (80—) 211:1121-1125. https://doi.org/10.1126/science.211.4487.1121
Spichiger-Ulmann M, Monnier A, Koudelka M, Augustynski J (1986) Spectroscopic and
electrochemical study of the state of Pt in Pt-TiO2 catalysts. ACS Symp Ser:212-227. https://
doi.org/10.1021/BK-1986-0298.CH021

Tauster SJ (2002) Strong metal-support interactions. Acc Chem Res 20:389-394. https://doi.
org/10.1021/AR00143A001

van Deelen TW, Hernandez Mejia C, de Jong KP (2019) Control of metal-support interactions
in heterogeneous catalysts to enhance activity and selectivity. Nat Catal 211(2):955-970.
https://doi.org/10.1038/s41929-019-0364-x

Chen MS, Goodman DW (2007) Interaction of Au with titania: the role of reduced Ti. Top
Catal 44:41-47. https://doi.org/10.1007/s11244-007-0276-x

Vernoux P, Guth M, Li X (2009) Ionically conducting ceramics as alternative catalyst
supports. Electrochem Solid-State Lett 12. https://doi.org/10.1149/1.3122746

Katsaounis A, Nikopoulou Z, Verykios XE, Vayenas CG (2004) Comparative isotope-aided
investigation of electrochemical promotion and metal-support interactions 1. 1802 TPD of
electropromoted Pt films deposited on YSZ and of dispersed Pt/YSZ catalysts. J Catal 222:
192-206. https://doi.org/10.1016/j.jcat.2003.10.010

Li X, Gaillard F, Vernoux P (2007) Investigations under real operating conditions of the
electrochemical promotion by O, temperature programmed desorption measurements. Top
Catal 44. https://doi.org/10.1007/s11244-006-0131-5

Dole HAE, Safady LF, Ntais S, Couillard M, Baranova EA (2014) Improved catalytic reactor
for the electrochemical promotion of highly dispersed Ru nanoparticles with CeO2 support. In:
ECS transactions. Electrochemical Society, pp 65-74

Isaifan R, Dole H, Obeid E, Lizarraga L, Baranova EA, Vernoux P (2011) Catalytic CO
oxidation over Pt nanoparticles prepared from the polyol reduction method supported on
Yttria-stabilized zirconia. ECS Trans 35:43. https://doi.org/10.1149/1.3641818

Ntais S, Isaifan RJ, Baranova EA (2014) An X-ray photoelectron spectroscopy study of
platinum nanoparticles on yttria-stabilized zirconia ionic support: insight into metal support
interaction. Mater Chem Phys 148:673-679. https://doi.org/10.1016/J. MATCHEMPHYS.
2014.08.033

Isaifan RJ, Ntais S, Couillard M, Baranova EA (2015) Size-dependent activity of Pt/yttria-
stabilized zirconia catalyst for ethylene and carbon monoxide oxidation in oxygen-free gas
environment. J Catal 324:32—40. https://doi.org/10.1016/j.jcat.2015.01.010

Dole HAE, Baranova EA (2016) Ethylene oxidation in an oxygen-deficient environment: why
ceria is an active support? ChemCatChem 8:1977-1986. https://doi.org/10.1002/CCTC.
201600142

Dole HAE, Costa ACGSA, Couillard M, Baranova EA (2016) Quantifying metal support
interaction in ceria-supported Pt, PtSn and Ru nanoparticles using electrochemical technique.
J Catal 333:40-50. https://doi.org/10.1016/j.jcat.2015.10.015

Isaifan RJ, Baranova EA (2015) Effect of ionically conductive supports on the catalytic
activity of platinum and ruthenium nanoparticles for ethylene complete oxidation. Catal
Today 241:107-113. https://doi.org/10.1016/j.cattod.2014.03.061

Dole HA, Kim JM, Lizarraga L, Vernoux P, Baranova EA (2012) Catalytic CO oxidation over
au nanoparticles supported on Yttria-stabilized zirconia. ECS Trans 45:265. https://doi.org/10.
1149/1.3701316

Hajar YM, Houache MSE, Tariq U, Vernoux P, Baranova EA (2017) Nanoscopic Ni
interfaced with oxygen conductive supports: link between electrochemical and catalytic
studies. ECS Trans 77:51-66. https://doi.org/10.1149/07710.0051ecst

Eluri R, Paul B (2012) Synthesis of nickel nanoparticles by hydrazine reduction: mechanistic
study and continuous flow synthesis. J Nanopart Res 14. https://doi.org/10.1007/s11051-012-
0800-1


https://doi.org/10.1021/ja00469a029
https://doi.org/10.1021/ja00469a029
https://doi.org/10.1126/science.211.4487.1121
https://doi.org/10.1021/BK-1986-0298.CH021
https://doi.org/10.1021/BK-1986-0298.CH021
https://doi.org/10.1021/AR00143A001
https://doi.org/10.1021/AR00143A001
https://doi.org/10.1038/s41929-019-0364-x
https://doi.org/10.1007/s11244-007-0276-x
https://doi.org/10.1149/1.3122746
https://doi.org/10.1016/j.jcat.2003.10.010
https://doi.org/10.1007/s11244-006-0131-5
https://doi.org/10.1149/1.3641818
https://doi.org/10.1016/J.MATCHEMPHYS.2014.08.033
https://doi.org/10.1016/J.MATCHEMPHYS.2014.08.033
https://doi.org/10.1016/j.jcat.2015.01.010
https://doi.org/10.1002/CCTC.201600142
https://doi.org/10.1002/CCTC.201600142
https://doi.org/10.1016/j.jcat.2015.10.015
https://doi.org/10.1016/j.cattod.2014.03.061
https://doi.org/10.1149/1.3701316
https://doi.org/10.1149/1.3701316
https://doi.org/10.1149/07710.0051ecst
https://doi.org/10.1007/s11051-012-0800-1
https://doi.org/10.1007/s11051-012-0800-1

114

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

A. Fellah Jahromi et al.

Gonzalez-Cobos J, Lopez-Pedrajas D, Ruiz-Lépez E, Valverde JL, de Lucas-Consuegra A
(2015) Applications of the electrochemical promotion of catalysis in methanol conversion
processes. Top Catal 58:1290-1302. https://doi.org/10.1007/s11244-015-0493-7

Khan MS, Lee SB, Song RH, Lee JW, Lim TH, Park SJ (2016) Fundamental mechanisms
involved in the degradation of nickel-yttria stabilized zirconia (Ni-YSZ) anode during solid
oxide fuel cells operation: a review. Ceram Int 42:35-48. https://doi.org/10.1016/].
CERAMINT.2015.09.006

Panaritis C, Yan S, Couillard M, Baranova EA (2021) Electrochemical study of the metal-
support interaction between FeOx nanoparticles and cobalt oxide support for the reverse water
gas shift reaction. J CO2 Util 101824. https://doi.org/10.1016/J.JCOU.2021.101824

Li K, Liu K, Ni H, Guan B, Zhan R, Huang Z, Lin H (2018) Electric field promoted ultra-lean
methane oxidation over Pd-Ce-Zr catalysts at low temperature. Mol Catal 459:78-88. https://
doi.org/10.1016/j.mcat.2018.08.021

He L, Fan Y, Bellettre J, Yue J, Luo L (2020) A review on catalytic methane combustion at
low temperatures: catalysts, mechanisms, reaction conditions and reactor designs. Renew Sust
Energ Rev 119:109589. https://doi.org/10.1016/J.RSER.2019.109589

Guan B, Lin H, Zhu L, Huang Z (2011) Selective catalytic reduction of NOx with NH3 over
Mn, Ce substitution Ti0.9V0.102—8 nanocomposites catalysts prepared by self-propagating
high-temperature synthesis method. J Phys Chem C 115:12850-12863. https://doi.org/10.
1021/JP112283G

Roy S, Viswanath B, Hegde MS, Madras G (2008) Low-temperature selective catalytic
reduction of NO with NH3 over Ti0.9M0.102-6 (M = Cr, Mn, Fe, Co, Cu). J Phys Chem
C 112:6002-6012. https://doi.org/10.1021/JP7117086/SUPPL_FILE/JP7117086-
FILEOO2.PDF

Zhao X, Xu D, Wang Y, Zheng Z, Li K, Zhang Y, Zhan R, Lin H (2021) Electric field assisted
benzene oxidation over Pt-Ce-Zr nano-catalysts at low temperature. J Hazard Mater 407:
124349. https://doi.org/10.1016/J.JHAZMAT.2020.124349

Shen F, Li K, Xu D, Li X, Zhao X, Chen T, Zhan R, Lin H (2019) Electric field promoted
complete oxidation of benzene over PdCexCoy catalysts at low temperature. Catalysis 9:1071.
https://doi.org/10.3390/CATAL9121071

Mo S, Zhang Q, LiJ, Sun Y, Ren Q, Zou S, Zhang Q, Lu J, Fu M, Mo D, Wu J, Huang H, Ye D
(2020) Highly efficient mesoporous MnO?2 catalysts for the total toluene oxidation: oxygen-
vacancy defect engineering and involved intermediates using in situ DRIFTS. Appl Catal B
Environ 264:118464. https://doi.org/10.1016/J.APCATB.2019.118464

Shen F, Li K, Xu D, Yan R, Chen T, Zhan R, Lin H (2019) Electric field promoted oxidation of
naphthalene over Cu/Ce0.55Zr0.450x catalysts at low temperature. Mol Catal 476:110536.
https://doi.org/10.1016/J. MCAT.2019.110536

Li K, Xu D, Liu K, Ni H, Shen F, Chen T, Guan B, Zhan R, Huang Z, Lin H (2019) Catalytic
combustion of lean methane assisted by an electric field over MnxCoy catalysts at low
temperature. ] Phys Chem C 123:10377-10388. https://doi.org/10.1021/ACS.JPCC.9B00496
Monyoncho EA, Zamlynny V, Woo TK, Baranova EA (2018) The utility of polarization
modulation infrared reflection absorption spectroscopy (PM-IRRAS) in surface and: in situ
studies: new data processing and presentation approach. Analyst 143:2563-2573. https://doi.
org/10.1039/c8an00572a

Urakawa A, Biirgi T, Schldpfer HP, Baiker A (2006) Simultaneous in situ monitoring of
surface and gas species and surface properties by modulation excitation polarization-
modulation infrared reflection-absorption spectroscopy: CO oxidation over Pt film. J Chem
Phys 124:054717. https://doi.org/10.1063/1.2159484

Hernandez WY, Hadjar A, Giroir-Fendler A, Andy P, Princivalle A, Klotz M, Marouf A,
Guizard C, Tardivat C, Viazzi C, Vernoux P (2015) Electrochemically-assisted NOx storage-
reduction catalysts. Catal Today 241:143-150. https://doi.org/10.1016/j.cattod.2014.03.076


https://doi.org/10.1007/s11244-015-0493-7
https://doi.org/10.1016/J.CERAMINT.2015.09.006
https://doi.org/10.1016/J.CERAMINT.2015.09.006
https://doi.org/10.1016/J.JCOU.2021.101824
https://doi.org/10.1016/j.mcat.2018.08.021
https://doi.org/10.1016/j.mcat.2018.08.021
https://doi.org/10.1016/J.RSER.2019.109589
https://doi.org/10.1021/JP112283G
https://doi.org/10.1021/JP112283G
https://doi.org/10.1021/JP7117086/SUPPL_FILE/JP7117086-FILE002.PDF
https://doi.org/10.1021/JP7117086/SUPPL_FILE/JP7117086-FILE002.PDF
https://doi.org/10.1016/J.JHAZMAT.2020.124349
https://doi.org/10.3390/CATAL9121071
https://doi.org/10.1016/J.APCATB.2019.118464
https://doi.org/10.1016/J.MCAT.2019.110536
https://doi.org/10.1021/ACS.JPCC.9B00496
https://doi.org/10.1039/c8an00572a
https://doi.org/10.1039/c8an00572a
https://doi.org/10.1063/1.2159484
https://doi.org/10.1016/j.cattod.2014.03.076

3 The Quest of Electropromoted Nano-dispersed Catalysts 115

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Stavrakakis E, West M, Johnston S, Mclllwaine R, Poulidi D (2019) Hydration, CO2 stability
and wireless electrochemical promotion studies on yttria-doped Ba (Ce, Zr) O3 perovskites.
Tonics (Kiel) 25:1243-1257. https://doi.org/10.1007/s11581-019-02836-6

Poulidi D, Thursfield A, Metcalfe IS (2007) Electrochemical promotion of catalysis controlled
by chemical potential difference across a mixed ionic-electronic conducting ceramic
membrane — an example of wireless NEMCA. Top Catal 44:435-449. https://doi.org/10.
1007/s11244-006-0136-0

Poulidi D, Metcalfe IS (2008) Comparative studies between classic and wireless electrochem-
ical promotion of a Pt catalyst for ethylene oxidation. J Appl Electrochem 388(38):1121-1126.
https://doi.org/10.1007/S10800-008-9525-3

Poulidi D, Metcalfe IS (2010) In situ catalyst activity control in a novel membrane reactor-
reaction driven wireless electrochemical promotion of catalysis. Chem Eng Sci 65:446-450.
https://doi.org/10.1016/j.ces.2009.06.013

Poulidi D, Rivas ME, Zydorczak B, Wu Z, Li K, Metcalfe IS (2012) Electrochemical
promotion of a Pt catalyst supported on La0.6Sr0.4C00.2Fe0.803 — & hollow fibre mem-
branes. Solid State Ionics 225:382-385. https://doi.org/10.1016/J.SS1.2012.03.010

Poulidi D, Anderson C, Metcalfe IS (2008) Remote control of the activity of a Pt catalyst
supported on a mixed ionic electronic conducting membrane. Solid State Ionics 179:1347—
1350. https://doi.org/10.1016/J.SS1.2008.01.056

Poulidi D, Mather GC, Metcalfe IS (2007) Wireless electrochemical modification of catalytic
activity on a mixed protonic—electronic conductor. Solid State Ionics 178:675-680. https://doi.
0rg/10.1016/J.SS1.2007.02.022

Fuelcell Store (2022) Yttria-stabilized zirconia (8% Y). Standard Grade Powder

Inframat Advanced Materials (2022) 8 mol% yttria stabilized zirconia (YSZ) Nano Powder,
99.9+%, 30-60 nm

Lelalertsupakul W, Assabumrungrat S, Bumroongsakulsawat P (2020) Electrochemical pro-
motion of propane oxidation at Pt/BiCuVOx-YSZ thin-film cells: economical use of YSZ.
J Environ Chem Eng 8. https://doi.org/10.1016/j.jece.2020.104141


https://doi.org/10.1007/s11581-019-02836-6
https://doi.org/10.1007/s11244-006-0136-0
https://doi.org/10.1007/s11244-006-0136-0
https://doi.org/10.1007/S10800-008-9525-3
https://doi.org/10.1016/j.ces.2009.06.013
https://doi.org/10.1016/J.SSI.2012.03.010
https://doi.org/10.1016/J.SSI.2008.01.056
https://doi.org/10.1016/J.SSI.2007.02.022
https://doi.org/10.1016/J.SSI.2007.02.022
https://doi.org/10.1016/j.jece.2020.104141

Chapter 4 )
The Effective-Double-Layer as an Efficient sz
Tool for the Design of Sinter-Resistant
Catalysts

Toannis V. Yentekakis

Abstract Effective promotion of catalytic reactions is always a grand challenge for
heterogeneous catalysis. As it has been well-established, electrochemical promotion
of catalysis (EPOC) through the effective-double-layer (EDL) created on catalyst
particle surfaces is a unique, ultra-effective method for catalyst promotion. Never-
theless, catalyst nanoparticle (NP) stabilization at the typically elevated operation
temperatures of catalysis is at least of equivalent, unless of much more importance,
since sintering of NPs is inevitably a leading cause of catalyst degradation used for
energy, environmental, and large-scale synthesis of commodity chemical applica-
tions with obvious economic drawbacks. We have recently discovered that the
effective-double-layer, spontaneously created on catalyst nanoparticle surfaces via
metal-support interactions with supports that have high lattice oxygen lability and
mobility, can play a critical, additional to activity promotion, role, that is, the
unprecedented stabilization of catalyst nanoparticles dispersed on them (i.e., anti-
sinter catalysts). In addition to the experimental findings, we proposed a plausible
model — based on the effective-double-layer approach introduced by Vayenas and
co-workers for metal-support interactions — which streamlines and convincingly
interprets the observed resistance to sintering, even redispersion of NPs. In this
chapter all relevant experimental results obtained so far and their interpretation by
means of the proposed mechanistic model are discussed.

Keywords Electrochemical promotion of catalysis - Effective-double-layer - Lattice
oxygen lability - Resistance to sintering
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4.1 Introduction

Industrial heterogeneous catalysts typically consist of metal particles well(nano)-
dispersed on high-surface-area supports such as metal oxides and mixed oxides,
zeolites, etc. Restricting the active phases to the nanoscale, the so-called
nanoparticles (NPs) maximize both the number of active catalytic sites and the
undercoordinated (direct interactive) area between the active phase and the support
[1, 2]. Such nanostructured catalysts are endowed with significant advantages, e.g.,
(i) efficient use of rare and expensive platinum group metals (PGMs) which are
common catalysts in a variety of practical applications and (ii) increased number of
undercoordinated (i.e., support-tuned) active metal sites, usually leading to benefi-
cial effects on catalytic performance caused by wider metal-support interactions and
the potential additional contribution of bifunctional reaction mechanisms [3—10].

Thanks to the development of new catalyst synthesis methods or the optimization
of existing ones, through which we can achieve very narrow particle size distribu-
tions of deposited NPs up to the level of atomic dispersions [1, 2, 11-15], significant
advances in nanocatalysis are currently being made regarding catalysts’ activity.

However, promoting catalytic activity is a major issue, but catalyst stability is just
as or even more important. Deterioration of catalytic performance via thermal
agglomeration (particles sintering) under the typical elevated temperatures of cata-
lyst operation, or during specific processes applied for catalyst regeneration, remains
a key problem that has received much attention both for reasons of fundamental
significance and practical importance [16-20]. In fact, thermal sintering is a leading
cause of the degradation of industrial catalysts used for large-scale synthesis of
commodity chemical, energy, and environmental applications.

In this chapter, we summarize recent results of our group showing that the lack of
resistance, the resistance, or even redispersion of catalyst nanoparticles deposited on
oxide supports strongly depends on the lattice oxygen ion lability/oxygen storage
capacity (OSC) of the support [21-27]. It was found that the higher the oxygen ion
lability/capacity of the support, the lower the propensity of the nanoparticles to
agglomerate and, most importantly, the higher the propensity towards redispersion at
high temperatures [24]. A model is also presented and analyzed that deciphers the
role of the effective-double-layer (EDL) [0°~, §*] — spontaneously created on the
catalyst nanoparticle surfaces via thermally driven lattice oxygen spillover from
supports with substantial OSC onto the nanoparticle surfaces — in the sintering
behavior of the nanoparticles [21-27]. The model explains the observed anti-
sintering behavior in terms of the two well-known particle agglomeration mecha-
nisms, i.e., Ostwald ripening (OR) of atomic species and large particle migration and
coalescence (PMC), governing sintering phenomena. It also provides a consistent
explanation of the redispersion phenomena observed in our studies.
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4.2 Catalyst Nanoparticle Sintering: A Leading Cause
of the Degradation of Industrial Catalysts

Two basic mechanisms for catalytic particle agglomeration are generally accepted
today, which have been demonstrated by advanced operando spectroscopic and
microscopic methods (e.g., in situ XRD and in situ HRTEM) [17-20]. These mech-
anisms are schematically shown in Fig. 4.1 [24]. Specifically, one involves migration
of large nanoparticles and subsequent coalescence (PMC; Fig. 4.1 case (i)) and the
other net transport of single atomic species from smaller to larger nanoparticles that is
so-called atomic ripening (AR; Fig. 4.1 case (ii)), which includes the particular case
of Ostwald ripening (OR) (path b in Fig. 4.1 case (ii)). AR refers to any path of atom
migration, either over the surface of the support or via the vapor phase [18]. Modes of
sintering (PMC or OR) are strongly dependent on the metal-support couple under
consideration and temperature and reaction conditions applied.

To distinguish between PMC and OR mechanisms operated on samples experi-
enced to a variety of sintering protocols by means of traditional ex situ techniques,
e.g., transmission electron microscopy (TEM), is nontrivial and rather impossible.
Modern state-of-the-art in situ high-resolution transmission electron microscopy
(in situ HRTEM) and other operando techniques have significantly increased our
knowledge on the issue. Through them clear evidence that OR is the dominant
mechanism in some specific catalytic systems has been provided [28, 29], although
other authors point to the importance of PMC in controlling sintering of dispersed
nanoparticles [14, 15], claiming that OR of supported noble metal NPs is a slow
process that typically dominates the late stages of growth of large (ca. >5 nm)
immobile NPs at high temperatures (400 — 1000 ° C) and over long time scales
(hours to years).

{iii} Lower dispersion with different particle’s electronic
properties (lower metal-support interactions) catalysts

(i) vapor=-phase-mediated {a} and support=surface-mediated (b}
atomic ripening (AR} J

Fig. 4.1 Schematic of potential sintering mechanisms of catalytic nanoparticles leading to
sintering, fewer undercoordinated sites, and reduced metal-support interaction. (Reused from Ref.
[24] Open Access under a CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/)
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The true is that all heterogeneous catalysts are inevitably subjected to sintering
during operation at elevated temperatures or regeneration processes [16, 20]. There-
fore, regardless of sintering mechanism, the effect poses a grand challenge for the
development of sinter-resistant catalysts [17, 18].

A synopsis of our knowledge about particle agglomeration is as follows:
Sintering is unambiguously a strong function of temperature regardless the
prevailing sintering mechanism (PMC and OR), both of which require breaking of
the bonds between metal atoms as well as between metal atoms and the surface of the
support.

The respective Hiitting (Ty = 0.3Teiting) and Tamman (Tt = 0.5Teiing) tem-
peratures can provide a first indication of the temperatures at which surface and bulk
atoms are mobilized (i.e., detached from large particles and diffused on the support
surface) [16, 20]. Indeed, the susceptibility to sintering of some common heteroge-
neous catalysts (e.g., PGMs, Ni, Cu, Ag) in their metallic state (under reducing
atmosphere) is in accordance with their Ty and Tt temperatures. That is, their
stability generally decreases with decreasing Ty and Tt temperatures in the
sequence: Ru > Ir > Rh > Pt > Pd > Ni > Cu > Ag [20]. Of course, the actual
order is dependent on metal-support adhesion energy and possible strong interac-
tions that can influence the ultimate sintering behavior.

Particles existing in their oxidation state the Hiitting and Tamman temperatures
are of less use for the prediction of nanoparticle stability. Particle volatility, thermal
stability (some metal oxides decompose before Ty or Tt are reached), and the
strength of the metal oxide-support interaction are the main factors responsible for
the observed discrepancies [16, 20]. For example, Fiedorow et al. [30] investigating
the stability of PGM particles supported on a relatively “inert” support (y - Al,O3)
obtained the following stability sequence in oxidizing atmospheres: Rh > Pt > Ir > Ru.
This does not coincide with the predicted sequence based on the T of the respective
PGM oxides: RuO,(735K) > Rh,05(687K) > IrO,(685K) > PtO,(362K). However,
under reducing conditions in which the nanoparticles were in their metallic state, the
stability sequence of the particles obtained, i.e., Ir ~ Ru > Rh > pt, was consistent
with their Tr.

It has also been widely observed that in the presence of significant metal-support
interactions, simplified predictions based only on Ty or Tt are substantially altered.
Therefore, such interactions have been adopted as key factors and tools in strategies
aimed at designing sinter-resistant catalysts [17]. Supports with sufficient population
of lattice oxygen defects such as ceria- or zirconia-based materials and perovskites
are first in the list of these efforts. These materials provide high population of surface
oxygen vacancies that can act as trapping centers for the dispersed active phases. The
phenomenon is described as “atom trapping,” a term reflecting the immobilization of
isolated single atoms at support sites (oxygen vacancies) during their diffusion on
the surface of the support [11-13], and has been used to design anti-sintering
catalysts [21-27, 31, 32].
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4.3 The Effective-Double-Layer (EDL) Approach
for Conventional Catalyst Promotion

First at the Massachusetts Institute of Technology (MIT, USA) in 1981, and con-
tinuing at the University of Patras (UP, GR), Professor Vayenas and co-workers
began publishing about a new physicochemical phenomenon they discovered,
originally called “non-Faradaic electrochemical modification of catalytic activity”
(NEMCA), later referred to as “electrochemical promotion of catalysis” (EPOC)
[e.g., 33, 34, 35 and 36]. This new phenomenon allows for dramatic, in situ
controlled, and reversible enhancement of catalyst activity and is achieved by the
use of solid-state electrochemical galvanic cells of the type (Fig. 4.2a) [37]:

Working — catalyst electrode/ | ion conducting solid electrolyte/ /inert counter electrode

In brief, using such an electrochemical device (Fig. 4.2a), the chemisorptive
properties and catalytic performance of metal catalysts interfaced with solid electro-
Iytes (ionic conductors) are subjected to in situ controlled electrochemical promotion
via external current or voltage applications, imposed between the catalyst metal film
and the separate counter electrode. Catalytic promotion is therefore caused by the
ions (promoter species) supplied from the solid electrolyte to the catalyst-electrode
surface by means of the imposed external bias; ion flux follows Faraday’s law, i.e.,
r, = I/zF (1 is the applied current, z is the ion’s charge, and F is Faraday’s constant).
According to the EPOC theory, the as-spillover ions onto the gas-exposed catalyst
surface, together with their compensating charge in the metal (i.e., surface dipoles),
establish an effective-double-layer (EDL) on the catalytically active surface altering
its electron availability (the so-called work function) as schematically shown in
Fig. 4.2b [e.g., 34, 37, 38, and 39]. As a result, the binding strength of chemisorbed
reactants and intermediates is strongly affected, resulting in a significant modifica-
tion on catalytic reaction rate. Typically, the resulted rate modification, rgpoc-To, 1S
significantly larger than the rate of ion flux causing it, i.e., A = (rgpoc-1,)/(I/zF)
> > 1, which indicates a non-Faradaic behavior. In such EPOC phenomena, the net
gain on the catalytic activity is described by the “rate enhancement ratio,” p = rgpoc/
ro, Which is the ratio of the promoted (via EPOC) rate, rgpoc, and the unpromoted
(without application of external bias) one, 1,; up to two orders of magnitude rate
enhancements have been achieved by this advanced way of promotion [34].

In addition to these great advantages, the EPOC method allows the use of
promoter species that cannot be applied by conventional promotion methods due
to their sacrificial nature (they participate in the reaction schemes or are desorbed, so
they are quickly removed from the catalyst surface) [38, 39]. A typical example is the
0% ion, which has been used as a promoter in most EPOC studies [34].
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Reactants Products (promoted reaction)

Catalyst,
Working Electrode (W)

External bias
Galvanostat/
Potentiostat

eAV,,=A(e®)

Counter electrode (C) Reference Electrode (R)

(b) e : Externally (bias)-imposed
“ Effective-double-layer (EDL)
z and sacrificial promoter (0%)
, Bias-imposed
" 0% back-spillover:
0% (support)—[0%, §)(Me)+2e
External bias o 021
G/P
0% ion conducting solid electrolyte
| Metal electrode
ley I
, Spontaneously created
’_,' Effective-double-layer (EDL)
@0 e e L,.-' and sacrificial promoter (0%)
, Spontaneous

.+ thermally-driven
“ 0% back-spillover

Oxygen vacancy *~

Support with high lattice oxygen ions lability

Fig. 4.2 (a) A typical solid-state electrochemical galvanic cell through which the electrochemical
promotion of catalysis (EPOC) can be applied. (Adapted from Ref. [37] Open Access under a CC
BY 4.0 license, https://creativecommons.org/licenses/by/4.0/. (b) Creation of the effective-double-
layer [0, 5*] via externally imposed bias using 0>~ ion conducting solid electrolyte. (¢) Sponta-
neously created effective-double-layer via thermally driven O>~ ion back-spillover (wireless EDL
creation) on catalyst nanoparticles dispersed on supports with high lattice oxygen ion lability and
storage capacity)
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However, there is a technical difficulty in implementing EPOC on large-scale
systems/processes. It is the necessity of cables for the application of external bias
(Fig. 4.2b). This necessity becomes even more critical when using sacrificial pro-
moters that require a constant supply of these species in order to keep their surface
concentration constant at the desired level.

This technical difficulty seems to be manageable after the works of Yentekakis
et al. [4] and Pliangos et al. [5], who demonstrated for the first time that promotional
effects of O>~ ions imposed by external bias (i.e., via the EPOC concept, Fig. 4.2a)
are similar to those obtained spontaneously (i.e., wirelessly, without external bias)
on highly dispersed traditional catalyst formulations, that provided the catalyst
supports with high lattice oxygen ion lability/mobility (Fig. 4.3) [4, 5]. These
important experimental findings led to an innovative and reasonable interpretation
by Vayenas and co-workers of metal-support interactions (MSI) in catalysis, which
also points to their common origin with EPOC [9]. It was suggested that an effective-
double-layer [0°~, §*], spontaneously created (via thermally driven O*~ ion back-
spillover) in the case of MSI (Fig. 4.2¢) or externally imposed (via external bias) in
EPOC (Fig. 4.2b), is the common origin of the promotional effects in both methods
of promotion.

Today, the spontaneous back-spillover O~ ions from supports characterized with
high lattice oxygen ion lability and mobility (e.g., CeO,-containing supports) and the
as created EDL, [05_, 5], on the surface of metal particles, are issues widely
accepted and used to interpret metal-support interactions in full analogy with the
electrochemically generated EDL previously invoked to explain EPOC phenomena
[3, 10].
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4.4 The Additional Effect of the Effective-Double-Layer
(EDL) in Heterogeneous Catalysis: Catalyst
Nanoparticle Stabilization and Redispersion

4.4.1 Correlation of EDL with Catalyst Nanostructure
Stabilization: Experimental Findings

In a series of publications, we have recently reported [21-27] that the resistance, or
lack of resistance to sintering, or even the redispersion of supported catalyst particles
experienced to high-temperature oxidative conditions is a strong function of the
support lattice oxygen ion lability or equivalently its total oxygen storage capacity
(t-OSC). These systematic experimental studies enabled us to decipher the phenom-
enon and finally to provide a plausible model that implicates the effective-double-
layer, [0°~, 5*], spontaneously created on the catalyst nanoparticle surfaces via
thermally driven lattice oxygen spillover from supports with substantial oxygen ion
lability onto the nanoparticle surfaces [3, 9, 10, 38, 39], which adequately explains
all the experimental findings of the nanoparticle sintering or even redispersion
characteristics in terms of both OR and PMC mechanisms involved. That is, we
argue that the effective-double-layer (EDL) approach of Vayenas and co-workers for
metal-support interactions has a dual functional role of great significance in hetero-
geneous catalysis: EDL simultaneously controls both the intrinsic activity and the
nanostructure stability of supported catalysts. Therefore, it is offered as an effective
tool for the design of highly active (promoted) and at the same time very stable
catalysts, which is a long-term goal of industrial catalysis.

So far, our studies have been carried out using nanoparticles of two different
metals, namely, Ir [21-23, 26, 27] and Rh [24, 25, 27]. According to the literature,
under conditions of oxidative thermal sintering, Ir has a higher propensity for
agglomeration than Rh [20, 30]. Such nanoparticles were dispersed in a series of
selected oxide and mixed oxide supports, bearing in mind that it encompasses a wide
range of oxygen lattice ion lability/storage capacity, namely, y-Al,Os, yttria-stabi-
lized-zirconia (YSZ: 8 mol% Y,05-ZrQ,), alumina-ceria-zirconia (ACZ: 80 wt %
Al,03-20 wt % Ceq 5710 505.5), ceria-zirconia (CZ: Ceq 571 50,_5), and gadolinia-
doped-ceria (GDC: 10 mol% Gd,03-CeO,). Table 4.1 summarizes the above

Table 4.1 Total surface area (Sggr) and total oxygen storage capacity (t-OSC) of the materials
used as supports for the dispersion of catalyst nanoparticles in our sintering behavior studies [21-
27]

SBET 0SsC
Supports (m*/g) (pmolO,/g)
y-AlL,O3 (100% Al,O5) 178 0
YSZ (8 mol% Y,03-ZrO,) 5 6
ACZ (80wt%Al,03-20wt%Ceq sZro 502.5) 149 110
GDC (10 mol% Gd,05-CeO,) 10 186
CZ (Cep5Z19504.5) 22 557
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Table 4.2 Characteristics of fresh and sintered catalysts

SBET | Dmetar | Mean metal particle size (nm)?*
Catalysts (mz/ 2) | (%) H,-chem/TEM Ref.
Ir-based catalystsb
0.7 wt% Irly - Al,Os-fresh 159 88 0.8/1.2 £04 [21-23]
0.7 wt% Irly - Al,O3-sinter@750 | 140 3 28.8/14.5 + 6.5
0.7 wt% It/YSZ-fresh 4 33 2.2/1.2+04
0.7 wt% Ir/YSZ-sinter@750 4 3 22.6/10.5 £ 5.5
0.4 wt% Ir/GDC-fresh 10 48 1.5/1.7+ 0.5
0.4 wt% Ir/GDC-sinter@750 10 41 1.8/20 £ 1.0
0.4 wt% It/ACZ-fresh 73 41 1.8/1.6 £ 0.5
0.4 wt% Ir/ACZ-sinter@750 64 45 1.6/1.9 + 0.4
1.0 wt% Irly - Al,O5-fresh 167 70 1.0/1.2 £ 0.3 [26]
1.0 wt% Ir/y - Al,O3-sinter@750 | 140 5 13.6/n.m.
0.4 wt% It/ACZ-fresh 73 41 1.771.8 £ 0.5
0.04 wt% Ir/ACZ-sinter@750 64 34 2.1/mn.m.
0.6 wt% Ir/CZ-fresh 17 61 1.2/1.3+£04
0.6 wt% Ir/CZ-sinter@750 16 44 1.6/n.m.
Rh-based catalystsb
1.0 wt% Rh/y - Al,Os-fresh 160 88 1.2/1.3 £ 04 [24, 25]
1.0 wt% Rh/y - Al,O3-sinter@750 | 159 69 1.6/1.6 + 0.3
1.0 wt% Rh/y - Al,O3-sinter@850 | 140 41 2.6/1.6 +0.3
0.8 wt% Rh/ACZ-fresh 136 77 1.8/1.5 £ 0.5
0.8 wt% Rh/ACZ-sinter@750 n.m 91 1.4/20+ 0.8
0.8 wt% Rh/ACZ-sinter @850 n.m 81 1.771.5 £ 04
0.8 wt% Rh/CZ-fresh 17 27 5.05.1 + 1.7
0.8 wt% Rh/CZ-sinter@750 12 65 2.125+0.7
0.8 wt% Rh/CZ-sinter@850 n.m 62 2.2/2.0 +0.7

? The mean metal particle size compares values estimated via H, chemisorption and HRTEM
® Ir and Rh contents were measured via ICP-OES

supports, their total surface area (Sggt), and oxygen storage capacity (OSC), while
Table 4.2 the corresponding Ir- or Rh-based catalysts synthesized with their main
characteristics before (“fresh” samples) and after undergoing thermal aging under
oxidative conditions (“sinter” samples).

The estimated OSC values of the supports by using hydrogen temperature-
programed reduction (H,-TPR) measurements are summarized in Table 4.1;
v-Al,O5; and YSZ have zero to low OSC values, whereas ACZ, GDC, and CZ
have moderate to high OSC values. As an example, Fig. 4.4a shows the reducibility
performance (H,-TPR profiles) of y-Al,03, ACZ, and CZ supports; the total amount
of H, consumed, determined from the integrated area of the respective TPR profiles
in the time interval of the experiment, is used for the estimation of the total oxygen
storage capacity (t-OSC) of the supports [21-27]; the high OSC values of ACZ and
CZ reflect the Ce** — Ce™* reduction of these CeO,-containing supports. When the
metal nanoparticles are dispersed on the supports the main reduction peaks are
shifted towards lower temperatures (i.e., the reducibility is promoted); their t-OSC
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values however are only slightly increased reflecting the contribution of the reduc-
tion of IrO,- or Rh,03-oxidized particles (Fig. 4.4b,c).

Sintering performance of supported Ir and Rh nanoparticles on supports with
different OSC values was investigated on samples that underwent thermal aging at
oxidative environment (air). Nanoparticle sizes were estimated by the use of iso-
thermal H, chemisorption and corroborated by HRTEM measurements on both fresh
and sintered samples (Table 4.2).

Representative HRTEM images and corresponding particle distribution profiles
depicting the sintering behavior of Ir and Rh nanoparticles on the different supports
are shown in Figs. 4.5, 4.6, and 4.7. As can be seen in Fig. 4.5, all the fresh
Ir/y-AlL,O5, It/'YSZ, Ir/GDC, and I/ACZ showed small iridium particles
(ca. 1-2 nm), regardless of the nature and surface area of the support used. However,
the sintered samples exhibited a very strong dependence of Ir particle size on the
nature of the support: Ir particles supported on y-Al,O5; underwent extensive growth
(Figs. 4.5 and 4.6 items a and b; Table 4.2).
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(a) Ir/y-Al,05-fresh
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Sintering @750°C

Fig. 4.5 HRTEM images of the fresh (a, c, e, g) and sinter@750 (b, d, f, h) Ir/y-Al,O3, It/YSZ,
Ir/ACZ, and Ir/GDC catalysts, respectively [27]

In a similar manner, Ir particles supported on YSZ had undergone significant
increase in size (Figs. 4.5 and 4.6 items c¢ and d; Table 4.2) and some changes in
shape after sintering, but significantly less than that observed on Ir/y-Al,O5 sample.
In contrast, Ir nanoparticles supported on ACZ (Figs. 4.5 and 4.6 items e and f;
Table 4.2) and GDC (Figs. 4.5 and 4.6, items g and h; Table 4.2) retained their
original small sizes and uniform spatial distribution after sintering.

&)



128 1. V. Yentekakis

60 30,
| (@) Ir/y-AlO -fresh (b) Ir/y -Al O -sinter@750
50 - | 25
<40 %20
9 3
< e
E] E]
&30 E> z |
e | 2
S 20 101
Tt =4
< [ ©
100 | l
0. S IR EpmE. . . .- - 04 ————y——_\
00 05 1.0 15 20 25 3.0 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Particle size (nm) Particle size (nm)
Support with negligible OSC(y -Al,O,)
60 .
(c) Ir/YSZ-fresh 50 | (d) I/YSZ-sinter@750
s g |
< =400
g 30 s
] 530
g ol g7
2 S 20}
§ 10, & 400
0 ——— |
00 05 1.0 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Particle size (nm) Particle size (nm)
Support with low OSC(YSZ)
50 | 50 .
(e) IVACZ-fresh ' (f)Ir/ACZ-sinter@750
40 -
IS |
=
g 30, |
3
S
T \
1
s :
£ |
a 10 I
ol m_
0.0 0.5 10 15 20 25 3.0 35 40 45 50 00 05 1.0 15 20 25 30 35 40 45 50
Particle size (nm) Particle size (nm)
Support with intermediate to high OSC(ACZ)
50 " 30
' (9) I/GDC-fresh (h)Ir/GDC-sinter@750
40 -
g | €20
3 30 3
2 e
3 [
s El
g g
£ o) B |
s | g 10
H 5
a 10 - l o
| [ T i |
00 05 10 15 20 25 3.0 35 40 45 50 00 05 1.0 15 20 25 30 35 4.0 45 5.0
Particle size (nm) Particle size (nm)
Support with high OSC(GDC)

Fig. 4.6 TEM size distribution profiles for fresh (a, ¢, e, g) and sinter@750 (b, d, f, h) Ir/y-Al,O3,
It/YSZ, It/ACZ, and Ir/GDC catalysts, respectively. (Reproduced with permission form ref.
[22]. Copyright 2016, Elsevier)
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Fig. 4.7 HRTEM images and particle size distributions for (a) fresh, (b) sinter #1 (oxidative
sintering at 750 °C for 2 h), and (c) sinter #2 (oxidative sintering at 750 °C for 2 h + at 850 °C for
2 h) of (a) Rh/y-Al,03, (b) Rh/ACZ, and (c) Rh/CZ catalysts. (Reused from Ref. [24] Open Access
under a CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/)

Similar anti-sintering effects through supports with high OSCs were obtained
during thermal sintering at oxidative atmosphere of supported Rh nanoparticles
(Fig. 4.7 and Table 4.2) [24]. Once again Rh nanoparticles supported on y-Al,O;
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systematically increase in size upon increasing sintering temperature (from 1.2 nm
on Rh/y-Al,Os-fresh to 1.6 nm and 2.6 nm on Rh/y-Al,Os-sinter@750 and
Rh/y-Al,O3-sinter@850 catalysts, respectively, as shown in Table 4.2 and
Fig. 4.7, images A(a), B(a), and C(a)). In contrast, Rh nanoparticles supported on
ACZ and CZ not only retain small sizes after sintering procedure but also undergo
redispersion, which is much more pronounced in the case of the latter, Rh/CZ.
Specifically, an initial mean particle size of 1.8 nm on fresh Rh/ACZ (Fig. 4.7, image
A(b)) goes to 1.4 nm after 2 h of sintering at 750 °C (Fig. 4.7, image B(b)) and then
results in some slight particle growth after 2 additional hours sintering at 850 °C
(Fig. 4.7, image C(b)), thus finally retaining a marginal redispersion of ~6% after the
end of the sintering procedure (Table 4.2). For Rh NPs supported on CZ, an initial
mean particle size of 5 nm on the fresh sample (Fig. 4.7, image A(c)) becomes
2.1 nm on Rh/CZ-sinter@750 (Fig. 4.7, image B(c)) and then undergoes to 2.2 nm
on Rh/CZ-sinter@850 sample (Fig. 4.7, image C(c)), i.e., accomplishing a
redispersion of ~58% (Table 4.2) [24, 27].

The key observation arising from the aforementioned results is that the strong
resistance to sintering, or even redispersion, in an oxidizing environment of catalyst
NPs on supports with high oxygen ion lability/storage capacity is dramatically
different from their vulnerable behavior on supports with negligible or low oxygen
ion lability. Supports without or negligible OSC, such as y-Al,O3 (OSC~0 pmol O,/
g) and YSZ (OSC~6 pmol O,/g), do not actually prevent particle growth. In striking
contrast, high OSC supports such as ACZ (OSC~110 pmol O,/g), GDC
(OSC~186 pmol O,/g), and CZ (OSC~557 pmol O,/g) significantly prevent particle
sintering as shown for both Ir and Rh metals investigated, and more importantly they
can promote particle redispersion as demonstrated for Rh.

The aforementioned strong dependence of the sintering behavior of Ir and Rh
nanoparticles on the support OSC is clearly shown in Figs. 4.8, 4.9, and 4.10,
respectively. The figures illustrate the NP growth and/or redispersion (defined by
Eq. 4.1) versus support’s OSC [23, 24, 27]:

%oparticle growth = 100 - (PS — PS°)/PS° (4.1)
where PS denotes mean metal particle size and the superscript “*” refers to fresh
(un-sintered) samples; negative values of the “% particle growth” parameter indicate
redispersion.

Obviously (Fig. 4.8), Ir nanoparticles are dramatically susceptible to sintering on
supports with about zero (y-Al,03) and low (YSZ) OSCs, exhibiting as high as
3500% and 930% particle growth, respectively [23]. In striking contrast their
propensity to sintering becomes negligible, namely, —13% (redispersion), 16%,
and 10%, when supported on supports with intermediate to high OSCs, i.e., on
ACZ, GDC, and CZ with 110, 186, and 557 pmol O,/g OSC, respectively.

Similarly (Figs. 4.9 and 4.10), Rh nanoparticles supported on 7y-Al,O3
(OSC~0 pmol O,/g) underwent an about 33% growth after sintering at 750 °C and
significantly higher (~117%) after an additional sintering at 850 °C. However, when
Rh particles are dispersed on ACZ (OSC~110 pmol O,/g), and especially on CZ
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Fig. 4.8 Correlation of the sintering behavior (% particle growth) of supported iridium
nanoparticles with the oxygen storage capacity (OSC) of the support. (Reproduced with permission
from ref. [23]. Copyright 2017, Springer)
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(OSC~557 pmol O,/g), not only their agglomeration is prevented, but they end up
redispersed [24]: For Rh/ACZ, an initial about 22% redispersion obtained after 2 h
oxidative aging at 750 °C is followed by particle growth after 2 additional hours
heating at 850 °C, finally leading to only a slight redispersion of 6% (—6% Rh
particle growth); for Rh/CZ, the initial redispersion of 58% (—58% Rh particle
growth) occurred during 2 h of heating at 750 °C and remained unaffected after
2 additional hours heating at 850 °C.
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4.4.2 Correlation of EDL with Catalyst Nanostructure
Stabilization: The EDL-Based Model
Jor Sinter-Resistant and Redispersion Behavior

A mechanistic model was developed by our group, which adequately and consis-
tently explains the experimental findings concerning both resistance to oxidative
thermal sintering and redispersion of metal nanoparticles dispersed on oxide sup-
ports with high lattice oxygen lability/storage capacity [21-27].

The model deciphers the dominant role of the effective-double-layer [0°~, 5] on
particle sintering behavior and demonstrates for the very first time that spontaneous,
thermally driven, O®~ back-spillover from high OSC supports onto catalyst nano-
particle surfaces can affect and control not only their intrinsic activity (a well-known
effect [e.g., 3-6, 9, 10, 38, 39]) but also their sintering behavior [21-27]. That is, the
effective-double-layer [0°~, §'] plays a highly important dual function role in
heterogeneous catalysis, as schematically shown in Fig. 4.11.

What we argue is that the spontaneously created EDL, [0°, §*], endows catalyst
particles with a negative charge at their gas-exposed surfaces, leading to interparticle
repulsion at short range, thus preventing particle-particle encounters followed by
coalescence (i.e., PMC [18-201): The higher the lability and capacity of O°~ ions in
the support, the lower the vulnerability of the nanoparticles to sintering in an
oxidative environment [21-27].

Our model also involves atomic trapping as an additional contributing factor in
the sinter-resistant mechanism: Labile support lattice oxygen creates surface oxygen
vacancies (V') [3] that act as traps for very small (atomic) metal particles, thus
inhibiting their diffusion and agglomeration [22-24, 27]. At the same time, the
presence of EDL and the concomitant O° -modified surface barrier of the large
catalyst particles increases the activation energies for detachment and reattachment
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Fig. 411 The dual functional role of the effective-double-layer [O°~, 5*] in heterogeneous
catalysis: promotion of the intrinsic catalytic activity and stabilization of catalyst nanostructure.
(Reused from Ref. [24] Open Access under a CC BY 4.0 license, https://creativecommons.org/
licenses/by/4.0/)

of metal entities whose transport would otherwise lead to continuous growth of large
particles at the expense of smaller particles according to the Ostwald ripening
(OR) mechanism of particle growth [22-24, 27]. Such effects on surface particle
diffusion will be negligible or low for supports with low lattice oxygen lability (e.g.,
Al,O3, YSZ), which therefore cannot prevent particle agglomeration through either
PMC or OR pathways. Therefore, the best supports for providing sintering resistance
will be those with the highest 0>~ ion mobility, such as CeO,, doped with gadolin-
ium, zirconium, and other additives that increase the defects of ceria lattice, increas-
ing oxygen ion vacancies and consequently O*~ capacity and mobility [40, 41]. All
the contributing factors on the control of the sintering and/or redispersion behavior
according to our EDL-based model are schematically depicted in Fig. 4.12
[24]. There are three main pathways (I, II, and IIl) associated with particle size
growth, and our model includes the key factors that are expected to control their
contribution and intensity.

Path I (Fig. 4.12): It concerns large particle migration and coalescence (PMC),
which according to our model is considered to be strongly inhibited by electro-
static interparticle repulsion due to the presence of the EDL and the consequent
coating of particles with a net negative charge (0°").

Path Il (a) and (b) (Fig. 4.12): It concerns the Ostwald ripening (OR) sequence, i.e.,
atom detachment (Ila) and reattachment (IIb), both of which are supposed to be
inhibited by the increased activation energies resulting from the O’ -encaptured
particle surfaces.

Path Il (Fig. 4.12): It concerns the diffusion of detached atomic species from
smaller particles towards larger ones, which is strongly inhibited by atom trap-
ping at surface oxygen vacancy (V') centers.

According to these factors proposed in our EDL-based model to be critical to the
sintering behavior of the catalyst nanoparticles, the experimental findings in Sect.
4.4.1 (Figs. 4.5, 4.6, 4.7, 4.8, 4.9 and 4.10 and Table 4.2) can be consistently
rationalized as follows.


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

134 I. V. Yentekakis

O back-spillover: O* (support) — [0%, 67](Me) + 2¢

IIa and IIb: Ostwald Ripening sequence (OR)
III: Atom trapping (AT)

®-: Metal atom

Fig. 4.12 Model deciphering the sintering resistance of dispersed catalyst nanoparticles against
PMC and OR agglomeration mechanisms as well as redispersion phenomena, resulting from the
simultaneous action of (i) the EDL and its subsequent interparticle repulsion forces and the
suppression of detachment/reattachment of atom species and (ii) the atom trapping at support
surface oxygen ion vacancies. Ol is the Kronger-Vink notation for interstitial (labile) O~ ions;
their concentration is determined by the equilibrium Og < Vo + Ol between lattice oxygen Og
and oxygen ion vacancies [27]. (Adapted from Ref. [24] Open Access under a CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/)

* In the absence of the effective-double-layer (e.g., when y-Al,O3 support is used),
none of the above potential anti-sintering factors (I, II, and III) are at work to
protect particle agglomeration; the obtained severe Ir and Rh nanoparticle
agglomeration on Ir/y-Al,O5; (Fig. 4.8) and Rh/y-Al,O5 (Figs. 4.9 and 4.10)
catalysts is then easily understandable. The extent of agglomeration mainly
depends on the nature of the metal particle (Ir is more sensitive to agglomerate
than Rh).

* The presence of the effective-double-layer, with its accompanying effects on
paths I and II, can lead to either moderate or substantial sinter protection, or
even redispersion, depending on the intensity of the EDL and the transport
properties of the metal particles (metal nature).

Thus, for Ir nanoparticles dispersed on YSZ support, which is characterized by
low OSC, therefore capable of creating only low-intensity EDL, some (albeit
limited) attenuation of particle size growth tendency is achievable compared to
that observed for Ir/y-Al,O5 (Fig. 4.8) [23].
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For Ir or Rh nanoparticles dispersed on ACZ, which is characterized by moderate
OSC, not only sintering protection but even redisperison of NPs is achievable after
thermal aging at oxidizing conditions (Figs. 4.9 and 4.10; Table 4.2). Especially, for
Rh/ACZ an initial slight redispersion after 2 h at oxidative sintering conditions was
almost quenched after 4 h at the same conditions (Fig. 4.9) [24]. Obviously, even
moderate-intensity EDL appears to be capable of suppressing the PMC mechanism
of particle aggregation (path I) through the interparticle repulsion forces developed.
However, path Ila, i.e., atomic species detachment via Ostwald ripening mechanism,
still seems to work. These detached species are then diffused onto the two separate
entities (alumina or CZ) of the ACZ surface, initially having a fairly good chance of
encountering trapping centers (oxygen vacancies) on the CZ component of the ACZ,
where they are immobilized; otherwise, they are recaptured by large particles. The
possibility of diffusion of some detached atoms onto the surface of the alumina
component of the ACZ support is not negligible. In that case their trapping as atomic
entities is also limited. Therefore, the whole scenario suggests moderate redispersion
as indeed observed (Fig. 4.9). By increasing the sintering time, the population of the
trapping centers is gradually decreasing, which is able to reverse the final net
redispersion effect, as actually observed (Fig. 4.9) [24].

For Rh nanoparticles dispersed in CZ support characterized by high OSC, the
expected dense EDL on the surface of NPs strongly suppresses PMC (path I). Paths
IIa and IIb are also inhibited because of the high intensity of the EDL. At the same
time, the coexisting high population of support trapping centers (surface oxygen
vacancies) is capable of extensive and effective trapping of potentially detached
individual species, significantly reducing their surface mobility, thus minimizing the
probability of path IIb. The pronounced Rh redispersion obtained even after
prolonged sintering (Figs. 4.9 and 4.10) is in accordance with the above
considerations.

Finally, although effective anti-sintering behavior was obtained for Ir
nanoparticles dispersed on supports with OSC (i.e., on It/GDC and Ir/CZ catalysts;
Fig. 4.8) [23], no redispersion was observed as that discussed above for Rh NPs
dispersed on similar supports [24]. This implies that the nature of the NP and its own
thermal transport properties combined with the intensity of the EDL, the population
of the support trapping centers (surface oxygen vacancies), and the sintering tem-
perature imposed are all critical factors that compete with or act in parallel, deter-
mining the net agglomeration/redispersion result.

4.5 EDL-Induced Anti-sintering Behavior Evaluated by
Selected Catalytic Reactions

Three catalytic reaction systems of high environmental and energy importance [41—
43] were selected to exemplify and evaluate thermal aging stability of the catalysts
according to the aforementioned EDL-governed anti-sintering and redispersion
phenomena. These reaction systems were:
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The dry (CO,) reforming of methane (DRM)
CH4 + CO, — 2H; 4+ 2CO (R.1)
The CO, methanation
CO, +4H, — CH4 + 2H,0 (R.2)
The direct nitrous oxide decomposition (deN,O):
N>O — N, + 20, (R.3)

The scope of these studies was to verify that under conditions of steady-state
catalytic reaction the behavior of the catalysts was indeed consistent with their
independently measured sintering characteristics (Sect. 4.4).

4.5.1 Dry Reforming of Methane Reaction

Catalysis of DRM (reaction R.1) is of tremendous interest, ranking among the top
issues of applied catalysis in the light of environmental protection, renewable energy
production, and circular economy, because it involves the simultaneous reduction of
two key greenhouse gases (CO, and CH,) producing synthesis gas (CO + H,) and
provides an efficient way for CO, utilization (recycling) as well as the direct
implementation of biogas [3, 42—47]. Synthesis gas (syngas) is an important building
block for large-scale industrial processes to produce hydrogen, ammonia, and
Fischer-Tropsch-derived liquid energy carriers and chemicals [3, 44].

Typically operating at high temperatures (ca. 700-850 °C), where catalyst parti-
cle agglomeration is the main cause of catalyst deactivation, DRM catalysts are
prone to such deactivation. At the same time, large crystallites are susceptible and
accelerate carbon deposition and accumulation, which is an additional factor for
DRM catalyst deactivation. To eliminate the latter cause of DRM deactivation,
catalyst regeneration procedures are followed, typically involving high-temperature
oxidation-reduction cycles for carbon combustion. However, during such regenera-
tion procedures, particle agglomeration and therefore the permanent catalyst deac-
tivation is again a critical problem. Consequently, discovering means and ways to
stabilize DRM catalysts with particles at the nanoscale level is a grand challenge
[42, 43].

DRM time-on-stream stability studies performed on Ir/y-Al,O3, It/YSZ, and It/
GDC catalysts, which were subjected to two successive high-temperature oxidation-
reduction cycles (750 °C), showed that while Ir/y-Al,O5; and Ir/YSZ underwent
significant and progressive permanent deactivation, Ir/fGDC DRM performance
remained very stable after the two sintering steps imposed (Figs. 4.13 and 4.14)
[21, 27]. Specifically, for Ir particles dispersed on y-Al,O3 and YSZ supports with
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low OSC values, the sintering process resulted in a significant deactivation: the high
(~90%) initial CH,4 conversion efficiency of the fresh catalysts was decreased to
~60% after 1 h sintering and then to ~20% after 1 additional hour of sintering at the
same temperature (Fig. 4.14). In striking contrast, Ir nanoparticles dispersed on
GDC, a support with significant OSC, offered extremely stable behavior during
the same sintering process, maintaining methane conversion to the initial level of
fresh sample (> 80%), regardless of whether it has been subjected to sintering
conditions. It is apparent that the present DRM performance evaluation results are
in remarkable agreement with the sintering behavior of these catalysts presented in
Sect. 4.4 (Table 4.2 and Fig. 4.8).

Similar to the above studies, additional studies were recently performed with a
series of Ir/y - Al,O5;, IYACZ, and It/CZ catalysts [26]. The imposed sintering
procedure was slightly different, involving a longer total period of time of imposition
of thermal sintering conditions, i.e., 4 instead of 2 h; the results were very similar
(Fig. 4.15), and our main conclusions were confirmed once again. Table 4.3 sum-
marizes results concerning the sintering behavior of Ir-based catalysts exemplified
via DRM reaction [21, 26].

Taking into account recent results demonstrating that supports with high oxygen
storage capacity and lability characteristics can induce bifunctional mechanism for
DRM promotion through the oxygen vacancies in the support and the EDL created
on catalyst particle surfaces [3], and the results analyzed herein showing that the
creation of EDL is a factor protecting catalyst particle against agglomeration, we can
conclude that new horizons are opened for the design of effective and stable DRM
catalyst formulations.

4.5.2 CO; Methanation Reaction

Despite their finite amounts in nature and the fact that their use inevitably leads to the
emission of tremendous quantities of CO, in the atmosphere, fossil fuels (coal, oil,
and natural gas) unfortunately remain the dominant source of energy in the indus-
trial, commercial, residential, and transportation sectors. However, with CO, to be
the dominant greenhouse gas and to have the major contribution to the greenhouse
effect and the concomitant global warming and climate change, its emission control
has become a critical and urgent environmental issue [43, 48-51]. A possible
mitigation of this problem can be provided by energy models accompanied with a
reduced environmental footprint which commonly combines circular economy
strategies [44, 52—-54]. CO, capture and utilization (recycling) through its conversion
to added-value products and fuels are nowadays among the approaches that receive
intense research and technological interest [43, 44, 48-54]. The catalytic hydroge-
nation of CO, towards CHy, also known as the Sabatier reaction (R.2), is among the
top approaches in respect to the aforementioned strategies [48, 51, 52]. Notably, the
hydrogen demands for CO, methanation (R.1) can be provided via a solar- or wind-
powered water-splitting system. This further expands the eco-friendly and
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Fig. 4.14 CH, conversion Ir/-ALO, Ir/YSZ Ir/GDC
efficiency of fresh and 0SC=0 ymol O,/g OSC=6 pmol O/g  OSC=186 pmol O /g
sintered Ir/y-Al,O3, It/YSZ,
and Ir/GDC catalysts under
DRM reaction at 750 °C and
CH4/CO, =355 %/

64.5 %. Sinter@750-1 h and
Sinter@750-2 h represent
catalysts sintered in air flow
at 750 °C for 1 and 2 h in
total, respectively [27]
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sustainability character of the CO, methanation concept, also known as power-to-
gas process [52, 54], which attracts even intense interest as a promising method for
the “storage” of hydrogen, thereby overcoming the safety challenges of direct
storage and transport of the latter. Methane can then have a variety of important
applications, including domestic, industrial, power plants, and other natural
gas-related sectors, distributed through the ever-growing natural gas grid.

Using the Rh-series of catalysts listed in Table 4.2, we were enabled to evaluate
the catalyst turnover frequency (TOF) performance in respect to the EDL-induced
effects via both active sites’ promotion (electronic metal-support interactions) and
particle size. A volcano-type variation of methanation turnover frequency was found
in respect to support OSC, i.e., to the intensity of the created EDL. Between the
v-Al,O3, ACZ, and CZ supports that were used for Rh nanoparticle dispersion, the
support with intermediate OSC value (i.e., ACZ with OSC~100 pmol O,/g) offered
the optimal TOF promotion via the intermediate intensity EDL created (Fig. 4.16); to
minimize the contribution of particle size effects that could lead to misleading
conclusions, the catalysts compared in Fig. 4.16 have chosen to have quite similar
mean Rh particle size values. It was concluded that the effective-double-layer created
on the surface of Rh particles via O>~ back-spillover from supports with intermedi-
ate and high oxygen lability (ACZ and CZ respectively) and its concomitant effect
on strengthening the Rh—CO bond (CO is a critical intermediate of CO, methana-
tion pathway) fits well with the experimental results of Fig. 4.16; a high-intensity
EDL (i.e., in the case of CZ) causes over-strengthening of Rh—CO bond, thus
CO-poisoning [25]. This effect also accounts for the final competition result
between the methanation and reverse water-gas shift reactions during CO,
hydrogenation [25].
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Fig. 4.15 The effects of
consecutive oxidative
thermal aging on the DRM
performance, i.e., methane
consumption rate (a),
carbon dioxide consumption
rate (b), and H,/CO molar
ratio (c) of Ir/y-Al,O3,
It/ACZ, and Ir/CZ catalysts.
Aging protocols:

(1) Aged@650 (2 h in situ
oxidation with 50 mL/min
flow of 20% O,/He at

650 °C); (ii) Aged@750
(consecutive 2 h additional
in situ oxidation with

50 mL/min flow of 20%
O,/He at 750 °C). DRM
performance was evaluated
at 750 °C, equimolar feed
composition

[CHy4] = [CO,] = 50% at a
total pressure of

My = 50mg,

WGHSV = 120,

000 mL/gey - h. (Reused
from Ref. [6] Open Access
under a CC BY 4.0 license,
https://creativecommons.
org/licenses/by/4.0/)
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Table 4.3 Normalized percentage deactivation of catalysts DRM performance, Argg™ (%) and
Argg™ (%) (Ar{"’m"(%) =100 [* — 7|/ where i denotes CH, or CO, [26]), after exposure of

the catalysts to oxidative thermal sintering protocols

Argiiy- (%) Argg (%)
Support +-OSC First Second First Second
Catalyst (pmol O,/g) sintering | sintering sintering | sintering Ref.
Ir/y-ALO5 0 64.5% 95.7° 49.5% 90.2° [26]
Ir/ACZ 110 15.1° 35.1° 10.0° 27.8° [26]
It/CZ 557 15.5% 34.5° 19.1* 33.0° [26]
Ir/y-ALO; | 0 35.6° 68.8° 29.0° 58.1¢ [21]
I/YSZ 6 28.3¢ 81.5¢ 14.7° 69.0¢ [21]
Ir/GDC 186 5.9° 5.2¢ 0.0° 0.0¢ [21]

Sintering protocol: 2 h at 650 °C; DRM testing conditions: [CH4] = [CO,] = 50 % (CO,/CH, = 1/1),
WGHSYV = 120, 000 mL/g., - h

"Sintering protocol: 2 h at 650 °C plus 2 h at 750 °C; DRM testing conditions:
[CH4] = [CO,] = 50 % (CO,/CH4 = 1/1), WGHSV = 120, 000 mL/g., - 1

“Sintering protocol: 1 h at 750 °C; DRM testing conditions: [CH4] = 35.5 %, [CO,] = 64.5 %
(CO,/CH, = 1.8/1), WGHSV = 30, 000mL/gy - h

dSintering protocol: 2 h at 750 °C; DRM testing conditions: [CH4] = 35.5 %, [CO,] = 64.5 %
(CO,/CH, = 1.8/1), WGHSV = 30, 000mL/gcy - h

Fig. 4.16 Dependence of
methane turnover frequency
(TOFcpy) at T=280° C
and maximum methane
yield (Ycpa, max) ON support '
oxygen storage capacity. 0.08H-7
Experimental conditions:
feed composition of 5%
CO,/20 % H,/75% Ar at . ’
1 bar; mass of catalyst F 0.04- N
me, = 50 mg; fixed mean e .
contact time of CO, at 0.02 ] R, ®
7(CO,) ~ 1.3 s. (Reused i
from Ref. [25] Open Access 0
under a CC.BY 4.0 license, 0.00 0 160 260 360 4{'}0 560 6030
https://creativecommons.

org/licenses/by/4.0/) Support OSC (umol 0,/g)

0.12 60

0.10 -

0.06 -
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Moreover, CO, methanation has been reported as a structure-sensitive reaction
[e.g., 55, 56] where particle size affects methanation efficiency in a way that still
remains unclear, often found to be favored on larger particles [56]. Evidently, any
further insight elucidating what are the main material properties and how they
interact, affecting the structural sensitivity of the reaction, will provide advantages
and benefits for the design and optimization of CO, methanation catalysts. Our
methodology, i.e., the EDL-based method on controlling the particle size (stability
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and/or redistribution) of supported catalysts, has allowed us to shed light on and
decipher this phenomenon as well. Specifically, we found that, for Rh/y-Al,05 (lack
of OSC and thus EDL) CO, methanation reaction (R.2) was strongly favored on
small particles, and the opposite for Rh/CZ (high OSC ~ 560 pmol O,/g and thus
high intensity EDL) due to the simultaneous aforementioned reverse (over-
promotion) effects of EDL on Rh—CO adsorption bond, which are further favored
on lower in size particles, that correspond to a larger amount of undercoordinated
sites leading to enhanced metal-support interactions [25].

That is, EDL provides an effective method for fine-tuning of these two critical
parameters, i.e., particle size and surface electronic properties, resulting in the design
novel CO, methanation catalyst formulations that are optimized in activity and
stability (Fig. 4.17).

4.5.3 N,0 Decomposition Reaction

Having a global warming potential as high as ~300, nitrous oxide (N,O) is a
powerful greenhouse gas significantly contributing to global warming. It is also
the dominant stratospheric ozone-depleting gas. Therefore, the abatement of N,O
from anthropogenic sources, such as mobile or stationary fossil fuel combustion
processes and certain industries (e.g., adipic acid and nitric acid industries where
N,O is emitted as a by-product), is an urgent need [57-59]. The catalytic decompo-
sition of N,O to N, and O, is the most promising approach [59].

Catalytic N,O decomposition on Ir nanoparticles is a reaction with well-known
particle size dependence (i.e., structure-sensitive reaction), practically favored on
larger Ir particles [60]. Although due to this fact the N,O decomposition reaction is
an inverse example, we used it to verify that under conditions of steady-state
catalytic reaction the behavior of the four Ir/y-Al,O5, ItYYSZ, IryGDC, and [t/ACZ
(Table 4.2) was indeed consistent with their independently measured sintering
characteristics [22, 23]. The following key points emerged from these studies:
(1) the particle size dependence of Ir-catalyzed N,O decomposition was clearly
verified — larger Ir particles strongly favor N,O decomposition (Fig. 4.18);
(ii) partially oxidized Ir particle surface favors the reaction; and (iii) in the case of
supports characterized by high OSC, which strongly favored the persistence of small
catalyst particles, simultaneous stronger catalyst-support interactions further
depressed N,O decomposition turnover frequencies (Fig. 4.18).

That is, for this particular reaction, the net effect of Ir particle size and metal-
support interactions (both EDL-derived effects) was a strong N,O-TOF degradation
for Ir nanoparticles dispersed on high OSC supports, which favor the maintenance of
small particles.
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4.6 Conclusions and Prospects

This chapter reviews our team’s results on a new phenomenon in heterogeneous
catalysis, that is, catalysts’ nanostructure stabilization by means of the effective-
double-layer (EDL). As we recently discovered, the EDL approach, introduced by
Vayenas and co-workers some years ago to interpret metal-support interactions and
concomitant catalyst promotion effects, an additional and equally important effect of
EDL on the overall behavior of heterogeneous catalysts is the protection of the
catalytic nanoparticles against agglomeration (thermal sintering), and under certain
conditions even the in situ redispersion of the nanoparticles. This dual function role
of EDL on catalysts behavior can be used as an effective tool to design highly active
and at the same time highly stable catalyst formulations, which is a long-term goal in
industrial catalysis.

The following key issues and conclusions can be drawn from these experimental
findings:

e The sintering behavior of catalyst nanoparticles dispersed on oxide supports
strongly correlates with the oxygen storage capacity (OSC) of the support.
Specifically, catalyst NPs dispersed on a variety of oxide supports with different
lattice oxygen lability and storage capacity (OSC) exhibit markedly different
thermal sintering characteristics under oxidative environments.

* Supports with negligible or low OSC, e.g., y-Al,O3 and YSZ, provide no or little
resistance to sintering, respectively.

 In striking contrast, high resistance to sintering and even redispersion of catalyst
nanoparticles occur on supports characterized by moderate and high OSC values,
e.g., ACZ, GDC, and CZ. The higher the OSC of the support, the greater the
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stability and/or the extent of particle redispersion; the latter also depends on the
nature of metal, and when it exists, it is increased with increasing sintering
temperature.

An EDL-based mechanistic model is developed, adequately explains all the
experimental findings, and deciphers the role of EDL on the observed sintering
behavior of metal NPs (Ir and Rh nanoparticles have been investigated so far under
these issues). In accord to this model, the resistance to sintering and/or the
redispersion of catalyst NPs is due to the synergistic action of three main factors:

+ The presence of the spontaneously formed EDL ([0°", §*]) on the catalyst
particles, resulting from the thermally driven oxygen back-spillover from high
OSC supports; this endows the NPs with a surface layer of net negative charge
(0°7), which quenches large particle migration and coalescence (PMC) via the
resulting interparticle electrostatic repulsion forces.

e Atom species detachment and reattachment from catalyst crystallites, following
the Oswald ripening (OR) mechanism of NP size growth, are both inhibited due
to the increased activation energies of these steps resulting from the O° -
encaptured particle surfaces.

» The trapping of the catalyst atomic particles detached from large crystallites by
surface oxygen vacancies on the support, suppressing diffusion of these species
and their subsequent attachment to larger particles; the higher the population of
surface oxygen vacancies on the support, the greater the redispersion of the NPs.

In light of these findings, a new methodology for in situ on-stream controlled
redispersion of metal catalysts may be devised, with potentially major implications
for industrial heterogeneous catalysis. Supports capable to create the effective-
double-layer, which strongly favor the persistence of small catalyst particles and
simultaneously alter reaction turnover frequencies, can consist the basis of strategies
for the production of active and stable catalyst formulations.

It should be noted that in the studies analyzed in this chapter, we have introduced
the qualitative term “oxygen lability” because oxygen ion mobilities were not
available for all the mixed oxide supports investigated. However, combining avail-
able oxygen ion mobility values with our experimentally determined oxygen storage
capacity (OSC) data, a close correlation was found between these properties, which
enabled us to rank these oxides as indicated in this chapter, in terms of their
propensity to provide spillover oxygen. Future work could focus on which is the
most appropriate and direct parameter or combination of parameters that will best
reflect the propensity of a material to provide spillover oxygen, creating the EDL.

In addition, further experimental work on the sintering behavior of other combi-
nations of NPs (e.g., Pt, Ni, Ag, and Ru) and supports (e.g., CeO,-, ZrO,-, TiO,-
based mixed oxides and perovskites), which will be also confirmed via functional
density theory (DFT) calculations, will be useful for a deeper understanding of the
sintering/redispersion behavior of nanoparticles, by means of our model. Such a
more complete overview of the parameters and factors involved can lead to the
transformation of the present model into a parametric mathematical one, capable of
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quantitatively predicting sintering/redistribution phenomena in supported catalysts.
Moreover, the use of the EPOC type reactor cells (i.e., dispersed catalyst working
electrode//O°-conducting solid electrolyte//counter electrode) through which the
EDL intensity will be in situ controlled by external bias (instead of changing support
materials for nanoparticle dispersion) will be even more essential and advantageous
for a deeper understanding of the EDL-sintering correlation, along with the practical
value of the process which could provide an in situ, external bias controlled,
methodology for catalyst nanoparticle size adjustment. Work is underway to achieve
these goals.
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Chapter 5 )
EPOC with Alkaline Conductors: e
Implementations in Emission Control

Catalysis

Ioannis V. Yentekakis, Philippe Vernoux (®, and Angel Caravaca

Abstract Rapid global industrialization, increasing human population and energy
demand, and at the same time fossil fuels remaining the dominant source of energy in
transport, industry, trade, and housing have led to massive increases in a variety of
pollutants (mainly VOCs, NO,, N,O, CO,, and SO,) in the atmosphere with their
known destructive effects on the environment and the consequent climate change.
Emission control catalysis (ECC) is one of the most efficient and cost-effective end-
of-pipe technologies for reducing emissions. The application of electrochemical
promotion of catalysis (EPOC), especially that achieved through alkaline conductors
(alkaline-EPOC), has been found to be extremely effective in ECC-related reaction
systems. Its use made it possible to decipher the role and mode of action of alkaline
promoters on these reactions, thus enabling the successful transfer of the obtained
knowledge to the design of highly effective and simple, alkaline-promoted conven-
tional catalyst formulations (alkaline-CPC), readily applicable in exhaust gas sys-
tems. Catalytic performance improvements by up to two orders of magnitude have
been achieved on representative ECC-related reactions (e.g., deNO,) via alkaline-
EPOC and/or alkaline-CPC application. This chapter summarizes and critically
discusses the literature findings on the topic.
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5.1 Introduction

Emission control catalysis has often been demonstrated as one of the most efficient
and cost-effective end-of-pipe technologies for the mitigation of several atmospheric
pollutants massively produced from both stationary fossil fuel combustion processes
and mobile (transportation) sources [1]. In the case of mobile sources, three-way
catalytic converters (TWCs) have more than 40 years of successful implementation
for the remediation of cars’ emissions via the simultaneous occurrence of several CO
and HC oxidation and NO, reduction reactions summarized in Scheme 5.1.

Scheme 5.1 Possible Oxidative Reductive Reactions Products
parallel reactions taking components components
place in TWCs A A Ho+CO3

CO2

N2+CO2 (+N20)

Hz+CO

H20+CO:2
g H:0+CO

Nz+CO2+H20 (+N20)
NH3+CO2+H20 (+Nz0)

Nz+H:0
NH3+H:0

% No+H0
NO+H20

Nz+H:0
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However, besides the fact that we are currently in the “fourth generation” of
commercial TWCs, some major aspects concerning the economy, the material
formulations, their operational lifetime behavior, and noble metals’ recycling still
remain to be resolved [2, 3], specifically:

(1) The typical bi- or tri-metallic (Pt/Rh, Pd/Rh, Pt/Pd/Rh) formulations of com-
mercial TWCs, with the role of rare and expensive Rh to be essential for the
NO, reduction reactions, increase their cost.

(i) Noble metals’ recovery from such complex formulations is almost marginally
profitable due to the costly final separation of the recovered NMs.

(iii)) The formation (into TWC) and thus the effluent of small but significant amount
of the undesirable N,O as byproduct of the NO, reduction reactions (see
Scheme 5.1) — N,O has an outstanding global warming potential (310 times
greater than that of CO,) and a harmful impact on stratospheric ozone
depletion.

(iv) The quite narrow operating air/fuel window (lambda window) for effective
elimination of the three main pollutants that reduces TWC tolerance to the lean-
rich swings in engine exhaust gas composition during operation and more
importantly makes them inefficient in controlling NO, emissions from the
advanced diesel and lean-burn engines as well as stationary fossil fuels and
solid waste combustion processes that operate at net oxidizing conditions.

Therefore, research in the topic remains challenging. Goals are focused on
developing lower NM loading but more efficient catalysts, if possible monometallic
(e.g., Pt-only, Pd-only) in order to eliminate the use of Rh, easily recyclable,
particularly selective toward N, instead of N,O in deNO, reactions, and more
tolerant in oxygen-rich conditions [1-3].

Catalysts’ promotion, which can be imposed either via the use of surface pro-
moters (surface or direct promotion) or via “active” supports (support-mediated
promotion, metal-support interactions (MSI)) and/or support doping (dopant-
induced metal-support interactions (DIMSI)), employed for years is still the main
strategy for improving catalysts’ performance.

More recently, the electrochemical promotion of catalysis (EPOC), discovered by
Vayenas and co-workers in the 1980s, originally described as “non-Faradaic elec-
trochemical modification of catalytic activity (NEMCA),” is an advanced, highly
effective, in situ controlled and reversible, electrochemically guided method of
promoting and optimizing catalysts’ performance [4-7]. Besides the above, other
important advantages of EPOC are (i) it can be used for employing promoters that
cannot be applied by traditional methods due to their reactivity and thus consump-
tion during operation (sacrificial promoters [8]) and (ii) it provides an effective tool
for an in-depth investigation of the way of action of promoters and a probe of in situ
scanning in order to readily find out the optimal promoter loading for any specific
catalytic system at the chosen operating conditions (i.e., promotion optimization).

The insight gained from the EPOC studies provided an in-depth understanding of
the role and mode of action of promoters in catalysis, allowing Vayenas and
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co-workers to interpret catalyst promotion by providing rules governing it and
clarifying the relationship between EPOC and classic promotion [8—10].

In this respect, using EPOC by means of a galvanic cell (such as shown in
Fig. 5.1a), an electrochemically (Faradaic law) controlled migration of promoting
ion species from the solid electrolyte support onto the catalyst surface can be
imposed via external bias application, and thus an effective (overall neutral) double
layer is developed on the catalyst surface (Fig. 5.1b, ¢). Figure 5.1b shows the case of
imposition of an electronegative promoter (O*~), while Fig. 5.1¢ shows the impo-
sition of an electropositive promoter (alkali ion, Na™); both configurations are
reliable, as long as the appropriate solid electrolyte support is available. The
electrocatalytic reactions taking place in each case at the three-phase-boundary

(a) Reactants Products (promoted reaction)

M cataIYSt :
Working Electrode (W)

L:’
Galvanostat/
Potentiostat Ve | eAVuz=A(e?P)
: T
|
Counter electrode (C) Reference Electrode (R)
Effective double layers:
(b) : P (c)
[Na%, &1
e x 2 : i -
o047 0f 0f 0 0+ 0 fNa® HNa®" HNa® HNa® Na*®
E‘:] ,i/-/ e.g., V82, G supports .:.'r : B"H:-I}-AI..:J.wpl:‘ml ? E
P | [ faetal ctectrode |
0" back-spillover: 0 (support)—»[0% , §'}(Me) + 2¢ Na* back-spillover: Na'(support) + &' —» [Na® , §](Me)

Fig. 5.1 Schematic of the galvanic cell through which the implementation of EPOC is conducted
(a) and the effective double layers are formed by application of an electronegative (b) or electro-
positive (¢) promoter
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metal-solid electrolyte-gas that leads to the formation of the effective double layer
[0°~, %] (Fig. 5.1b) or [Na®*, 5] (Fig. 5.1c) are, respectively [7, 11]:

O (from support) — [0°, §7] (on metal) 4 2¢~ (5.1)

Na*(from support) + ¢~ (from metal) — [Na’", 57| (on metal) (5.2)

Since these electrochemically driven adatoms are imposed on the catalyst surface,
they are evenly spread over the entire metal surface due to strong repulsive dipole—
dipole interactions, which establish a homogeneous, neutral, effective double layer,
corresponding to an electrically modified metal surface, practically an electron-
deficient (i.e., higher work function) or electron-enriched (i.e., lower work function)
metal surface due to the 6" or § charge respectively located at the metal side
interface half-layer. This electrically modified surface interacts with the
co-adsorbed reactants and reaction intermediates and products, changing their bind-
ing energies (in respect to those on a promoter-free metal surface), producing
pronounced alterations in catalytic performance [7], that is, electrochemistry has
nothing to do with changes in catalytic phenomena other than to provide the ability
for in situ changing the promoter loading, i.e., electrochemistry just plays the role of
the promoter species bearer (forward or backward).

The promoting species O*~ and alkali ions shown in Fig. 5.1b, c, respectively,
and the corresponding effective double layers formed, are the two of most commonly
used in EPOC studies. Besides their opposite effect on the catalyst work function,
and thus on the concomitant promotion, there is an additional key difference of
crucial practical importance. While O*~ species are typically scavenged from cata-
lyst surface due to their participation in reactions as sacrificial promoter [8], thus in
order to maintain a certain [O‘s_, 5" effective double layer, an external bias has to be
constantly applied, alkali ions are stable promoters, not participating in scavenging
reactions; therefore, once applied to the catalyst surface, the created double layer
(e.g., [Na‘”, 6~ ]) remains stable so that no further external bias is required.

Alkaline conductors available for the construction of galvanic cells suitable for
EPOC implementation are Na*- or K*-substituted - and f”-aluminas (Na or
K)i 4 xAl;1047 4 p and (Na or K); . ,M,Al;;_, 0,7, respectively, as well as NaSiCon
(Na;3Zr,S1,P0O15) [2, 7]. The constructed galvanic cells typically have the following
configuration (Fig. 5.1a):

Catalyst electrode/alkali conductor/inert counter electrode (e.g., Au) (5.3)

As commonly followed in EPOC studies, such cells can be operated under two
distinct modes:

(i) Potentiostatic operation, which corresponds to imposition of a constant catalyst
polarization (Vwg) via the potentiostat (Fig. 5.1a). This is a steady-state opera-
tion achieved very rapidly after a fast transfer of the appropriate amount of alkali
ions onto the catalyst surface (as a Dirac function) until the system obtains the
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specified Vypg value. Then the alkali ion flux (current) vanishes to zero, and Vyg
remains at the set value, that is, the catalyst surface is experienced at a constant
amount of alkali promoter species — a constant effective double layer and catalyst
work function have been achieved. This mode of operation is typically
conducted to study the reflex of the performance of a reaction on an EPOC-
modified value of the work function (e®) of the catalyst surface [7, 11], since
Eq. (5.4) has been evidenced [12].

(i1) Galvanostatic operation, which corresponds to continuous supply of a constant
current (I) via the galvanostat. This is a transient mode of operation during
which alkali ions are transferred with a constant flux (Faraday’s law, I/F) and
accumulated onto the catalysts’ surface increasing their coverage, Oy,
according to Eq. 5.5 [7, 11]:

Oaw = (—1t/FNo) (5.5)

where 7 is the time of current (/) application, F' is Faraday’s constant, and N, is the
number of catalysts’ active sites.

This mode of operation provides an efficient and rapid method for assessing the
response of the reaction to promoter coverage, allowing fast determination of the
optimal promoter loading at any set of reaction conditions employed (i.e., promotion
optimization). In addition, recording the catalyst polarization transient (i.e., the time
variation of catalyst potential, V) during galvanostatic operation, this permits
establishment of the relationship G5 (Vwr) between alkali coverage () and
catalyst potential (Vyg) and then of the catalyst coverage and catalyst work function
by considering the direct proportional relation of Vi and e® given in Eq. 5.4. An
experimental example is shown in Fig. 5.2.

Combination of the two modes of operation in EPOC studies allows an in-depth
insight in the overall context of the promotion under study and the particular effect of
all main parameters on the catalytic system under promotion.

In this chapter and in a first step, the most important results reported in the
literature regarding the application of alkali-EPOC to reactions that play a major
role in emission control catalysis will be analyzed. To this end, reactions involving
CO and light hydrocarbon oxidation or NO, reduction will be in our central
attention. Then, studies involving transfer of the findings and knowledge obtained
by the application of alkali-EPOC for the design of effective conventionally pro-
moted catalyst (CPC) formulations for direct practical application in emission
control catalysis reactions will also be discussed. A complete list of the above
cases is illustrated in Table 5.1.
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Fig. 5.2 NO + H, reaction under alkaline (Na)-EPOC: dependence of sodium coverage 0y, on
catalyst potential Vg under specific reaction conditions. (Reproduced with permission from Ref.
[13]. Copyright 1997, Elsevier)

In order to have a solid basis for comparison within each case but also between
them, the following well-known parameters [7] will be used to account the promo-
tion findings:

(i) The rate enhancement ratio (p) will be used in both EPOC and CPC cases:

p=ry/r, (p=EPOC-or CPC-promoted catalysts) (5.6)

where r, is the unpromoted rate and r, is the alkali-promoted rate; either this
promotion was obtained electrochemically (p = EPOC) or by using conventional
promotion methods (p = CPC). p values actually indicate the net gain of the
promotion on the catalytic reaction system applied.

(i) The Faradaic efficiency (A) which actually describes the magnitude of promo-
tion. This is applicable only to EPOC systems, no meaning in CPC systems.

A= Ar/(1/zF) = (repoc — 1)/ (I/2F) (5.7)

where F is the Faradaic constant and / is the applied current. Z is the charge of the
promoting ion which is equal to +1 in the present case of alkali promotion. It is worth
noting that at steady-state potentiostatic operation, by definition, A values tend to
infinity. Indeed, in most alkali-EPOC studies, A values as high as ~10°-10° have
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been obtained [11, 14]. However, in the case of lower A values in alkali-EPOC, a
mechanism decreasing the amount of alkali on catalyst surface could possibly be at
work; therefore, a small current maintains to keep Vg at the set value. Lower A
values have been observed in case of reactions operated at net reducing conditions
[15]; this probably indicates that at such conditions, alkalis can exist partially at the
reduced state characterized by low melting point and high volatility, easily escaping
in the gas phase.

(iii) The promotion index (PI;), useful to quantify the alkali promotion [7, 11]:

PI; = (Ar/ro)/A6; (5.8)

where A6 is the change of the coverage of the promoting species i such as Na®* and
K°*. PI; is positive for a promoting action of the imposed adatom species and
negative for a possible poisoning role (in case of pure site blocking PI; = —1); as
we shall see, alkali promotion often shows a volcano-type behavior in respect to
alkali coverage, i.e., it can exhibit either promotional or poisonous behavior
depending on the promoter loading.

5.2 Alkaline-EPOC for Emission Control Reactions

5.2.1 Alkaline-EPOC Studies on CO and Light Hydrocarbon
Oxidation Reactions

Table 5.2 summarizes studies concerning CO and light hydrocarbon oxidation
reactions, catalyzed by Pt-group metals and promoted by alkalis via the EPOC
method [11, 14, 16-25]. It can be seen that all these studies were performed on Pt
catalyst, while the alkali conductors used as source of the alkali ion promoter species
were (Na)p” Al,O5 or NaSiCon (Na3Zr,Si,PO;,) for applying Na* species and (K)j"
Al,Oj3 for applying K* species. Most probably, Pt was preferred in these studies
(Table 5.2) as the most promising (in activity and stability) candidate, already used
in three-way catalytic chemistry, to replace the rarer and more expensive Rh.

The first study concerning electrochemical promotion of CO oxidation by sodium
was performed by Yentekakis et al. [11] in a wide range of operational conditions
(CO/O, gas-phase composition, temperature, galvanostatic and potentiostatic oper-
ation modes) on a Pt film electrocatalyst interfaced with a Na*-conducting 4" Al,O5
solid electrolyte (Table 5.2). It was found that promotion phenomena were strongly
dependent on the CO/O, gas-phase composition and on the amount of alkali species
(Ona coverage) supplied — a large number of experimental data acquired lead to the
construction of a complete illustration of the kinetic behavior under Na promotion
(Fig. 5.3a). As can be seen in Fig. 5.3, the reaction rate is markedly enhanced (p ~ 6)
at Na coverage values of ca. 0.02-0.04 under CO-rich conditions (Fig. 5.3b, case
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Table 5.2 Alkaline-EPOC studies on CO and light hydrocarbon (alkenes and alkanes) oxidation

1. V. Yentekakis et al.

reactions
Catalyst/alkali Maximum p values
Reaction conductor Reaction conditions and other highlights | Refs.
CO + O, Pt/(Na)p”Al,O; | T = 300-450 °C; p = 6 with [11]
[CO] = 0-6%, Ona = 0.04 at
[0,] = 0-6% T =350 °C and
CO-rich conditions
CO + O, Pt/(K)8"Al,0; | T = 200-350 °C; p=1latT=278°C | [16]
[CO] = [0,] = 0.5%
CO + O, + H, |Pt/(K)BALLO; T=195°C; [CO] =0.4%, |p=1.3and ~10% [17]
(PROX) [02] = 0.2%, [H,] = 16%; | increase in CO oxi-
Ok — 0-0.04 dation selectivity,
with g = 0.02-0.04
C,H, + O, Pt/(Na)p”Al,O5 | T =291 °C; Poisoning: a O, [14]
[C,Hy] = 0.021%, >0.015 suffices to
[02] = 5%; Ona = 0-0.03 cause a 70% rate
inhibition
C,H, + O, Pt/(Na)p”Al,O3 | T = 300470 °C; p = 2 with [18]
[CoHy]l = 4.2%, [05] = 8% | Ona = 0.08 at
and 16.2%; Oy, = 0-0.35 T =280°C
CsHg + O, Pt/(Na)p”Al,O5 | T = 340 °C; p=23at [19]
[C3Hg] = 0.62%, T =340 °C, [0,)/
[O2] = 0-7% [CoHy] =2
Formation of 3D
Na2CO3 species
C3H6 + 02 Pt/ T =300 OC; C3H6/ p= 3.5 with [20]
Na3Zr,Si;PO, | O; = 0.04%/0.2% (stoic.) | Ona = 3.6% at [21]
(NaSiCon) and C3He/O, = 0.04%/ T =300 °C, [C3H¢)/
8.3% (O,-rich); [O,] = 0.04/0.2
Ona = 0-6% Formation of
Na,COj; and
NaHCOj; phases
C3Hg + O, Pt/(K)pAl, O3 T =190-310 °C; p=T7atT=200°C | [22]
[C3Hg] = 0.2%, and [C3Hg)/ [23]
[0,] = 1-7% [0,] = 0.2%/7%
Cs;Hg + O, Pt/(Na)p”Al,O3 | T = 320440 °C; Poisoning: p~0.002 [24]
[C3Hg] = 0.2%, with Oy, >0.025 at [25]
[02] = 1%; Ona = 0-3% 440 °C
Na forms carbonate,
bicarbonate, and
oxide phases

(1)), where CO oxidation kinetics obey negative order in CO and positive order in O,.
In this promoting region, enhancement factor (or “Faradaic efficiency”) A values
measured were typically 10°~10°, while PI; values up to 250 were achieved showing
that Na is a very pronounced promoter species for the Pt-catalyzed CO oxidation.
Higher Na coverages cause strong attenuation of catalyst activity; a volcano-type
behavior of CO oxidation rate versus Oy, is thus clear. On the contrary, at O,-rich



5 EPOC with Alkaline Conductors: Implementations in Emission Control Catalysis 163

Afeg), eV
. - -0.5 0
6, o 06 0.04 To..oz o: ;:;5:;;1

20 (a) W T '"-n CO‘(’:EZ g‘;’ﬁgons
% \\\‘\'; ;"ﬂ”l?;l}ﬁ ’l}""”ﬁﬁ} ﬁ‘ ". 3 2 Rate : Egsitive order in CO
= Wt RS ==2
b .' \ )
Ty "':"r'i‘,,ﬂummmﬂﬂufﬂ“-‘ﬁﬁﬁ:« !

8 o 0L

‘ET; 5 1 \\\‘\\ A \\ 't, mmm” m “‘m‘la t " % (i) Volcano-type behavior
= \‘ " 0 % ﬁ \ v CO-rich conditions

0 T 5° (P = 53kPa)

-0.8 Rate :
Negative order in CO
Positive order in 02
r o—o—C Se-a Ve o
| H——.J Na-promoted Pt 4 Na-free Pt
1 i 1 1 1
-1 -0.5 0 0.5 1

Fig. 5.3 (a) Three-dimensional presentation of the effect of partial pressure of CO (Pco), catalyst
potential (Vywr), and the corresponding Na promoter coverage (fn,) on the rate of CO oxidation on a
Pt electrocatalyst deposited on a (Na)p” Al,O3 sodium ion conductor under EPOC conditions. (b)
Dependence of CO oxidation rate on Pt electrocatalyst potential (V) and the corresponding work
function (e®) and sodium coverage (fn,) at certain CO-rich (i) and CO-lean (ii) reaction conditions.
Other conditions: 7= 350 °C, Pg, = 6 kPa. (Reproduced with permission from Ref. [11]. Copyright
1994, Elsevier)

conditions (Fig. 5.3b, case (ii)), where the rate is of positive order in CO, only
poisoning phenomena can be observed upon increasing Ay, (S-type behavior).

Taking into account the modifications on the chemisorptive properties of CO and
O, reactants on Pt sites caused by the created [Na5+, 6] effective double layer
(Fig. 5.1c¢), which leads to an electron-enriched (6~ ) lower work function Pt surface,
it was concluded that at CO-rich conditions and for Na coverages up to ~0.04, the
promotional effect is resulted by an enhancement in oxygen chemisorption (more
pronounced compared to CO) due to strengthening of the Pt—O bond (O is an
electrophilic adsorbate). The poisoning behavior at Oy, > 0.04 was attributed to
active site blocking phenomena due to the formation of a CO-Na-Pt surface
complex.

De Lucas-Consuegra and co-workers using a Pt/(K)f” Al,Os/Au galvanic cell
with a K*-conducting solid electrolyte performed EPOC studies for both CO oxida-
tion [16] and preferential CO oxidation (PROX) [17] reactions. In the former study,
conducted at low temperatures (ca. 200-350 °C) and equimolar reactant composition
([CO] = [O;] = 5000 ppm), rate enhancement ratios p of about 11 and light-off
temperature that decreases by ~40 °C were achieved [16] (Table 5.2). Provided that
both CO and O, are electron acceptor (electrophilic) adsorbates, the resulted
electron-enriched Pt surface, due to the formed [K‘s+, 0] effective double layer,
favors the adsorption of both reactants. However, a more pronounced enhancement
of the adsorption of oxygen at the expense of CO on a Pt surface predominately
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covered by CO under unpromoted conditions was considered to be responsible for
the obtained promotion. In the case of PROX reaction [17], a rate enhancement up to
p = 1.3 at a potassium coverage 0x~0.02—-0.04 was achieved at 195 °C and feed
composition of CO/Oy/H, = 0.4%/0.2%/16%. A concomitant increase in CO,
selectivity of ~10% was recorded as well (Table 5.2). The effect of the alkali on
the chemisorptive bonds of CO, H, and O on Pt surface was considered to be the
origin of the observed promotional phenomena.

Taking into account the above literature findings of alkali-EPOC studies on CO
oxidation reaction, the following general remarks and common features can be
highlighted: only Pt was investigated so far for CO oxidation under alkali-EPOC
conditions, probably due to its being a promising candidate to replace Rh in TWCs
accounting its original performance (activity and stability) on the titled reaction. The
general view is that alkalines can induce both promotional and poisonous effects on
the reaction, depending on reaction conditions and promoter loading. Specifically,
alkalines efficiently promote Pt-catalyzed CO oxidation only at CO-rich conditions
at which CO coverage predominates on the catalyst surface; this is valid not
necessarily at CO/O, > 1 in the gas phase, due to the higher propensity of CO to
adsorb on Pt sites. However, the promotion follows a volcano-type behavior upon
increasing alkali coverage at generally low values (up to ca. 0.04), thus reversing to
poisoning for high promoter coverages. In contrast, no or moderate promotion and
more often poisonous effects are caused by alkalis under O,-rich conditions. Best
overall rate enhancements up to p ~ 11 were achieved by K promotion. Alkali-EPOC
was also found to be effective in the Pt-catalyzed preferential CO oxidation in
hydrogen-rich conditions (PROX reaction) allowing activation of Pt at lower tem-
peratures and attenuation of the inhibiting effect of H,. The alkaline-induced pro-
nounced enhancement on oxygen adsorption compared to that of CO was a key
argument upon explaining all the above findings, whereas the formation of large
surface alkali complexes was considered responsible in cases of poisoning at high
alkali coverages.

Alkaline-EPOC was also found very effective in light alkene (C,H4, CsHg)
oxidation reactions (Table 5.2). Using Pt/(Na)B”Al,Os/Au galvanic cells, Bebelis
et al. [14] and Harkness et al. [18] investigating the C,H, oxidation reaction
demonstrated both promoting and poisoning effects induced by Na, depending on
the alkali coverage: Oy, < ~ 0.08 caused promotion (up to p ~ 2) with A values of the
order of 10*, whereas Ona > 0.08 induced rate inhibition even below the original
unpromoted rate (Fig. 5.4). As shown in Fig. 5.4, galvanostatic and potentiostatic
operations of EPOC coincide. The interpretation of the experimental findings was
based on the alkali-induced enhancement chemisorption of the electrophilic oxygen
adsorbate at the expense of C,H, (electrophobic adsorbate) in case of promotion,
while poisoning at high alkali coverages was attributed to Pt site blocking by surface
Na compound accumulation together with an overstretching of the Pt—O bond
reducing oxygen reactivity.

A model Pt(111)-Na-dosed catalyst used in the second study [18] was found to
mirror the behavior of the electrochemically promoted Pt/(Na)s”Al,O;
electrocatalyst. This was a strong indication that Na supplied via electrochemical
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Fig. 54 C2H4 + 02 5
reaction under alkaline (Na)- PP —
EPOC conditions: rate as a 4 potentiostatic data

function of Na coverage for
both potentiostatic and
galvanostatic experiments
for [O,] = 8.0% and
[C,H4] = 4.2% (balance He)
mixture at 352 °C.
(Reprinted with permission
from Ref. [18]. Copyright
1996, Elsevier)

polarization is indeed the key species inducing the promoting or poisoning phenom-
ena in alkaline-EPOC systems and demonstrated for the very first time (nowadays
well-documented) that electrochemical promotion of catalysis (EPOC) and conven-
tional catalyst promotion (CCP) by surface-imposed alkali adatoms obey the same
physiochemical rules.

The Pt-catalyzed propylene oxidation has been also extensively studied. Filkin
et al. [19] investigated the Pt-catalyzed propene (C3Hg) oxidation under alkaline-
EPOC using a Pt/(Na)B”Al,Os/Au galvanic cell. Fully reversible promotion and
poisoning effects were observed as a function of electrochemically applied or
removed Na™ ions. Maximum rate enhancement ratio of the order of p = 2.3 was
obtained at [O,]/[C3Hg] = 2 and a moderate Na coverage (not specified), while
higher Na coverages caused poisoning of the reaction. The intensity of Na promotion
was found to be strongly influenced by the value of [O,]/[C3Hg] ratio, increasing as
[0,)/[C3Hg] ratio decreases. The authors explained promotion and poisoning find-
ings in terms of a Na-modified chemisorption of the reactants: Na enhances oxygen
chemisorption and inhibits propylene chemisorption on a Langmuir-Hinshelwood-
type reaction in which the rate is strongly affected by the relative coverages of the
competitive adsorbed reactants. Using X-ray photoelectron spectroscopy (XPS),
Auger electron spectroscopy (AES), and postreaction Na K-edge XANES (X-ray
absorption near-edge structure), the authors demonstrated that under reaction con-
ditions, the promoter phase consists of small amounts of 3D sodium carbonate
crystallites; thick layers of this sodium surface compound were responsible for rate
inhibition in the poisoning regime. They also showed that although these promoter
and poisoning phases were stable at reaction temperatures investigated, these were
readily destroyed via electrochemical Na pumping away from the catalyst by the
application of opposite-sign polarizations [19].

Vernoux and co-workers [20, 21] investigated the same reaction system (i.e.,
Pt-catalyzed propylene oxidation under Na-EPOC conditions) using an alternative
Na* conductor, namely, NaSiCon (Na3Zr,Si,PO,,). The EPOC experiments were
performed at 300 °C and two different propene/oxygen gas-phase compositions,
near-stoichiometric ([O,]/[C3Hg] = 0.2%/0.04%) and excess oxygen ([O,]/
[C5Hg] = 8.3%/0.04%) conditions (Table 5.2). They found that under oxygen excess
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conditions, Oy, > 0.03 causes a slight poisoning to the reaction rate (p ~ 0.8).
However, under near-stoichiometric conditions, sodium strongly promotes the reac-
tion offering rate enhancement ratios up to p = 3.5 at an optimal sodium coverage of
Ona ~ 0.036 since the rate was then slightly decreased for higher Oy, values. In
agreement with the findings of Filkin et al. [19], the authors indicated (using cyclic
voltammetry) that during reaction, Na exists in the form of surface complex species,
namely, Na,CO3; and NaHCO; phases; this fact, however, did not prevent
Na-induced promotion.

Alkaline-EPOC studies on propene oxidation reaction were continued by de
Lucas-Consuegra et al. [22, 23] but now using a K*-conducting $”Al,O3 solid
electrolyte (Table 5.2). The authors found that at low temperatures
(ca. 200-300 °C), the reaction can be strongly promoted under both near-
stoichiometric and oxygen-rich conditions. Rate enhancement ratios of the order of
p = T were achieved for a catalyst polarization of about —2 V. Using cyclic
voltammetry, FTIR, and SEM-EDX, the authors identified the formation of stable
potassium oxide and superoxide species responsible for the promotional phenomena
upon electrical polarization. These species were considerably stable, thus causing
permanent promotional effects when no external bias was disconnected.

In contrast to alkenes, in the case of alkane oxidation, alkalis were found to be
only poisonous surface adatoms. In a sodium-EPOC study of propane oxidation over
Pt electrocatalyst using a Pt/(Na)B”Al,0s/Au galvanic cell, Kotsionopoulos and
Bebelis [24, 25] found severe rate inhibition by electrochemically supplied Na
even at low sodium coverages, over a wide range of [CsHgl/[O,] ratios
(Table 5.2). For example, at 320 °C and stoichiometric reaction conditions ([O,]/
[C5Hg] = 1%/0.2%), a Na coverage as small as Oy, ~ 0.025% was enough to
decrease the reaction rate for 625 times; this poisonous effect of Na was more
pronounced at higher temperatures. The poisoning performance of alkali for alkane
oxidation can be attributed to the originally (before alkali supply) weak adsorption of
alkanes on Pt surface compared to that of oxygen. Therefore, a further weakening of
the alkane adsorption (electrophobic adsorbate) on the electron-enriched surface via
the [Na®*, 5] effective double layer causes an even more unequal distribution of the
reactants and consequently less reaction probability. In agreement with the previous
reports, the authors observed that under alkaline-EPOC conditions, the supplied
alkali ions on the catalyst surface form surface complexes, mainly carbonate,
bicarbonate, and oxide species [25].

Overviewing these findings obtained upon alkaline-EPOC studies of light alkene
and alkane oxidation reactions (Table 5.2), the following general features and
conclusions can emerge. Alkali promotion of platinum-group metals is detrimental
for alkane oxidation due to the low adsorption propensity of alkanes on the catalyst
surface which becomes worse due to the alkali-induced weakening of their adsorp-
tion bond and the simultaneous strengthening of oxygen adsorption bond that leads
to self-poisoning of the reaction (O-poisoning of the surface). On the contrary,
alkene oxidation is substantially promoted by alkalines due to the opposite trend
of their adsorption characteristics compared to alkanes, which is strong initial
adsorption propensity on the alkali-free metal surface. Therefore, an alkali-induced
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enhancement on oxygen adsorption counterbalances its coverage on a catalyst
surface predominantly covered by alkene molecules on the unpromoted surface,
resulting in an enhancement on reaction probability. As in the case of CO oxidation,
alkene oxidation also follows volcano-type promotion upon increasing alkali cov-
erage, resulting from the competitive adsorption of the reactants (LH-type reactions)
and the formation of 3D alkali carbonates during reaction that leads to excessive site
blocking when alkali coverage becomes high.

5.2.2 Alkaline-EPOC Studies on deNO, and deN,O
Reactions

The reduction of NO, by reducing agents such as CO, light hydrocarbons, or H,
which co-exist in the exhaust gases of mobile and stationary combustion processes,
and their behavior under alkaline-EPOC conditions were systems that found partic-
ular attention by several research groups [13, 26-42] (Table 5.3).

The first relevant study was conducted in 1996 through a collaboration of
Vayenas and Lambert groups who studied the Pt/NO+CO catalytic system under
alkaline (Na)-EPOC that was applied by means of a Pt/(Na)p”Al,Os/Au galvanic
cell [26, 27]. CO/NO gas composition, sodium coverage, and temperature were
found to be the main factors determining the promotion. For high CO/NO ratios, the
Na-promoting intensity was marginal, attributed to the formation of extensive CO
islands that limit NO chemisorption. At low CO/NO ratios, the effect of Na was also
relatively small, because the CO + O step of the deNO, reaction pathway is limited
by the low CO coverage. However, at the intermediate CO/NO ratios, where the
above constrains are not valid, Na strongly promotes the reaction (pn, = 13; see
Table 5.3) with concomitant increase (up to ~30%) of system selectivity toward N,
instead of N,O as well (Fig. 5.5). The Na-induced promotion in rate and selectivity
was rationally interpreted in terms of an enhancement on NO vs. CO chemisorption
and the concomitant extended dissociation of the chemisorbed NO molecules.

The same reaction (CO + NO) but now on Rh catalyst was studied under sodium-
EPOC by the research group of Lambert using a Rh/(Na)B” Al,O3/Au galvanic cell
[28, 29]. The authors showed that NO + CO can also be promoted over Rh catalyst,
but not as effective as that obtained on Pt [26, 27]. Maximum rate enhancement
ratios of the order of pn, ~ 3 were observed at stoichiometric CO/NO gas compo-
sition for a Oy, = 0.02 (Table 5.3) followed by a large increase in N, selectivity as
well (ASn2 = 56%, thus achieving a value of 80% on the Na-promoted Rh catalyst).
Using XPS and work function (Ae®) measurements, the authors also demonstrated
that the Na coverage on the catalyst surface is indeed controlled through the
externally imposed catalyst potential, while a linear relationship of catalyst work
function and 6y, with -catalyst potential was experimentally evidenced
(Fig. 5.6) [29].
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Table 5.3 Alkaline-EPOC studies on deNO, and deN,O reactions

Catalyst/
alkali Maximum p values and
Reaction conductor | Reaction conditions other highlights Refs.
NO + CO Pt/(Na)p” | T = 300-400 °C; pn2 = 13, pcor = 4.8, [26, 27]
Al,0O4 [CO] = 0-1.5%, ASn2 = +45% at 348 °C,
[NO] = 0-1.5%, Ona > 0.03
Ona = 0-0.2
NO + CO Rb/ T =307 °C; rn2~3.1, pcor~1.4, [28, 29]
(Na)p” [CO] = 0-1.1%, pn2o = 0.3, ASne = +50%
Al,O4 [NO] = 0-2%, at 307 °C and
Ona ~ 0-1 Ona~0.011-0.02
VWR> Onas and Ae® were
directly correlated
NO + C,Hy Pt/(Na)p” | T = 275-450 °C; pco2 = 15 with [30]
Al,0O4 [NO] = 0.5-1%, Ona = ~0.3 at 402 °C and
[C2H4] = ]—3%; [C2H4] = ].5%,
Ona = 0-0.4 [NO] = 0.65%
NO + C3H6 Pt/(Na)/)’” T = 330400 OC; PN2~PCco2 = 7, PN20 = 3, [31]
Al,0O4 [NO] = 0-6%, ASn2 = +20% at 375 °C,
[C3Hg] = 0-0.4%, [C3Hg] = 0.6%,
Ona = 0-1 [NO] = 1.3%, 6n, = 0.3
The promoter phase con-
sists of NaNO,/NaNO;
NO + C3H6 + 02 Rh/ T =350 OC; PN2 = 24, Pco2 = ]7, [32, 33]
(Na)p” [NO] = 1-9%, 2o = 0.4, ASn, = +37%
Al,O4 [C3H¢] = 0-4%, at 350 °C,
[02] = 0-2% [C3Hg] = [NO] = 1%,
Ona = 0.2
Alkali consists of carbon-
ate and/or nitrate phases
XPS showed reversible
Na transport via external
bias
NO + H2 Pt/(Na) i T = 300450 OC; PN2 = 30, PN20 = 6, [13]
Al,O4 [NO] = 0-1.6%, ASn2 = +40% at 375 °C,
[Hy] = 0-1%, [NO] = 0.6%,
Ona = 0-0.12 [Hy] = 0.3%, Ona ~ 6%
NO + C3Hg + O, | Pt/ T = 200-400 °C; PNz~ pcoz ~ 1.7, [34]
excess NaSiCon | [NO] = 0.2%, pnzo ~ L1, ASn, = +20%
[C3Hg] = 0.2%, at T=295°C
[O2] = 5%
NO + C3Hg + O, | Pt/(Na)p” | T = 220-300 °C; PN2 ~ pPcoz ~ 1.4, [35, 36]
excess Al,04 [NO] = 0.2%, ASn> = +20% at 220 °C,
[C5Hg] = 0.2%, [0,] = 5%, On, = ~0.08
[0,] = 0.5-5%,
Ona = 0-0.08
(continued)
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Table 5.3 (continued)
Catalyst/
alkali Maximum p values and
Reaction conductor | Reaction conditions other highlights Refs.
NO + C3Hg + O, | PU/(K)p T = 180400 °C; K depresses the inhibitory | [37]
excess + H,O Al,O5 [NO] = 0.2%, effect of H,O in lean
[C3Hg] = 0.2%, deNO,
[O2] = 5%, K forms stable nitrates on
[H20] = 5% Pt, i.e., can operate as
NSR system
NO + C3Hg + O, | P/(K)p T = 250-370 °C; The electrochemically [38, 39]
excess Al,O3 [NO] =0.1%, assisted NSR process of
[C5Hg] = 0.1%, the Pt/(K)pAL,O5/Pt cell is
[0,] = 5% demonstrated
Max. deNO, to N, yield
obtained at 7= 300 °C
NO + C3Hg + O, | It/(K)p” T = 250-400 °C; Marginal promotion of K | [40]
excess Al,O5 [NO] = 0.2%, in the absence of O,
[C5Hel = 0.2%, Strong poisoning at oxi-
[O2] = 0-5%, dizing conditions
Ox =0-1.0
Nzo + C';H6 + 02 PU(K) / T = 180-580 OC; PN20 = 38~59pC3H6 =12at [41 5 42]
Al,O3 [N,O] = 0.1%, 450 °C, [N,O] = 0.1%,
[C>Hg] = 0.2%, [C,Hg] = 0.2%,
[0,] = 0.2-1.0%, [0,5] =0.2%, Ok ~ 0.4
Ox = 0-0.9
Fig. 5.5 NO + CO reaction 8 0.8
under alkaline (Na)-EPOC T'do, Pho=0.76 kPa ]
condit?ons: effect of catalyst ‘E- = - Fiu=0.75 kPa
potential on the CO,, N, ° 8 T=621K 0.6
and N,O formation rates and hE
the selectivity toward N, 'g "
over Pt catalyst. Conditions: _ 4} \ S, 10.4 @
[NO] = [CO] = 0.75%, z | e
T = 348 °C. Data was - ;\aﬁ
acquired in a ,? 2 * 0.2
Pt/(Na)p” Al,O3/Au - 3
galvanic cell. (Reprinted g
with permission from Ref. 0 wi 0.0

[26]. Copyright 2005,
Elsevier)

Ver « V

Alkaline-EPOC on NO reduction by hydrocarbons has received even more
research interest (Table 5.3). Starting with the NO reduction by alkenes, the first
works were demonstrated by Harkness and Lambert [30] and Yentekakis et al. [31]

(Fig. 5.7).

In the first publication [30], the NO reduction by ethylene (NO + C,H,) in a
Pt/(Na)p” Al,O3/Au galvanic cell was conducted, where it was shown that the rate of
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Fig. 5.6 Na Is XPS spectra
versus catalyst potential
(Vwr) for Rh film interfaced
with (Na)g”Al,O3 Na* ion
conductor, at 307 °C and
UHYV conditions. The inset
shows the integrated Na s
XPS intensity due to sodium
on the Rh surface (0y,) and
associated work function
change (A®) of the Rh film
as a function of Vyyg. Data
was acquired using a
Rh/(Na)g” Al,O3/Au
galvanic cell. (Reprinted
with permission from Ref.
[29]. Copyright 2001,
Elsevier)
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Fig. 5.7 Transient
galvanostatic and steady-
state potentiostatic data
obtained during an alkaline
(Na)-EPOC study of

NO + C,H, reaction over Pt
electrocatalyst.
Electrochemically promoted
CO, production rate as a
function of Na coverage.
(Reproduced with
permission from Ref.

[30]. Copyright 1995,
Elsevier)
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the reaction linearly increased with 6y, at low and intermediate y, values (typically
<0.3), achieving a plateau for higher values. Rate enhancement ratio values as high
as p = 15 were obtained. In the second publication [31], propylene was used as
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Fig. 5.8 Galvanostatic 20

transients showing response V=03 1=0 1=—100 pA 0.5
of mass 44 rate (N,O + CO,) i o

(solid line), N, rate (broken 15 | oy a.‘n —r—— u.‘u I 1',0 A

line), and catalyst potential
(dotted line), in response to
a step change in constant
applied current. Conditions:
(@) P'no = 1.3 kPa,

Poc3H5 =0.6 kPa,

T =1375°C;

(b) P’xo = 0.8 kPa,
Poc3H6 =04 kPa,

T =375 °C. (Reproduced
with permission from Ref.
[31]. Copyright 1997, ACS)
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reactant (NO + C3Hg) in a similar to the above galvanic cell, where very pronounced
NO reduction rate enhancements were also achieved via EPOC in the whole range of
reaction conditions applied (Fig. 5.8). The promotional effects were maximized at
Ona ~ 0.4, for which value the maximum rate enhancements were about p = 7 for
both CO, and N, rates that followed by N, selectivity increases as well, from 60% on
the unpromoted Pt to 80% on the optimal Na-promoted Pt. Higher Na coverages
caused a gradual decrease of the promoting phenomena. As shown in Fig. 5.8, rate
promotion although attenuated for high @y, values remains valid even for Oy, > 1.
This suggests that a substantial amount of Na is present as 3D crystallites with a
mixture of NaNO, and NaNOj phases, as demonstrated by XPS; at high Na
loadings, these surface promoter compounds gradually inhibit reaction due to active
site blocking. A Na-induced strengthening of the NO chemisorbed bond relative to
propene was indicated by the kinetic data. The accompanied weakening of the N-O
bond in the adsorbed NO molecules and the concomitant extended NO dissociation
were considered for the interpretation of the observed promotional effects.

In two subsequent reports by the group of Lambert in Cambridge University,
alkaline-EPOC was also used for the study of NO reduction by propylene over Rh,
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using a Rh/(Na)p” Al,O3/Au galvanic cell, in the absence [32] or in the presence of
O, [33]. They found that in the absence of O,, a low sodium coverage (fn, ~ 0.02)
can cause a very large increase in the N, selectivity from 45% on the unpromoted Rh
to 82% on the Na-promoted Rh together with rate enhancement ratio values of
p=2.4,1.7, and 0.4 for the N,, CO,, and N,O productions, respectively (Table 5.3).
In the presence of O, [33], it was shown that upon increasing O, concentration in the
reactant mixture, the promotional effects of Na were progressively attenuated and
finally reversed to poisoning for [O,] = 2%. Using XPS and Auger spectroscopies,
the authors also demonstrated that (i) a reversible transport of Na occurs between the
solid electrolyte and the metal film catalyst whose potential (external bias) deter-
mines the sodium coverage and (ii), under promoted conditions, the alkali surface
phase consists of nitrate, carbonate, or both depending on gas-phase composition but
still acts as a promoter, i.e., the chemical identity of the counterion appeared not to
play a significant role.

The only alkaline-EPOC work on NO reduction by hydrogen was reported by
Marina et al. [13], who studied the effect of Na on the Pt-catalyzed NO reduction by
H, using a Pt/(Na)p” Al,O3/Au galvanic cell reactor. Rate enhancement ratio values
as high as pno, = 30 were achieved for the formation of N,, accompanied by
significant increases in N, selectivity (ASn; = ~40% between unpromoted and
optimally Na-promoted catalyst) with an optimal Na coverage of @y, = 0.06 at
375 °C (Table 5.3). The promotional effects of Na were applicable in a wide range of
H,/NO gas-phase compositions (ca. 0.1-3.0) and temperatures (ca. 300-450 °C).

Following these first very encouraging results of alkaline-EPOC on the reduction
of NO by either CO or hydrocarbons and H,, the Vernoux and Valverde research
groups in France and Spain, respectively, focused on similar systems, contributing
substantially to further knowledge about the action of alkaline promoters and related
phenomena, as well as to explore the usefulness and extend the applications of the
titled promotion method (Table 5.3) [34-39]. Although there are no alkaline-EPOC
studies on simulated exhaust conditions of stoichiometric gasoline engines, some
studies of the above research groups have focused on simulated lean-burn or diesel
engine emissions, i.e., on reactions involving the reduction of NO, by hydrocarbons
in conditions of excess oxygen.

Specifically, Vernoux et al. [34] performed a sodium-EPOC study of NO,
reduction by propene at excess oxygen (typical of diesel exhaust conditions) via a
galvanic cell of the type of Pt/NaSiCon/Au that was based on a new type of Na* ion
conductor, namely, NaSiCon (Na3Zr,Si,PO,), rather than (Na)s”Al,O3 typically
used before. At a temperature of 300 °C and by using very low overpotentials
(=100 mV), the authors found a strong enhancement on both the catalytic activity
and the selectivity to No.

In the same line, the Spanish group performed several EPOC studies by using Na
and K promoters by means of (Na)f”Al,O3 and (K)p”Al,O5 alkali ion conductors,
respectively. Under lean-burn conditions, at low reaction temperatures (220 °C), rate
enhancement ratios up to p = 1.4 were obtained for the NO reduction rate over a Pt
electrocatalyst (Table 5.3) [35, 36]. As the temperature of the reaction increased, the
Na-induced promotion decreased or even turned into poisoning. This was due to an
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increase in oxygen coverage at the Pt surface with temperature, accompanied by
inhibition of C3Hg adsorption. However, in the whole temperature region studied,
Na ions caused a large increase in N, selectivity (up to 90%), minimizing the
formation of undesirable N,O. Regarding the effect of O, on the EPOC system,
Na promotion was progressively attenuated upon increasing oxygen concentration
(from 0 to 5%), as a result of the increased competitive adsorption of O, to the
expense of C3Hg. In all cases, the presence of sodium ions induced an increase in the
nitrogen selectivity by promoting the NO adsorption and subsequent dissociation.

The research team extended their studies of alkaline-EPOC in lean-burn condi-
tions investigating for the very first time the effect of the presence of H,O in the feed
stream, using now K* as the promoting ion (i.e., via a Pt/(K)BAl,Os/Au galvanic
cell) [37] in order to approach even better real working conditions of lean-burn
engines. The authors demonstrated that K promoter can decrease the well-known
inhibitory effect of water for the reduction of NO by propylene. They once again
verified that the K species form stable nitrate compounds on the Pt surface. This
observation prompted them to conduct new series of alkaline-EPOC studies, bearing
in mind the application of EPOC to NO, storage/reduction (NSR) technology
developed by Toyota in the early 1990s as a potential method of treating lean-burn
engine emissions. The ability of alkaline elements to readily store NO, (in the form
of nitrites/nitrates) under oxygen excess conditions and then release NO, when
switching to reducing conditions are key issues of NSR technology; during the latter
step, NO, is easily reduced by the HCs, CO, or H, components accompanying NO,
in automotive exhaust emissions, that is, under NSR operation, the alkaline elements
function in two ways: as promoters to enhance the NO oxidation to NO, and as
trappers storing NO, in the form of nitrites/nitrates in order to release it under
reducing environments. De Lucas-Consuegra et al. demonstrated, for the very first
time, the possibility to perform the NSR process via EPOC, using Pt catalysts
supported on (K)B”Al,O5 solid electrolytes (to supply the K promoter species)
[38, 39]. Performing experiments under lean-burn conditions and even under the
presence of steam, the authors found that K™ ions electrochemically transferred to the
Pt catalyst play a double role in the NSR process, as a promoter for the NO oxidation
toward NO, and as storage sites through the formation of KNO;. A maximum yield
of the Pt/(K)pAl,O3 NSR catalyst to effectively reduce NO, to N, was obtained at a
very suitable temperature of ~300 °C for both lean-burn gasoline and diesel engines
(Fig. 5.9).

Finally, Goula et al. [40] studied the NO + C3Hg + O, reaction at a reactants’
mixture of 2000 ppm NO and 2000 ppm C3;Hg and a variety of oxygen concentra-
tions (ca. 0-5%) under alkaline (K)-EPOC conditions using Ir as electrocatalyst
(Table 5.3). For all oxygen concentrations used, electrochemical supply of potas-
sium to the catalyst surface caused detrimental effects on Ir catalytic performance in
respect to the titled reaction. Only in the absence of oxygen a slight promoting effect
on selectivity toward N, but not on the rates was observed. Obviously, this behavior
of Ir under alkali promotion significantly differs from that of Pt at similar conditions
and is understood in the light of an easier achievable on Ir surface (compared to Pt)
extensive adsorption of O, in the expense of the hydrocarbon adsorption, leading to
O-poisoning.
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Fig. 5.9 Influence of the reaction temperature on the amount of NO, stored, on potassium
transferred, and on the NO, conversion to N, during NO, storage/reduction experiments. Lean
phase (NO/C3Hg/O,: 1000 ppm/1000 ppm/5% O,), 6 min of duration, V..; = —1.5 V. Rich phase
(NO/C3Hg/O,: 1000 ppm/1000 ppm/0.5% O,), 5 min of duration, V..; = 3 V. Data was acquired in
a Pt/(K)pAlL,O3/Au galvanic cell. (Reprinted with permission from Ref. [38]. Copyright 2011,
Elsevier)

The catalytic abatement of N,O from effluent gases is currently a topic of intense
research interest since the recognition of its dominant role in stratospheric ozone
depletion besides the fact that it is a very powerful greenhouse gas with a global
warming potential of about 310. Although it is not a primary molecule emitted from
combustion engines and processes, it is a byproduct of the NO, reduction reactions
taking place in catalytic converters. N,O is also emitted in high quantities by the
adipic and nitric acid industries and by stationary fuel combustion processes and
agricultural activities (fertilizer use).

De Lucas-Consuegra et al. [41, 42] were the first who studied the N,O reduction
by propene via alkaline (K")-EPOC over Pt, using a Pt/(K)4"” Al,Os/Au cell reactor.
Maximum rate enhancement ratios obtained were as high as p ~ 10 at
T = 400-450 °C and a reactant composition N,O/C;H¢/O, = 1000 ppm/
2000 ppm/2000 ppm (Table 5.3). High K coverages (ca. Ox = 0.7) were necessary
in order to achieve such large rate enhancements. K promotion was found to be
practically constant at such high p values in a range of ~2000-7000 ppm concen-
tration of oxygen in the reaction mixture. However, at larger O, concentrations
(>9000 ppm), the promoting phenomena were practically vanished. It was also
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demonstrated that potassium addition strongly decreased the inhibiting effect of
water vapor in the feed.

5.3 Successful Transfer of the Alkaline-EPOC Obtained
Insight to the Design of Conventional Catalyst
Formulations

Early in the discovery of the EPOC phenomenon, and before Vayenas clarified and
formulated the rules governing promotion in catalysis and highlighted the similar-
ities between electrochemical promotion (EPOC) and conventional promotion in
catalysis (CPC) [8—10], there was a belief and some indications that the two modes
of promotion were governed by the same physicochemical properties and rules
[7]. The favorable characteristic of alkaline promoters not to be sacrificed during
reactions (permanent promoters) allowed the conduct of EPOC and CPC studies in a
close comparative approach and therefore the experimental demonstration of the
very close relationship of the two phenomena. Such studies have also highlighted the
value of using EPOC as an effective research tool (probe) for exploring the effect of
a range of promoters and in a wide range of conditions on a catalytic system of
interest, determining their optimal loadings, before effectively applying them to the
design of optimally promoted conventional catalyst formulations.

This research concept was for the very first time successfully implemented by
Yentekakis and Lambert research groups in collaboration [43, 44]. In this work, the
authors studied in close comparison the Pt-catalyzed NO + C3;Hg reaction under
promotion by Na, which was imposed by both electrochemical promotion (EPOC,
using a Pt/(Na)p” Al,Os/Au electrochemical cell) and conventional promotion (CPC,
using Pt(Na)/y-Al,O; catalysts where Na was added by impregnation). As shown in
Fig. 5.10, very close similarities were found between the performance of the
electrochemically promoted and conventionally promoted systems; catalyst perfor-
mance was in both cases optimized at a Na coverage of Oy, ~ 0.04 [44]. Using Na s
XPS, the authors also confirmed that electro-pumped Na is indistinguishable from
Na put down by other ways (e.g., vacuum deposition).

It is worth noting that in order to obtain an efficient comparison between the two
methods of promotion, the knowledge of the alkali coverage in both cases is a key
issue. As we have seen, in EPOC studies, the alkali coverage (fay) is easily
estimated by performing a galvanostatic transient experiment and using Eq. 5.5. In
the case of CPC studies, Eq. 5.9 can be used to estimate alkali coverage (6 4y) from
its wt% value on the catalyst prepared via conventional routes (e.g., impregnation)
[2, 44]:

Oaix = (Wt% of alkali on the catalyst/100) - (Nay/Max - A - d) (5.9)
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Fig. 5.10 NO + C;3Hg reaction under alkaline (Na) promotion: comparison of electrochemically
promoted (EPOC, Pt/(Na)p” Al,O5/Au galvanic cell) and conventionally promoted (CPC, Na-dosed
Pt/y-Al,O5) Pt catalysts with respect to N, selectivity under the NO + C;Hg reaction. Reaction
conditions: 7' = 375 °C, [NO] = 1.3%, and [C3Hg] = 0.6%. Similar well-correlated dependences of
the variation of N selectivity on nominal sodium coverage (6., upper abscissa) were obtained by the
two methods of promotion (EPOC and CPC) applied. (Reprinted with permission from Ref.
[44]. Copyright 2000, Elsevier)

where Ny is the Avogadro number, My is the molecular weight of alkali used, A is
the total (BET) surface area of the catalyst (mzlg), and d is the surface density
(atoms/m?) of the active metal (d is equal to 1.53-10"°, 1.27-10"°, and 1.33-10"
atoms/m? for {111} crystallites of Pt, Pd, and Rh, respectively) [2]. A probably
better estimation of the nominal @), can be obtained if in Eq. 5.9 the surface density
of the alkali adatom is used instead of that of the active metal (i.e., 8.84-10",
3.314-10", 1.8-10'", 1.115-10", or 1.45-10"" atoms/m” for Li, Na, K, Cs, or Rb,
respectively; values were calculated on the basis of the alkali ionic radius) [2]. Bear-
ing in mind that some issues related to alkali distribution, such as preference between
active metal or support surface and formation of 2D and/or 3D aggregates, are not
clear yet, it is apparent that Eq. 5.9 provides a quite rough estimation of alkali
coverage, which, however, in the absence of more rigorous estimations or experi-
mental measurements, can be applicable as a first approximation upon comparing the
EPOC and CPC methods of promotion.

After all the above, particularly encouraging results obtained from the alkaline-
EPOC studies of catalytic reactions related to emission control, the research groups
that had contributed to in-depth understanding and exploring the usefulness of the
electrochemical promotion phenomenon turned their efforts to design real catalytic
systems in which the acquired EPOC insights were effectively integrated. Many
other groups worldwide have also contributed to the alkaline promotion of emission
control catalytic systems. Besides the studies on “model” reactions related to
emission control catalysis, these efforts have been extended to a variety of catalytic
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materials (supports and alkaline promoters), as well as different conditions to cover
all the main sources of emissions, using simulated emissions of stoichiometric
gasoline, lean-burn, and diesel engines as well as stationary and solid waste com-
bustion processes. The obtained results of applying alkali promotion on these more
realistic systems were spectacular. Many of these are gathered in three separated
tables, namely, Table 5.4 (for CO oxidation and hydrocarbon oxidation), Table 5.5
(for deNO, and deN,O reactions), and Table 5.6 (for simulated realistic exhaust
conditions), while some representative ones from each case are analyzed below in a
more detail.

5.3.1 Alkaline-CPC Studies on CO and Hydrocarbon
Oxidation Reactions

Regarding CO oxidation, the case of its preferential oxidation under H,-rich condi-
tions (PROX reaction) has received more intense interest in alkaline promotion
studies [45-56] (Table 5.4). This is due to the critical importance of PROX to
produce pure H, through the selective removal of CO from hydrocarbons reforming
gas (CO + Hy) [1]. To this end, Minemura et al. [48, 49] showed that the addition of
alkalis (Li, Na, K, Rb, and Cs) in a Pt/y-Al,O5 catalyst results in very significant
promotional effects on the selective oxidation of CO under H,-rich conditions.
Similar to EPOC results, this promotion followed a volcano-type behavior upon
increasing alkali loading, thus providing a specific optimal loading for each alkali:
10-15, 3, and 5 (Na or K)/Pt, Cs/Pt, and Rb/Pt content ratios, respectively. Turnover
rate enhancement ratio values up to p = 10 for the optimal K promotion at
T =100 °C [48] and even better (up to p = 20) at 80 °C [49] were achieved. Further
studies by the research group, focused on the optimal promoter (K) when applying
different supports (Al,O3, SiO,, ZrO,, Nb,Os, and TiO,), have shown that the most
remarkable promoting effects are obtained on y-Al,Os-supported Pt [50]. Corrobo-
rative characterization studies by means of a variety of techniques enabled the
authors to consistently interpret the promotion features [51, 52].

A K-induced weakening in the strength of CO adsorption on Pt and drastic
changes on the adsorption site of CO (bridge and threefold hollow CO species) on
the Pt(10wt%K)/y-Al,O5 catalyst, found by using FTIR spectroscopy, were consid-
ered responsible for the observed promotional effects attributed to the change in the
electronic state of K-modified platinum [51, 52]. OH co-adsorbed species (originat-
ing from H, and O, interaction under PROX conditions) that promote the CO
oxidation were found by in situ FTIR on the highly active K-modified Pt/y-Al,O;
catalyst [52]. The inhibiting effects on PROX reaction under over-promotion con-
ditions (beyond the optimal promoter loading) were attributed to aggregation of Pt
metal particles caused by the larger amount of alkali metal used [52].

More than one order of magnitude turnover rate enhancements of PROX reaction
accompanied by CO oxidation selectivity higher than 90% were obtained by Pedrero
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Fig. 5.11 The effect of temperature on C3Hg conversion over Na-dosed Pt(Na)/y-Al,O; catalysts
under C3Hg + O, excess reaction: 1000 ppm C3Hg + 5% O,; we, = 70 mg; total flow rate varying as
F,=210, 126, 62.5, and 52 cm®/min for C1, C2, C3, and C4 catalysts, respectively, in order to keep
the effective contact time of C3Hg constant at 7 = 4 s (7 is defined as surface Pt atoms/reactant
molecules/s). (Reprinted with permission from Ref. [57]. Copyright 2005, Elsevier)

et al. [53] by an optimal surface concentration of Cs of 1.6 atoms/nm? during an
alkali (Na, Rb, or Cs) promotion study over Pt/SiO, catalysts (Table 5.4). The
promotional effects of alkalis were interpreted in terms of both the electronic alkali—
metal interactions and the inhibition of spillover-mediated H, oxidation pathways
induced by alkalis.

Using an alkaline earth promoter (Mg), Cho et al. [55] obtained a notable increase
on both CO oxidation rate and selectivity under PROX conditions over Pt/Al,O;
(Table 5.4): at 170 °C, maximum values obtained for CO conversion and CO,
selectivity on Mg-promoted Pt/Al,O5 catalysts were 93.1 and 62%, respectively,
compared to 70.2 and 46.8% (at 200 °C) over the unpromoted Pt/Al,O5 catalysts.
The authors also investigated the response of their Mg-promoted catalytic system
under the presence of CO, and H,O in the feed, as well as in the absence of excess
H,. The superior performance of Mg-modified catalysts was attributed to an increase
in Pt electron density, as well as to an increase of hydroxyl groups on catalyst
surface.

Literature up to 2010 concerning CO PROX reaction over platinum-group metal
catalysts (PGMs) under alkali promotion imposed by conventional routes (CPC) has
been reviewed by Liu et al. [56].

Regarding hydrocarbon oxidation reactions under alkaline promotion, a CPC
study has been reported by Yentekakis and co-workers [57]. They studied the
oxidation of propene over Na-promoted Pt/y-Al,O3 catalysts in oxygen excess
conditions, typical of lean-burn combustion engines (1000 ppm propene + 5%
0,). Significant activity enhancements were obtained for Na loadings of
ca. 1.6-2.6 wt% or equivalently for nominal Na coverages of ca. Oy, ~ 0.11-0.23
(Eq. 5.9), whereas higher Na coverages were found to be poisonous (Fig. 5.11). Rate
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enhancement ratios as high as p ~ 10 can be calculated from their results (Table 5.4).
A Na-induced enhancement of the adsorption of oxygen on a Pt surface predomi-
nately covered by propene (even at excess oxygen gas-phase conditions) was
considered to be the origin of the promotional phenomena observed on the
Na-promoted Pt/y-Al,05.

5.3.2 Alkaline-CPC Studies on deNOy and deN,O Reactions

A number of studies on this topic can be found in the literature as summarized in
Table 5.5. Among them, Yentekakis and co-workers reported on the NO reduction
by CO over K-, Rb-, and Cs-promoted conventional Pt/y-Al,O5 catalysts [58].

The study was performed in a wide range of temperature (ca. 150-500 °C), partial
pressures of reactants, and promoter loadings. All alkalis were found to be very
active promoters of the reaction, Pb promotion being the best overall offering rate
enhancement ratios (p) as high as 110, 45, and 7 for the formation of N,, CO,, and
N,O, respectively (Fig. 5.12a), accompanied by substantial increases in N, selec-
tivity by up to ~60 additional percentage units, thus achieving very high values,
typically > ~ 85%, on the optimally promoted 0.5wt%Pt(9.7wt%Rb)/y-Al,O3 at
T > ~ 350 °C [58]. Light-off experiments under stoichiometric reaction conditions

Fig. 5.12 NO + CO 1000 O D OO0 s 150
reaction under alkaline (K, i Solid symbols:Rb-promo_tion (a)
Rb, CS)-CPC conditions. (a) - i Open symbols:K-promotion

N,, CO,, and N,O turnover 100 ¢
rate (TOF) enhancement t
ratios achieved by Rb and K

promotion of Pt/y-Al,O3
catalyst. Reaction
conditions: T = 352 °C,
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Solid lines and symbols
refer to Rb promotion, and Alkali (Rb or K) conten't,mmol/gcal
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Fig. 5.13 Conversion of
NO (a) and CO (b) and the
corresponding N, selectivity
(c), for Rb-promoted
Pt/y-Al,O5 catalysts as a
function of temperature at
constant reactor inlet
conditions:

[NO] = 1000 ppm,

[CO] = 1000 ppm, total gas
flow rate 80 cm’/min,
catalyst weight 8(+0.2) mg
(wif = 6x107% g s/em?).
Comparison with the
behavior of 0.5 wt%
Rh/y-Al,Oj catalyst.
(Reprinted with permission
from Ref. [58]. Copyright
2001, Elsevier)
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showed that the NO conversion performance of the alkali-free 0.5wt%Pt/y-Al,O5
catalyst is very poor in the temperature interval 100-500 °C (never exceeding 60%),
whereas the optimally promoted 0.5wt%Pt(9.7wt%Rb)/y-Al,03 one exhibited 100%
conversion of both NO and CO with 100% selectivity toward N, at ~350 °C
(Fig. 5.13). Moreover, an about 115 °C decrease on the NO T, temperature was
obtained for K and Cs promotion and an even larger (150 °C) for Rb promotion
(Fig. 5.12b).

The alkali-induced changes in the chemisorption bond strengths of CO, NO, and
the dissociation products of the latter were taken into account to rationalize the
promotional effects observed. The superior promotion of Rb compared to that of K
was attributed to its larger size and thus to the greater electric field experienced by
co-adsorbed species located at adjacent sites [58].

The NO + CO reaction under Na promotion was also studied by Yentekakis
research group on Pd active phase supported on 10 mol% Y,O;-stabilized ZrO,
(YSZ) using different loadings of alkali promoter [59]. On this active phase, both
promoting and poisoning effects, regarding the Na loading, were induced by Na; the
optimal promoter loading should be dependent from the CO/NO reactant
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composition. A promoter coverage of Oy, = 0.03, obtained with an ~0.02—0.03 wt%
Na addition on the catalysts (Eq. 5.9), was found to be optimal at 352 °C and
equimolar CO/NO composition ([CO] = [NO] = 1%) leading to rate enhancement
ratios for N, and CO, formation by up to p = 2 and an improvement in N, selectivity
of about 20% in comparison to the unpromoted Pd/YSZ catalyst (Table 5.5)
[59]. From a first comparative overview of the alkali promotion of CO+NO on Pt-
and Pd-based catalysts [58, 59], it is apparent that Pt is more susceptible to this kind
of promotion.

The effect of an alkaline earth (Ba) promotion on CO+NO reaction in the
presence of oxygen was studied by Tanikawa and Egawa [60] on Pd supported on
alumina and ceria—zirconia catalysts (Pd/y-Al,O3; and Pd/CZ). While they found
promotional effects of Ba on Pd/y-Al,Os, which were gradually increasing as a
function of Ba loading up to 15 wt%, only poisoning effects on Pd/CZ were recorded
(Table 5.5).

From the same point of view and reaction (NO+CO), Lepage et al. [61] studied
the effect of both alkali and alkaline earth promoters (Na*, Rb*, Cs™, Mg2+, Ca%*,
Sr**, and Ba®*) on Rh nanoparticles supported on a series of Y zeolites by means of
infrared spectroscopy of NO adsorption to monitor the electronic modifications of
Rh nanoparticles. The observed decrease in NO reduction ignition temperature (7;0)
with increasing ionic radius-to-charge ratio was related to the degree of electron
transfer from Rh particles to the adsorbed NO molecules. This was confirmed by the
red shift of the IR band of linearly adsorbed NO with increasing the radius/charge
ratio of promoter elements.

Alkaline-CPC studies for the reduction of NO by hydrocarbons (alkenes or
alkanes) have received more intense interest. Yentekakis’ group in a series of
publications on Pt- and Pd-based catalysts showed that the NO+propene reaction
can undergo extraordinarily effective promotion by alkaline promoters [62—66], with
that on Pt, however, to be more pronounced compared to Pd. Specifically, it was
demonstrated that Pt nanoparticles dispersed on y-Al,O5 (Pt/y-Al,O3) are subjected
to extraordinarily effective promotion by all Li, Na, K, Rb, and Cs alkalis [62, 63]
and alkaline earths (Ba) [64, 65] in both activity and N, selectivity during the NO
+propene reaction in the whole temperature interval of three-way catalytic con-
verters interest (ca. 200-550 °C). In the case of alkali promotion [62, 63], rate
increases by two orders of magnitude were achieved, while the selectivity toward N,
was improved from about 20% over the alkali-free unpromoted Pt/y-Al,O5 catalyst
to more than 95% over the optimally alkali-promoted ones. Best promotion was
offered by Rb, for which rate enhancement ratios as high as p = 420, 280, and
25 were obtained for N,, CO,, and N,O formation rates, respectively (Table 5.5).
Similar to corresponding EPOC studies [31], volcano-type behavior was found to be
followed upon increases of promoter loadings for all Li, Na, K, Rb, and Cs alkalis
(see, e.g., Na in Fig. 5.14) [62, 63]; the resulted optimal alkali loadings were,
respectively, 1.25 wt% Li, 4.18 wt% Na, 7.1 wt% K, 9.7 wt% Rb, and 15 wt% Cs.

In Fig. 5.15, a representative light-off diagram of the aforementioned very
spectacular alkali promotion of Pt/y-Al,Oj; is presented, bearing in mind the reactant
concentration and temperature conditions existed in TWCs. As can be seen, the
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marginal (~10%) NO conversion efficiency of unpromoted Pt/y-Al,O; can be
readily improved by alkalis (e.g., Na) to values up to 100% in the temperature
window of TWCs interest, offering at the same time selectivities toward N, as high
as 95% [62].

Similar in trend (volcano-type) and intensity (p = 165, 110, and 9, for N,, CO,,
and N,O formation rates; ASn, ~+50%), promotion was found on Ba-promoted Pt
(Ba)/y-Al,O5 catalysts for the same reaction (NO + C3Hg) at 450 °C and an optimal
Ba loading of 15.2 wt% Ba (Table 5.5) [64, 65].

Remarkable, but not so intense as above, promotion was achieved over Pd
catalysts promoted by Li, Na, K, and Cs, namely, Pd(alkali)/YSZ [59, 66]: rate
enhancement ratios (p) by up to one order of magnitude and N, selectivities up to
95% were achieved with an optimal promoter loading of 0.06 wt% Na (Table 5.5)
[66]. A strengthening of the chemisorption bond of NO relative to propene that
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causes weakening of the N-O bond of the adsorbed NO molecules facilitating their
dissociative chemisorption was considered as the origin of the promotional effects.
The effect of residual chloride derived from chlorine-containing precursors used for
catalyst preparation on Ba promotion performance was also examined in Ref. [59]. It
was demonstrated that although all the original chloride is retained in the catalyst, Ba
promotion remains effective and identical to that of chloride-free Ba-promoted
catalysts. The formation of stable 2D BaCl, phase on the surface of the catalyst
was detected. This implies that the promoting effect of Ba through these species
overwhelms the poisoning effect of chloride resulting in a large net promotion, a
finding of significant practical importance.

Further knowledge on this catalytic system, i.e., NO + C;Hg reaction under
alkaline-CPC, was acquired by the studies of Lambert’s team working on a different
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active phase, namely, Rh [67]; Rh is a critical noble metal in the current commercial
TWC formulations, as the main constituent associated with the effective reduction of
NO.,. They found notable alkali (Na)-induced rate enhancement ratios up to p ~ 3
accompanied with significant enhancements on the selectivity toward N, from 53%
on the unpromoted Rh/y-Al,O5 catalyst up to 90% on the optimally Na-promoted
catalyst with 7.3 wt% Na (optimal promoter loading). Higher Na loadings were
poisonous for the catalytic system leading its performance below to its initial Na-free
one. The authors also demonstrated that Na suppresses the formation of CO and
HCN. Comparing these findings with that obtained on Pt or Pd active phases, it is
apparent that the degree of promotional effect of alkalis on the NO reduction
chemistry of Rh is substantially lower than that on Pt and Pd; the latter were the
most spectacular achievements so far on alkaline-promoted emission control cata-
lytic systems.

In the case of NO reduction by alkanes, the findings of alkaline promotion were
completely different. In a study of NO reduction by methane on Na-dosed Pd/YSZ
catalysts, Yentekakis and co-workers [68, 69] found only a poisonous effect of Na
addition on both activity and selectivity for any Na loading (0-0.102 wt% Na) and
reaction conditions applied ([NO] = 0-1.5%, [CH4] = 0-25%, T = 350-500 °C).
Representative results are shown in Fig. 5.16. The low tendency of CH,4 to adsorb,
which becomes even worse on the Na-modified Pd surface (electrophobic adsor-
bate), and the much more pronounced adsorption of the competitive NO adsorbate
(further enhanced by Na addition, electrophilic adsorbate) were the arguments for
explaining the obtained behavior [68, 69].

It is worth noting the similarities on the effect of electropositive (alkaline)
promotion of Pt-group metals (PGMs) between the alkanes’ or alkenes’ oxidation
by dioxygen and by NO independently of the way (EPOC or CPC) this promotion is
applied. When the oxidation process involves alkenes, electropositive promoters
induce strong promotion, while when it involves alkanes, electropositive promoters
induce poisoning. This is consistent to different trend of alkenes’ and alkanes’
adsorption on the PGM surfaces (strong and weak, respectively [70]) and the
influence of the promotion on it regarding the EPOC theory [7-10], as well as the
fact that in both cases the oxidant species are mainly based on adsorbed atomic
oxygen derived by the dissociative chemisorption either of molecular oxygen or
NO [57].

Besides hydrocarbons, H, is also used in alkaline-CPC studies since it is one of
the gases present in combustion exhaust stream. Hydrogen could also be externally
supplied, by the use of a hydrocarbon reformer or another source of safe in situ
hydrogen generator, for the reduction of NO, from stationary power sources and
chemical plants. On the other hand, the NH;-selective catalytic reduction process
(NH;5-SCR), which is currently one of the most performing technologies for deNO,
processes in stationary power applications and chemical plants, experiences several
drawbacks related to the storage and slip of ammonia. The growing interest for the
H,-SCR of NO, is therefore understandable [71]. Most of these studies have used
Pt-group metals as catalysts.
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Burch and Coleman [72] studied the lean (O, excess) deNOx by H, over
Na,O-modified Pt/Al,O; and Pt/SiO, catalysts, at low temperatures (<200 °C)
representative of automotive “cold-start” conditions, and found that small Na load-
ings significantly increase the NO conversion rate, while larger loadings led to
severe poisoning. Regarding the selectivity of the system toward N,, it remained
unaffected at temperatures less than 140 °C, while an adverse effect was recorded at
higher temperatures (Table 5.5). In the same line, Machida et al. [73] investigated the
effect of alkalis (Na, K, Cs) and alkaline earths (Mg, Ca, Ba) on Pt/ZSMS5 catalysts
for the H,-SCR of NO, under O, excess (10% O5). The optimum promotional effects
were obtained with Na promoter at loadings of 10—-15 wt%, which exhibited NO,
conversion higher than 90% and N, selectivity of ~50%. Based on in situ DRIFTS
studies, the promotional effect of Na was attributed to an enhancement of the
adsorption of NO as NO,-type species, which then serve as intermediates toward
N, formation. However, when CO co-exists in exhaust streams (e.g., in automotive
emissions), Pt-based catalysts are not the best choice for H,-SCR of NO,, due to the
strong adsorption of CO on Pt surface which inhibits NO, reduction [74]. As
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demonstrated by Lambert’s research team, Pd is a preferred active phase for such
applications, which overcomes this poisoning effect of CO leading to good NO,
conversions at stream containing H, + CO [74-77]. Guided by these findings,
Yentekakis and co-workers [78] studied the lean NO, reduction by H, + CO over
K-modified Pd/Al,O; and Pd/Al,O3-TiO, catalysts. They found that potassium is a
very active promoter of these catalysts for H,-SCR process, while acting synergis-
tically with the support-mediated promotion (addition of TiO, in Al,0O3) leads to
significant enhancements of both NO, conversion activity and N, selectivity of Pd
on the doubly promoted Pd(K)/Al,O5-TiO,; a potassium loading of ~0.25 wt%
optimized the catalyst performance offering up to ~90% NO, conversion accompa-
nied by a N, selectivity >85% in the temperature range of 180-300 °C (Table 5.5).

The environmentally important N,O reduction/decomposition reaction has also
attended remarkable interest by several research groups in the light of alkaline-CPC
methodology (Table 5.5) [79-85]. Specifically, Haber et al. [79] studied the N,O
decomposition reaction over Rh supported on alkali (Li, Na, K, and Cs)-modified
Al,O3 supports. They found that the pre-deposition of alkali metals on Al,O;
support results in a notable increase of Rh dispersion, which then improves catalyst
efficiency on N,O decomposition. Optimum promotion was obtained at ~0.078 mol
% alkali loading.

Combined support-mediated (using CeO, and La,O; modifiers of the Al,O;
support) and surface-induced (using alkalis) promotion was applied by Yentekakis
research team [81] to improve the deN,O performance of Pt/y-Al,O;. The obtained
doubly promoted Pt(K)/Al,03-(20wt%Ce0O,-La,03) catalyst composite with 2 wt%
K loading offered 100% N,O conversion at a temperature of only 440 °C; the bare
Pt/y-Al,O5 did not exceed ~35% N,O conversion even at 600 °C (Fig. 5.17). In
respect to the impact of CO, O,, and H,O co-feed, the authors found the following
deN,O efficiency sequence in all promoted or non-promoted catalysts:
N>,O + CO >> N,O > N,O + O, > N,O + O, + CO (Fig. 5.17b). Water co-feed
was detrimental to deN,O performance but in a partially reversible manner after its
removal from the feed stream; the catalytic efficiency was totally restored by adding
H, into N,O + H,O feed. The research team extended their studies on a different
noble metal, performing K promotion of Ir/y-Al,O5 catalyst on N,O decomposition
under both deficient and O, excess conditions [82]. In the absence of O, and varying
K loading in the range of 0—1 wt%, the authors found poisoning effect of the alkali
on deN,O catalytic efficiency. On the contrary, a pronounced K-induced promotion
on deN,O efficiency was found in the case of oxygen excess conditions, indicating
that K prohibits the O-poisoning of the catalysts, which is the typical problem in
deN,O catalytic chemistry. The effect of alkali on the adsorption properties of Ir
involving strengthening of the Ir—O bond of adsorbed O species with concomitant
changes on the oxidation state of the metal was considered for the interpretation of
the promotional and/or poisoning effects observed.

The N,O reduction by hydrocarbons, alkanes (CH,4, C3Hg) and alkenes (C;Hp),
was extensively studied by Pekridis et al. under alkali (K)-CPC conditions on
Pd/y-Al,O5 catalysts [83, 84]. It was found that K strongly enhanced the N,O
reduction by propane or propene, resulting in notably lower N,O light-off
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temperatures (~100 °C) compared to the unpromoted catalyst [83]. However, a slight
inhibition upon K promotion was obtained when CH, was used as a reducing agent.
K-induced modifications on the electronic, acidic, and structural properties of
Pd/Al,O5 catalyst, which in turn affects the reactants’ chemisorption bonds and
consequently reactivity, were evidenced by XPS, in situ DRIFT spectroscopy of CO
adsorption, and FTIR-pyridine adsorption and undertaken to explain the way of
action of alkali promoters on deN,O performance. Specifically, addition of K on
Pd/AL,O; decreases the adsorption strength of electron donor adsorbates, such as
C3Hg and C;3Hg, enhancing the N,O adsorption through an electron transfer from
metal sites to N,O antibonding orbitals. Both factors act synergistically toward
increasing active sites for N,O adsorption/decomposition. However, in the case of
CH,, K enhances the adsorption strength of N»,O and its dissociation products (O,qs),
at the expense of weakly bonded CHy, leading to poisoning by strongly bonded
oxygen atoms. In Ref. [84], the authors conducted parallel studies of the same
catalytic system under potassium-EPOC conditions using a Pd/(K)p"”Al,Os/Au
galvanic cell. The obtained results matched the promotion characteristics of the
corresponding potassium-CPC study on Pd(K)/y-Al,O3 catalyst very well,
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experimentally evidencing once again the similarities of the two methods of promo-
tion and demonstrating that electrochemical promotion is an effective and rapid tool
for investigation of the role of a promoter on a catalytic system, allowing the transfer
of the obtained insight to the design of optimal conventional catalyst formulations.

Goncalves and Figueiredo [85] studied the effect of potassium on the simulta-
neous reduction of NO + N,O mixtures over Pt catalyst supported on activated
carbon (ROX 0.8). A synergistic effect between K and Pt was found to offer high
activity at relatively low temperatures. Specifically, at 350 °C, a very stable of about
100% conversion for both NO and N,O was achieved over a 5 wt% K/0.1 wt% Pt
catalyst, in opposite to the monometallic 0.5 wt% K or 0.1 wt% Pt counterparts; the
latter showed only 25% conversion for NO and 90% and 0% for N,O, respectively.

5.3.3 Alkaline-CPC Studies on Simulated Realistic Exhaust
Conditions

The studies analyzed so far concerned “model” reactions associated with emission
control catalysis. As we have seen, alkalis and alkaline earths were found to strongly
promote reactions related with the emission control catalytic systems; therefore,
testing the effectiveness of these new catalyst formulations at conditions that simu-
late real emissions was a reasonable consequence (Table 5.6).

The first work for this purpose was performed by Yentekakis and Lambert
research teams in collaboration who studied the Na-promoted Pt/y-Al,O3 catalyst
formulations under simulated exhaust conditions of the stoichiometric gasoline
engines operated at the stoichiometric point, using a feed mixture consisting (v/v)
1000 ppm NO + 1067 ppm C3Hg + 7000 ppm CO + 7800 ppm O, [86]. The
stoichiometric point (SP) corresponds to the value equal to 1 of the stoichiometric
number (S), calculated by Eq. 5.10:

§ = (2[0,] + [NOJ)/([COJ + 9[CsHs)) (5.10)

A series of Pt(Na:0—-10wt%)/y-Al,Oj; catalysts were tested under these conditions
in the temperature range of 200-500 °C typical of TWCs, and representative results
showing the effect of the promoter loading on the overall NO, CO, and C;Hg
simultaneous conversions and N, selectivity at the mean temperature of TWC
operation (400°C) are shown in Fig. 5.18 [86]. The results were very spectacular:
the conversions of all three pollutants (NO, CO, and C3Hg) reach 100% at sodium
contents larger than ca. 4.2 wt% (6n.~0.4), accompanied with N, selectivity values
>95% at this region of promoter loading (Fig. 5.18). A significant decrease in the
light-off temperatures of pollutants’ conversion of ~100 °C was also reported.

Lambert’s team continued this motif, studying the performance of Na-promoted
Pd/y-Al,05; and Rh/y-Al,O5 catalysts operating under simulated TWC conditions
over a range of stoichiometries from fuel-rich to fuel-lean conditions, 0.90 < S < 1.1
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(Table 5.6) [87, 88]. In the case of Pd/y-Al,O5 catalysts, they found once again very
spectacular promotional effects of Na [87], but not as high as those described above
for Na-promoted Pt/y-Al,O; catalysts [86]. The beneficial effects of sodium were at
work under both sides of the stoichiometric point (fuel-rich and fuel-lean condi-
tions). However, the response of the Na-promoted Rh(Na)/y-Al,O5 catalysts under
similar TWC conditions was very different compared with that of Pd(Na)/y-Al,O3:
detrimental effect causing severe activity poisoning and N, selectivity reduction
over the greater part of the temperature interval of 200400 °C were recorded
[83]. This was attributed to the enhanced oxygen adsorption on the Rh active sites
at the expense of the hydrocarbon, while in the case of Pd, the beneficial effects were
considered as a consequence of Na-promoted NO dissociation, together with inhi-
bition of self-poisoning due to excessive propene adsorption [88]. It is worth noting
that NO dissociative chemisorption takes place spontaneously on Rh but not on Pd.

Three-way performance around the stoichiometric point using Na,O-promoted
mono- and bimetallic catalysts, Pt/SiO, and PtMo/Si0O,, was studied by Tanaka et al.
[89]. They also reported beneficial effects of the addition of a small amount of Na,O
on their catalysts that resulted in a widening of the active window around the SP
(Table 5.6). Shinjoh et al. [90] have investigated the effect of an alkaline earth
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(Ba) modifier on the catalytic activity of Pt/y-Al,O3 and Rh/y-Al,O5 catalysts under
simulated automotive exhaust conditions at the stoichiometric point. The composi-
tion of the simulated exhaust gas used in their study was even more realistic: 1% CO,
0.3% H,, 0.1% C3Hg, 0.1% NO, 0.75% O,, 3% H,0, and 12% CO,. They found that
the TWC performance of Pt/y-Al,O; catalysts was improved by Ba, offering ~30 °C
lower light-off temperatures compared to those for the unpromoted catalysts
(Table 5.6). On the other hand, in a similar manner with the findings of Lambert
and co-workers for Na-dosed Rh/y-Al,O5 catalysts [88], the overall performance of
their Ba-dosed Rh/y-Al,O3 catalysts deteriorated with Ba addition. The authors
concluded that Ba addition on Rh results in strong adsorption of oxygen species,
suppressing hydrocarbon chemisorption and thus the reaction between them [90].

Kobayashi et al. [91] studied the effect of Ba, Sr, and La on a commercial 5 wt%
Pd-only TWC catalyst (N.E. ChemCat Corp.) and achieved improvements on its
three-way performance by the addition of all three elements.

Lee and Chen [92] investigated the impact of alkali (Na and K) addition on a
Pt/y-Al,O5 catalyst in the temperature interval of 150450 °C using a gas mixture
simulating two-stroke motorcycle emissions (with varying stoichiometric number,
S =1, 0.31, and 0.17). Operating at § = 1, significant improvements on CO and
C;Hg conversions were achieved by both alkalis, with K-induced promotion being
superior. Under O,-deficient conditions, alkali addition enhanced CO conversion but
not that of propene, which was reduced. The presence of water in the gas mixture
was found to have a positive impact on promoted catalyst performance, in particular
in the case of K promotion (Table 5.6).

Yentekakis and co-workers [93, 94] developed a monolithic-type catalytic con-
verter with a washcoat containing only one noble metal (Pt-only TWC) that was
optimally promoted by Na. Operating this novel TWC under simulated exhaust
conditions in a wide temperature range (150-500 °C), they found similar perfor-
mance to that of a commercial bimetallic (Pt/Rh)-TWC catalyst (Fig. 5.19a,
Table 5.6), even with the 4.5-fold lower noble metal loading in this novel TWC. It
is worth emphasizing that such a novel formulation and design of TWC are subjected
to much lower production cost (use of only one noble metal at much lower loading,
without the necessity of scarce Rh) and cost-effective recycling. Most recent tests of
the novel TWCs after aging at extremely high temperature conditions (>800 °C)
have shown a significant resistance to deactivation (Fig. 5.19b) [95, 96], indicating
that the promoter phase (Na) does not actually escape from the catalyst composite
even at such very high temperatures, due to its stabilization via the formation of new
p and p” sodium-alumina phases as verified by TEM and XRD studies
[95, 96]. These stable Na-containing phases, in direct interaction with the active
phase (Pt), then act as a spontaneous (thermal diffusion-driven) Na promoter source
during TWC operation causing permanent promotion [95, 96].

Alkaline-CPC studies performed under simulated exhaust conditions of lean-burn
and diesel engines have also been reported by Vernoux et al. [97] and Yentekakis
et al. [57]. Both research groups independently investigated the promotional effects
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of Na on Pt/y-Al,0; catalysts for the NO + propene + excess O, reaction and found
significant beneficial effects on both deNO, activity and N, selectivity at low and
intermediate Na loadings [57, 97]; at high Na loadings, the alkali caused perfor-
mance inhibition [57] (Table 5.6). The effects, promoting or poisoning (depending
on promoter loading), were interpreted in terms of the alkali-induced changes on the
relative adsorption strengths of reactants and intermediates on a highly populated
surface with electrophilic and electrophobic adsorbates. The beneficial role of Na
was possessed in a relatively narrow window of Na loading (ca. 0-2.6 wt% Na),
while over-promotion to the optimal value of ~2.6 wt% Na causes significant
inhibition of the catalyst performance (Fig. 5.20) [57].
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5.4 The Role and Way of Action of Alkaline Promoters
in Systems Associated with Emission Control Catalysis

The results presented in the previous sections demonstrated that alkalis and alkaline
earths supplied either electrochemically (alkaline-EPOC) or conventionally
(alkaline-CPC) on platinum-group metal surfaces can markedly improve their cata-
Iytic properties (activity and selectivity) for reactions of high significance in emis-
sion control systems, such as CO and hydrocarbon oxidation and NO, and N,O
reduction, as well as for more complex reaction systems that mirror practical
applications (e.g., stoichiometric gasoline, lean-burn and diesel engine exhaust
gases) (Tables 5.2, 5.3, 5.4, 5.5 and 5.6). Independently of the method used, i.e.,
electrochemical promotion of catalysis (EPOC) or conventional promotion of catal-
ysis (CPC), the resulted promotional effects were at least qualitatively similar, thus
demonstrating the common origin of the two promotion methods. This has been
experimentally demonstrated by conducting parallel comparative EPOC vs. CPC
studies (e.g., [43, 44, 84]) and latterly was thoroughly interpreted on a theoretical
basis by Vayenas and co-workers [8—10].

Nevertheless, the intensity of the promotion obtained via the alkaline-CPC
method is typically more spectacular, likely due to the better alkali-to-metal inter-
actions allowed in the well-dispersed catalyst nanoparticles associated with CPC
method, compared to the film-type catalysts of EPOC method. These issues boost the
practical importance of the subject and its promising features for direct
implementations on several challenging environmental protection systems.

Bearing in mind the similarities of EPOC and CPC concepts of promotion, these
will be hereafter considered as identical phenomena; the mechanistic model
described below interpreting the mode of action of alkaline promoters may be
considered valid for both promotion methods. In fact, in the vast majority of
publications reviewed here, the authors relied on it to consistently interpret specific
promotion phenomena appearing at the different reaction systems they explored. The
main body of the model is described below, and several direct spectroscopic
evidences supporting its consistency are presented.

As mentioned at the beginning of this chapter, using EPOC (via a galvanic cell as
it was described by the formula 5.3 and Fig. 5.1), one can electrochemically control
(via Faraday’s law) the migration of promoting species (e.g., Na*, Fig. 5.1¢) from the
solid electrolyte onto the catalyst/gas interface, where an effective and overall
neutral double layer [Na®*, 7] is formed through this ion’s back-spillover imposed
electrochemically (reaction 5.2) [7-11]. Note that 6 is the image charge in the metal
of the positively charged Na’* species on the metal surface; the charge & is about
0.8-0.5, decreasing with increasing Na coverage [7]. In a number of studies involv-
ing X-ray photoelectron spectroscopy (XPS), the groups of Lambert and Yentekakis
have doubtlessly shown that in EPOC studies that concern PGM films interfaced
with an alkali-conducting solid electrolyte, the promoting species are indeed alkaline
ions reversibly supplied by the external bias onto the catalyst surface [19, 28, 29, 31—
33, 43, 44]. The authors have also shown that under reaction conditions, the
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electrochemically supplied alkali ions form stable surface compounds (e.g., alkali
nitrites, nitrates, and carbonates) that can act as promoters even existing in such
formulations, which, in excess, induce geometric, active site blocking, phenomena,
and thus poisoning effects on PGM activity (the so-called over-promotion). Direct
evidences and similar conclusions about the origin of alkaline-EPOC have also been
provided by the Vayenas group through scanning tunneling microscopy (STM)
studies [98, 99].

In fact, an identical configuration of alkali species on the catalyst surface (there-
fore, similar accompanied promotional/poisoning effects [43, 44]) is expected when
these species are introduced by conventional (CPC) methods (e.g., impregnation,
vapor deposition, etc.) on conventional catalyst formulations (i.e., highly dispersed
catalysts).

Eventually, an electrically modified metal surface, actually an electron-enriched,
lower work function metal surface due to the 6~ charge located at the metal side
interface half-layer, is resulted independently of the promotion method employed.
This electrically modified surface interacts with the co-adsorbed reactants and
reaction intermediates and products, changing their binding energies (in respect to
those on an unpromoted metal surface), creating pronounced alterations in catalytic
performance. Therefore, the main feature of the alkaline-promoted (either via EPOC
or CPC) catalyst particles is their resulted electron-enriched, lower work function
surface.

The concomitant alterations on the adsorption characteristics of the co-adsorbed
reactants over an alkaline-modified metal surface are of course subjected to the
electronic properties of the reactants, i.e., electrophilic (electron acceptor) or
electrophobic (electron donor) [100]. Theoretical predictions [101] have shown
that alkali-promoted Pt-group metal (PGM) surfaces appear strengthening in the
bonds of the metal—electron acceptor (electrophilic) adsorbates, such as PGM-NO,
PGM-0,, PGM-N, PGM-0O, and PGM-CO, and weakening in the bonds of the
metal—electron donor (electrophobic) adsorbates, such as PGM—-hydrocarbons (and
their fragments) and occasionally PGM—-CO since CO can behave either as an
electrophilic or as an electrophobic adsorbate [100].

Alkali-induced changes on the chemisorption characteristics of several reactants
have also been directly evidenced by experiments. To this end, Vernoux et al. [97]
using temperature-programmed desorption (TPD) after adsorption of oxygen on
Na-dosed Pt/Al,O5 catalysts demonstrated that the adsorption strength of the atomic
oxygen (electron acceptor adsorbate) on the Pt component of the catalyst is enhanced
by Na addition; the oxygen desorption peak corresponding to Pt—O interaction was
shifted to higher temperatures with increasing Na loading of the catalyst, directly
evidencing a strengthening of the Pt—O bond. Koukiou et al. [102] using in situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) have shown
that increasing Na loading in a Pt(Na)/y-Al,O5 catalyst causes a pronounced and
progressive red shift of the N-O stretching frequency (Fig. 5.21) associated with
molecular NO adsorbed on the Pt component of the supported catalyst. As shown in
the figure, at the highest sodium loading (10 wt% Na, nominal sodium coverage
Ona = 0.5), a 1681 cm ™! species is observed that corresponds to an activated NO®~
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species with bond order 2, that is, a negatively charged adsorbate with increased
electron density in the ©* antibonding orbital. Therefore, according to the authors,
the red shifts shown in Fig. 5.21 are due to the resulting metal — adsorbate charge
transfer that acts to weaken the N-O bond, red-shifting its vibration frequency and
promoting its dissociation, rather than to alkali-induced changes in the relative
populations of various forms of adsorbed NO.

TPD experiments conducted by Harkness and Lambert [103] to investigate the
chemisorption characteristics of NO on Na-dosed Pt{111} surface demonstrated that
the presence of Na on the Pt{111} single crystal causes an increase in the adsorption
energy of NO (i.e., strengthening of the metal-NO bond) accompanied by a mono-
tonically increased NO dissociation (i.e., N, desorption) as a function of Na cover-
age. In the same line, TPD studies by Garfungel et al. [104], involving the interaction
of NO with K-dosed Pt{111}, yielded the same evidences: a K-induced increase in
the Pt—NO bond strength accompanied by K-promoted NO dissociation.

A number of early and recent studies concern the chemisorption of CO on alkali-
modified PGM surfaces. Bertolini et al. [105] studied the chemisorption of CO on
K-modified Pt(100) model surfaces by means of TPD and Auger electron spectros-
copy (AES). The observed progressive strengthening of the Pt—CO bond (i.e., shift
of the CO desorption peak to higher temperatures) as a function of K coverage at low
Ok values (ca. 0-0.4) was attributed to long range uniform electronic modifications
(i.e., work function changes), due to charge transfer; uniformly distributed, due to
electrostatic repulsing forces, K°* (5 ~ 1) adspecies appear on the K-dosed surface.
Such an electron-enriched (lower work function) Pt surface strengthens the adsorp-
tion of CO via substantial charge donation from the K-modified Pt surface into the
2x* orbitals of CO [105]. At high K coverages (ca. 0.45-1), short range interactions
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between the CO and K adspecies, that is, an even more direct bonding of CO with K
(formation of CO-K-Pt surface complexes), were considered. On the other hand,
Pitchon et al. studied the effect of Li, Na, K, and Cs on CO adsorption characteristics
over dispersed Pd/SiO, [106]. They demonstrated drastic changes in the infrared
spectrum of CO adsorbed on Pd sites; a significant weakening on the strength of the
C-0 bond of adsorbed CO molecules caused the appearance of a new ©CO band at
low infrared frequency — the extent of the interaction was dependent on the nature of
the alkali. These influences were assigned to a localized interaction ‘“Pd—CO-alkali”
rather than to long range electronic modifications. Liotta et al. [107] studied the
effect of Na on the adsorption of CO on Pd-based supported catalysts, using SiO,
and pumice supports, by means of FTIR spectroscopy. Depending on the support
used, the appearance of both electronic and geometric effects was evidenced,
attributed to the different localization of sodium ions in the catalysts. An electronic
density transfer to Pd due to the presence of alkali was invoked that produces a red
shift (toward lower frequencies) of the CO bands of the IR spectra of chemisorbed
CO, owing to an enhanced transfer of electron density from the metal to the *
molecular orbitals of CO (electrophilic behavior of adsorbed CO).

Using in situ DRIFTS, Yentekakis and co-workers recently demonstrated that
electron-enriched Pt surfaces resulted by combined application of alkali-induced
surface promotion and support-mediated promotion by ceria-based mixed oxides
[93-95]. Operating these doubly promoted Pt(Na)/Al,O5-(CeO,-La;03) catalysts
under TWC conditions, a substantial population of adsorbed species at 2060 cm ™'
was detected attributed to CO on reduced Pt° sites when Ce0,-La,03 was incorpo-
rated into the Al,O3 support. This feature was substantially exacerbated when Na
promoter was also incorporated in the catalyst formulation, while at the same time,
the formation of active Pt-NCO intermediates at about 2180 cm™' (resulted from an
enhanced NO decomposition) was facilitated by alkali promotion on the doubly
promoted Pt(Na)/Al,O5-(CeO,-La,05) catalyst (Fig. 5.22). On the unpromoted
Pt/A1,05 catalyst, CO species adsorbed on positively charged Pt sites (Pt°*—~CO)
were assigned (Fig. 5.22).

All the aforementioned studies in this chapter unambiguously lead to the main
conclusion that alkali adatoms on PGM surfaces provide electron-enriched metal
sites (lower work function surfaces), which favor the adsorption of electron donor
(electrophilic) co-adsorbates and inhibit the adsorption of electron acceptor
(electrophobic) co-adsorbates. Besides these electronic effects, geometric type influ-
ences can also emerge due to the formation of alkali—reactant—metal surface com-
plexes. However, the promotional effect of alkalis is practically not eliminated due to
the existence of such surface complexes, except at high alkali loadings where
extensive coverage of the surface by such large species creates active site blocking
(geometric constrains). This is one of the main causes, but not the only one, of the
common volcano-type behavior of the intensity of promotion versus alkali loading.
Such modifications on the reactants’ chemisorptive bonds are accompanied by
alterations in the activation energies of the catalytic reactions (showed in many
alkaline-EPOC and alkaline-CPC studies (e.g., [11, 26, 27, 64, 66])) and in some
cases on their mechanism (e.g., on the rate determination step [26, 27, 31, 62, 63, 94,
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102]), which resulted in dramatic changes on the catalytic system intrinsic activity
and/or selectivity. The individual characteristics of the promotion are subjected to
both the catalytic system under consideration (active metal, promoter nature and
loading, reactants) and the reaction conditions imposed. These issues were consid-
ered in the vast majority of alkaline-promoted emission control catalysis reaction
studies to explain the promotion phenomena observed.

Below, the Pt-catalyzed NO + C;Hg reaction has been selected as a representative
one to decipher the mode of action of alkalis in promoting catalytic systems
associated with emission control reactions. It is recalled that rate enhancement ratios
as high as p~400 (40,000% rate increases, Fig. 5.15) were achieved by alkaline
promotion on this system accompanied by large increases on its selectivity toward
N,, as well [62-65].

First, it is well established that NO + C3;Hg reaction over Pt obeys Langmuir—
Hinshelwood-type kinetics with characteristic rate maxima reflecting competitive
adsorption of the two NO and C;Hg reactants on Pt active sites (Fig. 5.23) [31]. On
the unpromoted Pt, these rate maxima occurred at very low C3Hg/NO ratios (<0.08),
that is, very high NO concentrations relative to C3Hg are necessary in order to
achieve a comparable coverage of both reactants on the Pt surface, thus maximizing
the rate [31, 64], reflecting a weaker adsorption of NO on Pt sites relative to C3Hg
[31, 64, 69, 70] mainly due to the presence of n-electrons in the alkene structure. As a
consequence, in a wide range of reactants’ partial pressure and temperature condi-
tions, the unpromoted (alkali-free) Pt surface is predominantly covered by propene
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and propene-derived fragments, as schematically shown in Fig. 5.24a, resulting in a
quite low unpromoted reaction rate, r,, (Figs. 5.23 and 5.24a).

Addition of Na, which is accompanied by the formation of the [Na‘”, o]
effective double layer, with the metal side 6~ charge to provide an electron-enriched
(lower work function) Pt surface that in effect favors the adsorption of electrophilic
co-adsorbates (NO and its fragments) and inhibits that of electrophobic
co-adsorbates (C3Hg and its fragments), as shown in the following reaction scheme:

NO(g) — NO,ys (enhanced by Na addition) (5.11)

NO,gs — Nugs + Oags (enhanced by Na addition) (5.12)

C;3Hg(g) — C3Hgugs (inhibited by Na addition) (5.13)

Nugs + Nags — Na(g) (enhanced by Na addition) (5.14)

Nags + NOygs — N,O(g) (inhibited by Na addition) (5.15)

Ouas + H/C species — CO,(g) + H,O(g) (enhanced by Na addition) (5.16)

The resulted effects are schematically depicted in Fig. 5.24b and are:

(i) Strengthening of the Pt—NO bond with a concomitant enhancement population
of NO molecules on the Na-modified Pt surface (5.11) — the relative surface
populations of NO and propene are optimized.

(i) Strong enhancement of the dissociative adsorption of NO (5.12) as a result of
the Pt—-NO bond strengthening and the concomitant weakening of the N-O
bond in the adsorbed NO molecules — the surface is enriched with very active
atomic oxygen species (Fig. 5.24b).
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Fig. 5.24 Schematic of the mechanism of action of Na as promoter on the Pt-catalyzed NO + C3;Hg
reaction. Expected distribution of reactants and/or intermediates over the unpromoted surface (a)
and the Na-promoted surface (b). (Reused from Ref. [2] open access under a CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/))

(iii) Weakening of the strength of the Pt—C3Hg bond — an equilibrated population of
more active (due to their weaker adsorption) hydrocarbonaceous species is
resulted (5.13, Fig. 5.24b).

All these factors operate together in increasing the reaction probability of NO and
propene, leading to extraordinarily high rate enhancement ratios p = ry/7,
(ca. 420 for N, production) as achieved experimentally through both the EPOC
method and the CPC method [31, 62—-65]. Notably, these gains in catalytic activity
did not reflect the maximum of the LH rate curve of the unpromoted Pt (Fig. 5.23),
that is, were not restricted by the optimal balance of the competitive reactants’
coverages, but extraordinarily larger due to the synergy of the aforementioned
factors.
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The resulted increase in N, selectivity can also be rationalized in similar terms.
According to the reaction network 5.10, 5.11, 5.12, 5.13, 5.14, 5.15 and 5.16, the
production rates of N, and N>,O depend on the extent of NO dissociation (5.12),
which is followed by the elementary reactions 5.14 and 5.15. The observed increase
in the N, selectivity upon Na addition is a consequence of increased NO dissocia-
tion, that is, less molecular NO and more atomic N on the surface. According to Lang
et al. [101], the electrostatic field produced by Na* can shift the 7+ orbital energy of
NO adsorbed in the vicinity of an alkali ion below the Pt Fermi level. Then, valence
electrons from the metal can populate the NO m+ orbital energy, resulting in
weakening of the N-O bond and a strengthening of the Pt—N bond. Both factors
favor reaction R.17 over reaction R.18, leading to higher N, selectivity.

Finally, a brief overview of alkaline promotion in the main reaction/catalyst
systems implicated in emission control catalysis is as follows:

(1) CO oxidation (by O5) (e.g., [11, 16]): Strong promotion observed only
under CO-rich conditions. It is understandable in terms of a pronounced
strengthening of O adsorption, compared to that of CO (both reactants
are electrophilic adsorbates) at conditions (CO-rich) where CO coverage
predominates, and formation of CO islands suppresses reaction proba-
bility. The alkali causes destruction of CO islands by increasing the
population of O species on the surface.

(ii) Alkene oxidation (by O,) and NO reduction (by alkenes) (e.g., [18-23,
57, 62-66, 97]): Alkenes are characterized by their strong propensity to
adsorb on platinum-group metals. As electrophobic adsorbates, their
adsorption is restricted on electron-enriched (lower work function) sur-
faces resulting from alkaline promotion, while at the same time, the
adsorption of the electrophilic adsorbates limiting on the surface reactant
O or NO is enhanced leading to a more ideal distribution and bond
strength of the reactants on the catalyst surface; both factors enhance
reaction probability. Note that, in the case of NO, its alkali-promoted
dissociation plays an additional important role.

(iii) Alkane oxidation (by O,) (e.g., [24, 25]): In opposite to alkenes, alkanes
(in particular CH,) have very low propensity for adsorption (activation)
on platinum-group metal surfaces [70]. Their adsorption becomes even
worse on alkali-modified electron-enriched surfaces, a factor that causes
inhibition (O-poisoning) of the reaction [24, 25].

(iv) NO reduction (by alkenes) (e.g., [57, 59, 62—67, 97]): Similar to case (ii),
and further considering that the alkaline-promoted dissociation of
adsorbed NO molecules plays an additional important role in the ulti-
mately unprecedented enhancement in rate and N, selectivity found in
this reaction system. After that, the adsorbed O species derived from the

(continued)
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)

(vi)

(vii)

®

(i)

NO dissociation behaves identically to those derived from the adsorption
of 02.

NO reduction (by alkanes) [68, 69, 97]: Similar considerations to case
(iii). The enhanced adsorption/dissociation of NO molecules at the
expense of the already weak adsorption of alkanes causes O-poisoning
of the system (O species come from NO dissociation).

NO reduction (by CO) (e.g., [26-29, 58—61]): Significant alkaline pro-
motion was achieved in this reaction system, as in case (iv). The com-
paratively stronger enhancement of NO adsorption (—dissociation) than
that of the competitive reactant CO was considered to be the main factor
that causes promotion.

N,O decomposition and reduction (e.g., [41, 42, 79-85]): Promotional
effects found were attributed to an alkaline-induced enhancement in N,O
adsorption and concomitant dissociation. However, the effects (promot-
ing or poisoning and their intensity) were found to be very sensitive to
other molecules, e.g., O,, H,O, CO, or H/Cs, co-existing in the reaction
mixture.

In addition, the active metal and promoter nature and the loading of
the latter are key factors on the degree of promotion achieved; the
following issues are highlighted:

The nature of the metal on the promotional characteristics: Focusing on
the reactions that were found to be more susceptible in alkali promotion,
i.e., NO reduction by alkenes, the following increasing order of the
intensity of promotion can be observed regarding the active metal
used, Ir ~ Rh < Pd < Pt, that is, marginal alkali-induced promotion
over Rh or Ir [32, 33, 40, 67], large on Pd [59, 66], and unprecedented
on Pt (e.g., [31, 62-65, 97]). This is related to the different adsorption
propensity of NO on these metals: NO has high adsorption propensity on
Ir and Rh, which is extendedly dissociative; on Pd, it is less and partially
dissociative, while on Pt, it is even less and non-dissociative. Therefore,
enhancing NO adsorption by alkali promotion on Ir and Rh surfaces has
no further practical value (NO adsorption/dissociation is close to ideal on
the unpromoted Ir and Rh catalysts), while on Pt, the non-dissociative
and quite limited NO adsorption can become much stronger and fully
dissociative, enabling Pt to behave like Rh or Ir (e.g., [57, 62, 63, 86]).
Optimal alkali promoter loading in relation to the active metal used:
Comparing the amount of alkali required to optimize the promotion for a
certain reaction on the various Pt-group metals, the following general
trend merges: only a small alkali loading is required in the case of Rh and
Ir (ca. Oakaii~1-3%), higher for Pd (0xai~5—10%), and much higher
for Pt (O aai~15-40%) (e.g., [18, 26, 27, 30, 31, 62, 63]). This is readily
understood using similar considerations as above: Rh and Ir electron

(continued)
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availability (work function) is by its own close to the optimal value for
the reactions under consideration, and only a small amount of alkali is
necessary to reach the optimal work function value. The opposite is true
for Pd and in particular for Pt; these two metals show a higher work
function (5.55 and 5.67 eV, respectively) than Rh and Ir (4.98 and 5.27,
respectively).

(iii) Optimal alkali promoter loading in relation to alkali nature: For a
certain catalytic systems and operating conditions, the amount of alkali
that is needed to optimize promotion depends on the chemical identity of
the alkali: heavier alkalis appear to be more effective than the lighter
ones (e.g., [63]). This is fully consistent to the EPOC theory, i.e., the
effective double layer approach considered, and to the theoretical pre-
dictions of Lang et al. [101], who have shown that the larger the alkali
cation, the greater the effect its electric field has on an electron acceptor
adsorbate (e.g., NO).

(iv) Alkaline promotion of complex reaction systems: In such cases, e.g.,
simulated automotive exhaust gas mixtures, the decipherment of promo-
tional phenomena is usually more complex and should consider all
possible influences, synergistic or competitive, caused by the modified
work function of the metal on all electrophilic and/or electrophobic
reactant species and intermediates on such a densely populated surface
with all these competing adsorbed species (e.g., [57, 78, 86, 97]).

(v) The stability of alkali promotion: It is of particular practical significance
the fact that alkalis and alkaline earths are typically permanent promoters
due to the fact that they do not participate in the reaction networks.
Therefore, since the optimal alkali load is incorporated on the catalyst,
regardless of the method employed (EPOC or CPC), its amount remains
practically constant for a very long time offering promotion. This
explains the high values of Faradaic efficiency (ca. A ~ 10°~10%) typi-
cally achieved in alkaline-EPOC studies (e.g., [11, 14, 18, 26, 27]).

(vi) The volcano-type feature of alkaline promotion: As we have seen, a
common feature of the resulted alkaline promotion in the vast majority of
the catalytic systems studied is the volcano-type behavior of its intensity
versus promoter loading, that is, outgoing of the optimal amount of the
promoter (the so-called over-promotion), the reaction is gradually
inhibited following negative PI values (e.g., [11, 26, 27, 31, 57, 62,
63]). This phenomenon was attributed to two main factors: (i) over-
strengthening of the adsorption bond of the electrophilic adsorbate
(electronic effect) and (ii) formation of extended 2D and 3D surface
complexes of the alkali promoter with the reactant species and/or reac-
tion intermediates (e.g., alkali nitrites/nitrates, carbonates, oxides, and
superoxides, depending on the reaction atmosphere) that can block

(continued)
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active sites (geometric effect). These two factors can operate together,
suppressing reaction rates in the case of over-promoted catalysts. Note-
worthy, formation of such 2D or 3D surface alkali complex species can
be valid even at low promoter loadings (promoting region), without
actually cancelling the promoting role of the alkali (e.g., [20-24, 28—
33]). On the opposite, and for the benefit of maintaining the promotion at
elevated temperatures of catalytic interest, such surface alkali complexes
are thermally stable species, thus overcoming the inherent disadvantage
of alkali metals, which is their high volatility when alone.

5.5 Conclusions and Perspectives

In this chapter, the applicability and effectiveness of the use of the advanced
alkaline-EPOC in dealing with performance problems (in activity, selectivity, sta-
bility, and recycling) of catalytic systems focusing on emission control of automo-
tive and stationary combustion processes have been reviewed, classified, and
analyzed.

As an in situ, reversible, and well-controlled method of promotion, EPOC offered
various ways for an in-depth understanding of the phenomena and key factors
governing alkaline promotion of emission control reactions. Moreover, due to the
advantageous characteristic of the alkalis to serve as permanent promoters (not
participating on side sacrificial reactions), the alkaline-EPOC was successfully
used as an effective research tool (probe) for exploring the effect of an alkali in a
wide range of conditions on the catalytic system under consideration, thus allowing
the transfer of the obtained insight to the design of optimally promoted conventional
catalyst formulation (i.e., realistic alkaline-CPC systems). Although the resulting
promotion by the two systems (alkaline-EPOC and alkaline-CPC) was qualitatively
similar, in reality, the results achieved by alkaline-CPC systems were always more
spectacular than that of corresponding alkaline-EPOC, apparently due to the more
favorable and efficient alkali-to-metal interactions in case of nano-dispersed metal
particles that appear in supported-type conventional catalysts.

Most contributions to the topic, in both the above directions (alkaline-EPOC and
alkaline-CPC), came from the research teams of Vayenas in Patras, Greece;
Yentekakis in Chania, Greece; Lambert in Cambridge, United Kingdom; Vernoux
in Lyon, France; and Valverde and de Lucas-Consuegra in Castilla-La Mancha,
Spain, who worked independently or in collaboration, as well as from some other
groups around the world.

Specifically, they have demonstrated that the vast majority of the catalytic
reaction systems associated with the abatement of the main pollutants of combustion
processes, i.e., CO and hydrocarbon oxidation and NO, and N,O reduction, are
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subjected to remarkable activity and selectivity improvements by alkaline-EPOC
and corresponding alkaline-CPC. The only exception is the oxidation of light
alkanes by dioxygen or NO, for which alkalis serve as reaction inhibitors.

It is not unrealistic to say that the above efforts have already resulted in the design
of novel, optimally promoted (with alkalis) three-way catalytic converters for the
control of stoichiometric gasoline engine emissions that overcome all the basic
problems of the commercial bi- and tri-metallic TWCs emerged during their long-
term use. These new alkali-promoted TWCs are cost-effective and easily recyclable
due to their low noble metal loading and simple monometallic (e.g., Pt-only, no Rh
use) composition, highly stable even in extremely high temperature conditions,
extremely effective for simultaneous removal of the three main automotive exhaust
pollutants, and highly selective (~100%) toward N, instead of N,O.

In lean (oxygen excess) deNO, catalytic systems, aimed at controlling emissions
from lean-burn and diesel engines and stationary combustion processes, alkaline
promotion is also effective in improving both activity and selectivity, but we are
rather far from the point to claim that a fully suitable to use alkali-promoted catalytic
system has been designed. In this case, a synergy of engineering and alkaline
promotion strategies could provide acceptable solutions. To this end, for example,
the coupling of alkaline-EPOC and NO, storage/reduction (NSR) technology, as
proposed by the Spanish team, seems to be a promising approach as it will be
discussed in Chap. 9.

We can also conclude that (i) a high level of knowledge has already been gained
on the mechanism of action of alkaline promoters in emission control catalysis
systems, (ii) optimally designed systems in this light can be implemented immedi-
ately, (iii) the subject has still many rough open fields for research, and (iv) similar
considerations and transfer of the knowledge gained in the field could be directly
useful for the design of materials and systems related to energy processes (e.g., CO,
hydrogenation toward renewable fuels, dry reforming of natural gas and biogas
toward syngas production, etc.).
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Chapter 6 )
Electrochemical Promotion of Catalysis S
for CO, Valorization

Christos Chatzilias, Eftychia Martino, Dimitrios Zagoraios,
Georgios Kyriakou, and Alexandros Katsaounis

Abstract Carbon dioxide management is of foremost importance in terms of
climate change mitigation, environmental sustainability, and the production of
renewable energy. CO, is an important source of carbon which can be converted
into useful chemicals and fuels by catalytic processes. In this respect, the catalytic
hydrogenation of CO,, leading to products such as methane, carbon monoxide, or
even hydrocarbons and alcohols with more than one carbon atom, is gaining
continuous research importance. Such processes are possible with a variety of
metal-based catalysts operated under different conditions and catalytic chemical
reactor systems. The phenomenon of electrochemical promotion of catalysis
(EPOC) is an important tool in the field of catalysis and electrochemistry, through
which one can modify and control the catalytic properties of a conductive catalytic
film interfaced on an ionic solid electrolyte. This chapter provides an overview of
recent EPOC studies of the CO, hydrogenation reaction on simple conductive metal
films, metal nanoparticles, and supported catalysts (powders) deposited on different
solid electrolytes. Furthermore, the use of monolithic scaled-up electropromoted
reactors for the CO, hydrogenation reaction is presented, as a step towards the
development and commercialization of the electrochemical promotion of catalysis.
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6.1 Introduction

6.1.1 CO, Management

The greenhouse effect has become one of the greatest burning issues with environ-
mental, economic, and social impact for the current century. Carbon dioxide (CO,)
levels in the earth’s atmosphere have increased dramatically, with the global average
being 30% higher than it used to be in the period of the industrial revolution.
Specifically, the preindustrial CO, concentration levels were approximately
280 ppm, whereas today that the society has become urban, modern, and industrial
the concentration reaches almost 410 ppm [1]. This rise inevitably led to unprece-
dented planet atmospheric temperature increase, intensifying the greenhouse effect
more than ever [2].

Many international policies and legislations, such as the Kyoto Protocol, EU
Emissions Trading Scheme, Climate Change Act 2008, and the Carbon Plan [3-6],
have been adopted in the interest of carbon footprint reduction. During the latest
United Nations Climate Change Conference (COP26), the importance of the Paris
Agreement was highlighted with very urgent updates. Countries are confronted with
ambitious 2030 emission reduction targets that align with reaching a net zero by the
middle of the century. To deliver on these stretching targets, countries will need to
accelerate the phase-out of coal, curtail deforestation, speed up the switch to electric
vehicles, and encourage investment in renewables [7].

Under this framework, the CO, Capture and Storage (CCS) is one of the most
promising technologies for controlling and reducing CO, emissions. Applications
that separate CO, from large fossil fuel units, including natural gas production and
ammonia synthesis industries, are already in operation [8, 9]. The high cost involved
in capturing, transporting, and storing CO, remains an important barrier that has to
be overcome so that CCS becomes the dominant method of CO, handling [10-
12]. Moreover, the uncertainty of long-term storage capacity of CO, together with
the dangers associated with leaks during transportation and at the site of under-
ground storage has initiated a major interest in developing alternative CO, manage-
ment methods [13, 14].

In addition to CCS, other alternative processes, like the CO, hydrogenation
reaction leading to useful fuels and chemicals, are also vital in managing CO,
[15-20]. CO, hydrogenation offers two main advantages: it can stop the galloping
CO; increase in the atmosphere and at the same time produce fuels such as methane,
methanol, ethanol, or even carbon monoxide which can be further hydrogenated to
offer higher hydrocarbons.

In the current chapter, the thermodynamic properties, the reaction mechanisms,
and the most common catalytic systems used for the CO, hydrogenation reaction
towards two common products, CO and CH,, are described in detail. Furthermore,
the phenomenon of electrochemical promotion of catalysis (EPOC) is introduced,
together with its theoretical background, governing rules, and types of EPOC
reactors.
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6.1.2 CO, Hydrogenation

Carbon dioxide has the potential of becoming an important, economic, safe, and
renewable source of carbon for the synthesis of a variety chemicals and fuels
[21, 22]. Utilization of CO, as raw material not only contributes to the global climate
change regulation but also offers a significant challenge in exploring new ideas and
opportunities for catalytic and industrial development [23-25]. However, at present,
CO, is not widely used as a carbon source in industrial applications. Its use is limited
to processes concerning urea production and its derivatives such as salicylic acid and
carbonates [26]. This is mainly attributed to high CO, thermodynamic stability,
which practically means high amounts of energy for the electroreduction processes
used for CO, conversion to useful chemicals [1, 27].

Hydrogen is a high energy content fuel, which can be used to overcome this
barrier, as a reactant for the CO, conversion. From a mechanistic point of view, there
are two competitive routes that occur in the CO, hydrogenation reaction, the direct
route, which is the modified Fischer-Tropsch mechanism, as well as the indirect
route via the methanol-mediated mechanism [28, 29].

6.1.2.1 Thermodynamic Considerations

The heterogeneous Fischer-Tropsch CO, hydrogenation (Eq. 6.1) reaction integrates
the reduction of CO, to CO through the reverse water-gas shift reaction (Eq. 6.2) and
to hydrocarbons by the hydrogenation of CO via the Fischer-Tropsch Synthesis
(Eq. 6.3). The structure and the composition of the catalyst, the source of hydrogen,
as well as the reaction conditions are some of the parameters that play a crucial role
in the physical and chemical deactivation [30, 31] of the catalytic system used and
consequently to the CO, conversion and product distribution. The product variety
includes methane, syngas, methanol, ethanol, formic acid, light olefins, liquid fuels,
and higher alcohols [31-33] (Fig. 6.1).

nCO, + (3n+ 1)H, <> CyHan s + 20H,0 (6.1)
CO» + Hy = CO+H,O  AH? 00 = 41.5kJ/mol (6.2)
nCO + (211 + I)Hz — CnH2n+2 + IleO (63)

The high global energy demands have turned the interest to renewable energy
sources, resulting in many cases of an excess of energy, either due to the high
distance between the production site and the distribution grid or to the reduced
energy demands at the time of the production. This excess of energy can be wisely
used in hydrogen production through the electrolysis process, which can be consid-
ered as a renewable storage route and can also be used for the elevated temperatures
necessary for the CO, hydrogenation process. The utilization of renewable energy
either for H, production [34] or for the energy demands of the CO, hydrogenation,
as well as the possible product distribution of this reaction, is shown in Fig. 6.1 [35].
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Fig. 6.1 Schematic representation of the CO, conversion possible routes integrating renewable
energy sources. (Reprinted with permission from [35])

In the first step, prior to any hydrocarbon formation, the RWGS reaction converts
CO, to CO, by dissociation, leading to adsorbed *CO precursor molecules on the
catalyst surface. The RWGS, which is a mildly endothermic reaction, requires high
temperatures (higher than 500 °C) to achieve high CO, conversions. The RWGS can
be considered as a process itself or as an intermediate reaction in other CO,
conversion processes. A strong example is the CO, methanation, which can occur
through a consecutive pathway, with the RWGS reaction as the first step. Therefore,
substituting n = 1 in Egs. 6.1 and 6.3, the CO, and CO methanation reactions appear
(Egs. 6.4 and 6.5, respectively), which were first discovered by Paul Sabatier and
Jean-Baptiste Senderens [36]. These two reactions have been studied under various
conditions using plenty of catalysts over 100 years [1]. The methanation reaction is
favored at low temperatures, due to its exothermic character.

CO, methanation reaction

CO, + 4H, — CHy +2H0  AHC4¢ = —165 kJ/mol (6.4)

CO methanation reaction

CO +3H, — CHy + HyO  AH g0, = —206 kJ /mol (6.5)

The methanation reaction is mainly affecting the process selectivity under
atmospheric pressure, even though other oxygenated compounds are likely to be
produced like dimethyl ether, alcohols, and larger alkanes [37].
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Fig. 6.2 Effect of temperature on the thermodynamic equilibrium of the RWGS reaction at 1 bar
for different CO,/H, compositions. Modelled in Aspen Plus using an RGibbs reactor and the Peng—
Robinson property method. (Reprinted with permission from [37])

The thermodynamic equilibrium compositions from the CO, hydrogenation to
methane and CO through the RWGS reaction and the methanation reaction under
different H,/CO, compositions are shown in Fig. 6.2. Temperature variation leads to
different product distribution under a given feed stream. The main product in the
temperature range of 100-700 °C appears to be the methane either by the Sabatier
reaction or via the CO hydrogenation reaction, whereas at a higher temperatures
(higher than 600 °C), CO is the dominant product. This suggests that the proper
catalysts should be used to achieve the desired composition under as low tempera-
ture as possible to avoid undesired phenomena such as sintering. Therefore, based on
the thermodynamics of the system under atmospheric pressure conditions, the
conversion of CO, through the RWGS reaction route is enhanced with temperature
increase, where the equilibrium conversion to CO increases. In contrast, the equi-
librium constant and consequently the equilibrium conversion for the methanation
reaction decreases with increasing temperature. However, the reduction of the fully
oxidized CO, to methane is a process involving eight electrons, which means slow
kinetics leading to low CO, conversion. Therefore, the utilization of proper catalysts
leading to high CO, conversion rates to methane as well as to increased methane
selectivity is necessary.

It is worth mentioning the significance of the H,/CO, ratio on the equilibrium
conversion of CO,. High H,/CO, ratios result in higher CO, conversions, pointing
out that H, is acting as a limiting reactant during CO, hydrogenation. Furthermore,
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Fig. 6.3 Effect of pressure on (a) CO, conversion, (b) CH, yield, (¢) CH, selectivity, and (d) CO
selectivity. (Reprinted with permission from [1])

the CO selectivity during CO, methanation is an important factor. The higher the
H,/CO, ratio, the lower the CO formation (Fig. 6.2). It must be pointed out that
carbon formation is not expected at high H,/CO, (>4). Operating at high H,/CO,
ratios is preferable because the carbon formation is suppressed with the drawback of
remaining hydrogen unused. The carbon formation can be prevented by shifting the
reaction to the left by using steam (H,O is a byproduct of the reaction) [35].

As expected, for the CO, methanation reaction, thermodynamics predict that the
optimum temperature operation range is at low levels (<300 °C) for atmospheric
pressure. The expected conversion reaches 90% with a high selectivity to methane.
Nevertheless, this window widens while the pressure rises as shown in Fig. 6.3
[2]. Pressure is a significant factor for increasing the methane yield and selectivity.
Great enhancement of CO, conversion is achieved under very high pressures
(100 bar) compared to that observed under atmospheric pressures. It is worth
mentioning that at low temperatures the rise in pressure has a little effect on the
methane production, as well as in the RWGS reaction and consequently to the CO,
conversion. However, in a higher temperature range, this increase is enormous. The
opposite behavior is observed for the RWGS reaction selectivity by increasing the
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temperature where the selectivity is dramatically dropping with high reactor
pressures.

The optimal reactor system operation conditions should include considerations
concerning the equipment safety which is preserved under low pressures as well as
the constant temperature maintenance, which can be easily disturbed due to the
exothermic nature of the methanation reaction.

6.1.2.2 CO, Hydrogenation Reaction Mechanisms

Although the Sabatier reaction is thermodynamically favored at low temperatures,
the reaction kinetics are very slow resulting in very low CO, conversions. Therefore,
in order to maximize the efficiency of the system and to increase the overall reactant
conversion, the intense study of the kinetics of the hydrogenation of CO, under the
utilization of a catalyst is required. CO, hydrogenation has been studied in a variety
of catalytic systems. Figure 6.4 shows the predominant mechanisms of the reaction
with CO, CH30H, and CH, as products.

The preferred pathway for the CO, hydrogenation is primarily controlled by the
binding capability of the catalyst with the key reaction intermediates [39].
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Fig. 6.4 Possible reaction pathways of CO, hydrogenation to CO, CH3;0H, and CHy. * indicates
adsorbed species. (Reprinted with permission from [38])
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The Case of the Reverse Water-Gas Shift (RWGS) Reaction

Two different mechanisms (Fig. 6.5) have been proposed for the RWGS reaction:
(i) the direct reduction of CO, into CO and O (redox mechanism) and (ii) the
formation of formic species (HCOO) and/or carboxylic (COOH) intermediates
(associative mechanism) [40].

The redox mechanism includes the CO, dissociation on the catalytic surface into
CO and O, with the reduction of the superficial O by H, to produce H,O, and
eventually leading to the desorption of CO and H,O. It is clear that this reaction path
does not require the interaction of CO, with H, (hydrogen only “cleans” the catalytic
surface from the adsorbed oxygen).

On the other hand, in the associative mechanism, H, is first transferred to CO,,
resulting in the formation of intermediate species, which are then decomposed into
CO. Alternatively, CO,-activated species on the surface react with H-dissociated
species leading to intermediates that decompose to the reaction products
[37, 41]. The main associative reaction pathways proposed are formyl, formate,
carboxyl, and formic acid as potential intermediates.

It is very likely that under specific catalyst conditions, other alternative mecha-
nisms exist. However, the dominant mechanism will depend intrinsically on the
catalytic system used, its physicochemical properties, and structural characteristics
both in the micro and macro scales [42].

DIRECT DISSOCIATION

H,-MEDIATED DISSOCIATION

20,

Fig. 6.5 Simplified RWGS mechanism for redox and H-assisted CO, dissociations processes.
(Reprinted with permission from [37])
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The Case of the Methanation Reaction (Sabatier)

Although the CO, methanation seems to be a simple reaction, it is quite challenging
to precisely determine its mechanism. Two well-established mechanisms have been
proposed from 1970 until today: the associative and the dissociative categories [42].

Under the associative scheme, CO, adsorbs associatively and reacts with
adsorbed hydrogen atoms to form oxygenates, which are further hydrogenated to
formate HCOO,q and formyl CHO,4 species. The most common intermediate
observed in various studies is the formate species, which is considered to form
methane in successive surface hydrogenation steps. In this mechanism CO interme-
diate is not formed [1, 42, 43]. The dissociative mechanism involves the adsorption
of CO, onto the catalytic surface which splits into a carbonyl and an oxygen atom.
Consequently, the carbonyl, CO,q4, carbon, and C,4 are playing the role of the
intermediates. The reaction follows the CO methanation mechanism, which is
closely related to the Fischer-Tropsch mechanism [2].

It is worth noting that the production of water affects negatively the methanation
reaction, and its removal from the catalytic sites increases the yield of CH, and
minimizes the CO release as a side product [44].

The species involved in these mechanisms were detected by a variety of spectro-
scopic techniques, including diffuse reflectance infrared Fourier transformed spec-
troscopy (DRIFTS), Raman spectroscopy [45], infrared spectroscopy [46, 47], and
Fourier [48-50].

The Case of the CO, Hydrogenation to Methanol

The mechanism pathways describe the CO, hydrogenation to methanol production is
supported by plenty of experimental studies as well as theoretical calculations [S1—
54]. Two are the main pathways: the RWGS + CO-Hydro pathway and the formate
pathway. There are many intermediates involved in both pathways through different
routes (Fig. 6.4).

The RWGS + CO-Hydro pathway involves adsorbed CO as an intermediate
formed via the carboxylate (*HOCO) species or through the breaking of C-O bond
and further hydrogenation to the production of CH3;0OH. The second mechanism
includes the pathway which is associated with the formate (*HCOO) intermediate
formed as the initial step during the adsorbed CO, hydrogenation, which eventually
produces CH;OH via the C — O bond cleavage of the *H,COOH intermediate.

6.1.2.3 CO, Hydrogenation Reaction Catalysts

The CO, hydrogenation reaction takes place over a variety of metallic particles, such
as Ni, Cu, Ru, Rh, Pt, Pd Ir, Fe, and Co supported on metal oxides, including TiO,,
Si0,, Al,03, CeO,, Zr0,, y-Al,03, ZnO, MgO, etc. [18, 51, 55-60]. Generally, the
electrocatalytic activity of the catalysts produced by these metals is heavily affected
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by the type of support utilized. It is reported in the literature that the metal-support
interactions are modifying the properties of the active metallic phase (i.e., morphol-
ogy and dispersion), thereby affecting the catalytic activity, the yield, and selectivity
of the reaction.

Ru has found to be one of the most active catalysts for the CO, methanation
reaction, even with low metal loading supported catalysts. The CH, yield over
Ru-supported catalysts is strongly affected by the metal loading, the metal particle
size, structure and distribution, and the metal-support interactions [61]. Ru-based
catalysts on various oxide materials, including both reducible supports with lattice
oxygen vacancies such as CeO,, ZrO,, and TiO, and without oxygen vacancies like
Al,O3 and SiO,, show high activity and selectivity to methane [62]. The most
effective and active catalyst for the CO, methanation reaction has been found the
Ru/TiO, [63]. The TiO, crystalline plan was found to strongly affect the electronic
properties of Ru, which also has an impact on the catalyst structure and therefore
influences the performance of the catalyst for the CO, methanation reaction [64].

Rh-based catalysts have also been found to be highly active and selective for the
methanation reaction catalysts, especially at low temperatures. According to the
literature, the intrinsic activity of Rh/y-Al,O;5 strongly depends on the Rh particle
size. More specifically, at low temperatures, large particles result in the promotion of
the CHy4 rate turnover frequency, since the high proportion of lateral faces favor the
C-O bond cleavage, which is the rate-determining step of the reaction, with a lower
activation energy [65]. As regards the supports, various metal oxides have been
found to promote the methanation reaction, including TiO,, Si0,, Al,O3, and CeO,
[66, 67]. Although, all the aforementioned supports lead to relatively high yields, the
performance of TiO, is outstanding, which is the most effective support for Rh
towards the methanation reaction [65].

Nickel catalysts are also widely used for the CO, methanation reaction. Their low
price together with their good performance makes them an attractive alternative to
the more expensive Ru and Rh catalysts. However, it should be noted that their
performance is better at elevated temperatures, with the danger of particle sintering
and agglomeration. Other studies have shown that Co is the most active catalyst
among the Group VIII metals for CO, methanation, with a higher resistivity to
deactivation compared to Ni [68].

In general, with respect to the methanation reaction, the activity among the
most used metals is ranked as Ru > Rh > Ni > Fe > Co > Os > Pt > Ir > Mo > Pd,
whereas the selectivity order follows the trend Pd > Pt > Ir > Ni > Rh > Co > Fe >
Ru > Mo [31].

Regarding the RWGS reaction, a variety of catalytic system based on noble
metals and on transition metals have been extensively studied. Typically, the metal
catalyst’s performances are improved when combined with reducible oxides such as
CGOQ, MH203, CrO3, Fer, or T102 [69]

Precious metals including Pt, Pd, Rh, and Au and non-precious metals such as Cu,
Fe, and Ni over metal oxides favor the RWGS reaction [68]. Pt is a highly active and
selective metal for the RWGS reaction. However, the type of the metal oxide support
plays a significant role to the performance of the catalyst. It was found that between



6 Electrochemical Promotion of Catalysis for CO, Valorization 229

Pt/y-Al,O3 and Pt/CeO,, the first was less active and more selective to CO at similar
metal loadings and reactant conversion [70].

While the Pt-based catalysts performance shows high conversions, the
Cu-supported catalysts belong to the most active metals with high selectivity to
CO. An extensive study of its properties and the way that its surface morphology and
particle size distribution is affecting the CO, hydrogenation reaction has been done
showing that highly dispersed Cu nanoparticles over ZnO performed high activity
for CO, hydrogenation reaction to produce CO [71].

Furthermore, one more metal on the list of the most selective for the RWGS
reaction is Rh. Catalytic experiments on Rh/TiO, catalysts (with low Rh loadings)
have shown that the selectivity to CO is higher than that to methane at 200 °C, under
both reducing and oxidizing operating conditions [72].

The bimetallic Pt-Ni, Pt-Co, and Pd-Ni catalyst performance for the CO, hydro-
genation to the RWGS reaction was profound, and interestingly these catalysts
showed higher activity and RWGS selectivity compared to the monometallic ones
on the same support [70, 73].

The production of methanol from CO, is of great interest, due to the challenging
thermodynamic barriers that must be overcome. Low temperatures and high pres-
sures (mainly over 5 bar) are necessary for methanol production, with a great risk for
the formation of several by-products, such as CO, formic acid, and ethanol. There-
fore, the optimum catalyst development is deemed inevitable.

Cu-supported catalysts have been meticulously studied, since they exhibit the
highest activation among other elements, in combination with a series of promoters
including B, Si, Zn, Ag, Cr, Ti, Ce, Ze, Al, V, and Ga [74]. Cu-ZnO-Al,03 has been
the most widely used catalyst for CO, hydrogenation to methanol [75, 76]. New
catalysts are being developed to overcome the deactivation, sintering, and phase
segregation problems that the Cu-based catalysts are displaying. For this reason,
In-based materials are being investigated [77], and many bimetallic catalysts such as
Ni-Ga, Co-Cu, Pd-Cu, and Au-Cu seem to be very promising materials for methanol
production through CO, hydrogenation [74].

It is worth mentioning that the utilization of bimetallic catalysts can strongly
affect the selectivity of the CO, hydrogenation, because the introduction of a second
material changes the structure and the morphology of the active catalytic surface,
leading to changes of metal-intermediate bond strength.

6.2 Electrochemical Promotion of Catalysis

6.2.1 EPOC: Concept, Theory, and Definitions

Electrochemical promotion of catalysis (EPOC), also known as non-Faradaic elec-
trochemical modification of catalytic activity (NEMCA), is a phenomenon which
targets the catalytic reaction rate increase using electrochemistry [78-96]. EPOC
was discovered by M. Stoukides and C. Vayenas in the early 1980s and has been
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widely studied by various research groups [97-106] using a plethora of catalytic
reactions in more than 100 catalytic systems. It shows similar features with classical
chemical promotion as well as with the metal-support interactions (MSI) [103, 107—
110].

In EPOC studies, the catalytic reaction takes place on the surface of a conductive
film (working electrode), which is deposited on a solid electrolyte. The latter allows
the orientated migration of ionic species to the catalyst (working electrode), by
applying small currents or potentials between the working catalyst-electrode and
an inert Au counter electrode [98], deposited on the other side of the electrolyte. This
ionic migration to the three-phase boundaries (tpb, solid electrolyte-catalyst-gas/
liquid phase) results in the formation of an effective double layer leading to a
significant change of the catalytic properties turning them into electronic promoters.
Also, these ionic promoters can participate in the promoting reactions as sacrificial
species. In addition, the benefit of the EPOC effect is connected to the in situ
generation, control, and optimization of these promoters by a small current or
potential application and as well as with the reversibility of this process.

The explanation of the EPOC effect can be given via the formation of an effective
overall neutral double layer created via the application of an electrical current
(or potential) on the catalytic surface (Fig. 6.6) [98, 111, 112]. The ionic direction
is dictated by the applied potential between the working and counter electrode. The
creation of the effective double layer affects the catalyst work function and further-
more the chemisorption energy of the reactants and the intermediate compounds
leading to a change of the catalytic activity and selectivity in a very pronounced and
predictable manner.

Therefore, the coverages of the reactants on the catalytic surface also change, and
as a result, the catalytic rate increases or decreases according to the kinetics of the
reaction. This modification of catalytic rate is non-Faradaic since the total reaction
rate upon polarization is significantly higher (or lower) than the sum of the catalytic
rate under open-circuit conditions (no polarization) and the rate of electrochemical
reactions (following Faraday’s law).

The EPOC phenomenon can be applied on metal catalysts deposited on solid
electrolytes, such as YSZ (O*~ conductor), p’-Al,O; (Na* or K* conductor), and
BaZrOy g5Y0.1503_« BZY, (proton conductor), or mixed electronic-ionic conduc-
tors, like titania (TiO,) or ceria (CeO,) [84, 98, 109, 113].

Three parameters have been introduced for the quantification of the EPOC
phenomenon i.e., the rate enhancement ratio, p, defined by Eq. 6.6; the apparent
Faradaic efficiency, A, defined by Eq. 6.7; and the conversion enhancement index
(CEI) defined by Eq. 6.8:
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X; — X°
CEl = =< % (6.8)

In these equations, the electropromoted catalytic rate is denoted by r, whereas the
open-circuit catalytic rate (unpromoted state) is r,. Ar stands for the observed
difference of the catalytic rate (in g-eq/s) during polarization (i.e., under the appli-
cation of potential/current between the working and counter electrodes), F is the
Faraday constant (96,485 C/mol), [/ is the applied current, and # is the ion charge.
Additionally, the conversion of the reactant I, with and without polarization, is
denoted by X; and X?, respectively [96, 106].

The overall rate increase upon polarization is expressed by the rate enhancement
ratio, p. The apparent Faradaic efficiency, A, is used to express the number of
additional reactant molecules which are forced to react due to the introduction of
one molecule of the promotional species (e.g., in the case of YSZ, O° is the
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promotional species) on the catalytically active electrode surface. In other words, A
is used to correlate the change of the catalytic rate when a potential is applied with
the rate of ion migration from the solid electrolyte (Faraday’s law). The main
distinguishing featuring of EPOC is connected to the observed A values.
When|A| > 1, a non-Faradaic change of the catalytic rate is observed, because
product formation outweighs the O~ supplied to the reaction. Electrolysis is limited
to|A| < 1[98].

The response of an electrocatalytic system under the EPOC phenomenon can be
easily predicted via the rules that have been developed over the years. These rules are
valid for both classical promotions and for the electrochemical promotion of catal-
ysis [98, 111, 114-116].

The prediction of the manner that the applied potential or current is affecting the
electrocatalytic system is facilitated by the kinetic study of the examined reaction.
The kinetic study is performed by investigating the effect of partial pressure of the
electron acceptor (A) and the electron donor (D) reactants on the catalytic rate. All
the catalytic systems studied have shown the existence of four distinct types of
reaction behavior: electrophobic (or nucleophilic, 0r/0U > 0), electrophilic
(or nucleophobic, 0r/0U < 0), volcano-type (maximum in a rate vs. potential
plot), and inverted volcano-type (minimum in a rate vs. potential plot) behavior.
All the four types of behavior and the corresponding rules (discussed in detail in
Chaps. 1 and 2) describe the EPOC phenomenon [98, 111, 114-116] (see Fig. 1.11
in Chap. 1 and Fig. 2.15 in Chap. 2 where a characteristic example is given for each
reaction type [80, 81, 86, 117]).

6.2.2 Experimental Set-Up for EPOC Studies

The catalytic sample most commonly consists of a solid electrolyte/ion conductor
(disc or tube) and three metal electrodes. On one side of the electrolyte, the counter
(CE) and reference (RE) electrodes are deposited by brush painting of a gold (i.e.,
inert) organometallic paste or metal precursor solution, followed by a calcination
process. The catalyst, which also serves as the working electrode (WE), is deposited
on the other side of the electrolyte (opposite to the CE) via calcination of an
organometallic paste, wet impregnation of a metal precursor/solvent solution, or
dropwise from a colloidal solution/suspension by a micropipette. The catalytic
sample (WE/solid electrolyte/CE, RE), also called electrochemical catalyst, is then
placed in a single pellet or a fuel cell type reactor (Fig. 6.7). The main difference
between these two types of reactors is that in the single pellet (or single chamber)
reactor all electrodes (WE, CE, and RE) are exposed to the reaction mixture,
compared to the fuel cell reactor where only the WE is exposed to the reaction
mixture, whereas CE and RE electrodes are in a separate compartment and are
exposed to a reference gas (e.g., air). The main advantage of the “single chamber”
type reactor is its simplicity and the ability to use cheaper solid electrolyte elements
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Fig. 6.8 Schematic presentation of the single chamber type reactor

(discs instead of tubes). The “single chamber” reactor is made of a quartz tube closed
at one end (Fig. 6.8). The open end of the tube is mounted on a stainless steel cap,
which has provisions for the introduction of reactants and removal of products as
well as for the insertion of a thermocouple and connecting wires to the electrodes of
the cell. The catalytic sample is appropriately clamped inside the reactor. Au wires
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are normally used to connect the catalyst-working electrode as well as the two Au
auxiliary electrodes with the external circuit. These wires are mechanically pressed
onto the corresponding electrodes, using an appropriate ceramic holder. A thermo-
couple, inserted in a closed-end quartz tube, is used to measure the temperature of
the solid electrolyte pellet. The reactor inlet gas line is designed to be very close to
the WE surface, creating enough turbulence so that the reactor resembles a contin-
uous stirred tank reactor operation (CSTR reactor). In order to operate at high and
constant temperatures, the reactor is in turn placed in an oven.

The experimental set-up used in EPOC studies can be separated into four parts: the
gas controller system (electronic mass flow meters), the reactor, the gas analysis
system (on-line gas chromatograph, infrared analyzer (IR), mass spectrometer, etc.),
and the electrochemical control equipment (potentiostat/galvanostat (P/G)). Crucially,
prior to any EPOC experiment, it is important to examine if the catalytic reaction is
subjected or not to any internal or external mass transfer limitations within the reaction
operating temperature range. This is necessary as mass transfer limitations can
potentially obscure and in some cases even completely hide the electrochemical
promotion effect. Examining for the presence or absence of external mass transfer
limitations is a straightforward procedure, compared to the case of internal mass
transfer limitations. One has to simply vary the total volumetric flow rate while
holding the partial pressure of the reactant’s constant. When external mass transfer
limitations are absent, then the consumption rate of the reactants does not vary with the
flow rate. Beyond mass transfer limitations, when performing EPOC experiments, it is
crucial to calculate the maximum mass-balance allowable rate enhancement. This is
closely connected to the conversion of the limiting reactant under open-circuit condi-
tions since its conversion cannot be greater than 100%. In this regard maintaining a
low conversion under open-circuit conditions (typically this is achieved by utilizing
small amounts of catalyst) leads to a pronounced rate enhancement ratio.

In a typical EPOC experiment, kinetic measurements under both open- and
closed-circuit (i.e., electropromotion) conditions are carried out. In addition, the
effect of catalyst potential (or work function) on the catalytic rate and the selectivity
under transient and steady-state conditions is also studied. When carrying out kinetic
measurements, the partial pressure of each reactant is varied while keeping the
partial pressures of the other reactants constant. Differential operation of the reactor
(typically by keeping the conversion below 5%) allows for a relatively easy analysis
of the kinetic data, even if the reactor does not exhibit identical behavior to that of a
continuous stirred tank reactor.

6.3 Electrochemical Promotion of the CO, Hydrogenation
Reaction

The electrochemical promotion of the carbon dioxide (CO,) hydrogenation reaction
targets not only to increase the overall CO, conversion to added-value chemicals and
fuels but also to the in situ tuning of the product selectivity. The latter is typically
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achieved by the addition of electronegative or electropositive promoters on the
catalytic surface, resulting in a predictable switch of the reaction selectivity. The
main products of the CO, hydrogenation reaction under atmospheric pressure and
medium temperatures (200 °C < T < 500 °C) are methane (CH,) and carbon
monoxide (CO) via the methanation (i.e., Sabatier) reaction and the reverse water-
gas shift (RWGS) reaction, respectively. The presence of electropositive or electro-
negative promoters on the catalytic surface can strongly affect the bond strength of
the adsorbed species with the catalyst surface. More specifically, electropositive
promoters enhance the chemisorption of electron acceptor and weaken the bond of
electron donor species, whereas electronegative promoters have the opposite effect.
If we consider the case of CO, hydrogenation, under anodic polarization, electro-
positive species (e.g., H in the case of BZY, Na™ or K* in the case of Al,O3) are
removed, while electronegative species (e.g., 0%~ in the case of YSZ) are supplied to
the catalyst surface. Therefore, an increase of the catalyst work function is expected
together with an enhancement in the chemisorption of hydrogen (i.e., electron donor)
supplied from the gas phase. On the other hand, cathodic polarization results in a
decrease of the catalyst work function, accompanied with an increase in the electron
acceptor (i.e., CO,) surface coverage.

6.3.1 Kinetic Studies of CO, Hydrogenation Reaction

Over the past years, the kinetics of CO, hydrogenation to CH4 and CO have been
studied on Rh, Pd, and Ru porous catalyst films using both electronegative and
electropositive promoters [101, 118, 119].

More specifically, regarding the Ru catalysts, the effect of the nature of the
electrolyte used on the selectivity of the reaction was investigated at temperatures
between 200 and 340 °C and pressures up to 5 bar. Interestingly, it was found that
the electrochemical behavior of the promoted catalytic reactions is independent of
the nature of the electrolyte. For example, Ru catalysts deposited on both YSZ
electrolyte (O*~ conductor) and B”-Al,05 (Na* conductor) resulted in an enhance-
ment of the methanization rate (i.e., CH, formation) upon positive polarization, i.e.,
through O*~ supply or Na* removal from the catalyst surface. The opposite effect is
observed when using a negative applied potential, which suppresses CH4 production
and enhances the production of CO through the RWGS reaction. Under highly
reducing conditions, sodium can also promote the methanation reaction up to a
coverage of 20%, which can be attributed to enhanced CO, chemisorption. More-
over, high pressure favors CH, production, whereas CO production is enhanced at
high temperatures, low H,/CO, ratios, and atmospheric pressure. In all cases, the
observed electrocatalytic behavior is well aligned with the predictions made based
upon the rules of electrochemical promotion. In a more recent study, the kinetics and
the electrochemical promotion of CO, hydrogenation reaction to CH, and CO were
compared for Ru porous catalytic films deposited on Na*, K* H*, and O*~
conducting solid electrolyte supports [102]. It was found that in all four cases
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increasing catalyst potential (or work function) enhances the methanation rate and
selectivity (i.e., electrophobic behavior). As shown in Figs. 6.9 and 6.10, in all
catalytic systems the methanation reaction rate is positive order in H, and exhibits a
maximum with respect to CO,, which implies strong adsorption of CO,. For
Pcoz > 1 kPa, the methanation reaction is zero to negative order in CO,. According
to these results and the rules mentioned in paragraph 6.3.1, methanation reaction is
expected to have an electrophobic behavior. At the same time the reverse water-gas
shift (RWGS) reaction (Figs. 6.11 and 6.12), which occurs in parallel with the
methanation reaction, exhibits a maximum with increasing partial pressure of H,
and is positive order with respect to CO, (i.e., prediction for electrophilic behavior).
Note that for the case of YSZ and BZY supports, the unpromoted state corresponds
to zero applied current or potential, denoted as o.c. (open-circuit).
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Nevertheless, in the case of the Na-p’-Al,O3; and K-f”-Al,O3 supports, the
unpromoted state corresponds to a cleaned surface, which is obtained after positive
potential application (Uywg = +0.8 V) for 30 min. In all cases, the observed behavior
is in excellent agreement with the promotional rules which can be rationalized both
via “through the vacuum” interactions by considering the attractive or repulsive
dipole-dipole interactions in the effective double layer present at the metal-gas
interface [98, 112, 120] and via “through the metal” interactions by considering
the electron donation and backdonation [111, 120] between the metal and the
adsorbed species.

Bebelis et al. [119] studied the kinetics of the methanation and the RWGS
reaction on porous Rh catalyst-electrodes deposited on YSZ, under atmospheric
pressure at temperatures between 328 and 391 °C (Fig. 6.13). The catalytic rate of
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CH,4 formation increases with increasing H, and is zero-order in respect to the CO,
partial pressure (reaching a plateau beyond a partial pressure value, which depends
on the reactor temperature). On the other hand, the catalytic formation of CO
increases linearly both with H, and CO, partial pressures (Fig. 6.13). The observed
electrophobic and electrophilic behavior for the methanation and the RWGS reac-
tion, respectively, is in agreement with the chemical and electrochemical promotion
rules [119].

In another study [121], Bebelis et al. studied the kinetics of the methanation and
the RWGS reaction over Pd catalyst-electrodes on YSZ, under atmospheric pressure
and temperatures between 533 and 605 °C (Fig. 6.14). In that system, the only
observed products were CO and H,0 (i.e., RWGS reaction). It was found that the
CO production rate was positive order in respect to hydrogen (electron donor) and
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CO, (electron acceptor) as well (Fig. 6.14) confirming the observed inverted volcano
behavior.

6.3.2 Electrochemical Promotion of Metal Films

The first study of the CO, hydrogenation reaction was carried out in 2008 by Prof.
Vayenas group [119]. The electrochemical promotion experiments were performed
in a fuel cell type reactor, under atmospheric total pressure conditions and a
temperature range of 346-477 °C. The working electrode (i.e., Rh film catalyst)
was deposited on the inner bottom side of an YSZ tube by application of thin coating
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of Rh organometallic paste followed by calcination in air, first at 400 °C (5 °C min~")
for 2 h and then at 950 °C (5 °C min'). A thin coating of Pt organometallic paste
was deposited on the outer bottom side of an YSZ tube, displaying the counter
electrode. Prior to the experiments, the electrodes were reduced at 240 °C for 16 h



6 Electrochemical Promotion of Catalysis for CO, Valorization 241
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under a 2% H, in He flow. The only detected products (under operating conditions:
CO,/H, ~ 2) were CH, and CO. Figure 6.15a, b shows the effect of the ohmic-drop-
free catalyst potential (Uwg) on the rate of CH4 and CO production in the temper-
ature range 400-468 °C. The CH, formation rate increased up to 2.7 times upon
positive potential application (i.e., electrophobic behavior), while rate enhancement
ratios of CO up to 1.7 were observed upon negative polarization (i.e., electrophilic
behavior). The resulted catalytic rate changes were non-Faradaic, with A values
approximately equal to 210 and 125 for CH, and CO, respectively.

The observed electrochemical promotion behavior (under anodic polarization
conditions) can be ascribed to the preferential formation of electron donor hydroge-
nated carbonylic species on the Rh surface. This leads to the formation of CH,4 and to
the decreasing coverage of more electron acceptor carbonylic species resulting in
CO formation. However, high operating temperatures led to methane selectivity
values up to 40%, even under polarization (i.e., closed-circuit) conditions,
suggesting that CO is the dominant product, following the thermodynamics of the
system. The same year, a similar EPOC study was published over Pd film catalysts
[118]. The Pd electrodes were deposited on the inner bottom side of YSZ and (Na*)-
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”-Al,05 tubes in the form of a thin film of Pd organometallic paste, followed by a
calcination and pretreatment process, as described in detail in a previous study
[119]. The reaction was also studied in a fuel cell type reactor, under atmospheric
pressure and at a temperature range from 490 to 590 °C in the case of the Pd/YSZ
system and 545-605 °C in the case of Pd/f”-Al,05 system. EPOC experiments were
performed for Pcoo/Py; ratios ranging from 2.1 to 3.5. The only products detected
were CO and H,O through the RWGS reaction. In the case of Pd/YSZ sample, CO
formation was enhanced up to approximately 6 times by applying either negative or
positive overpotentials (i.e., “inverted volcano” behavior). The rate was observed to
change up to almost 150 times higher than the corresponding pumping rate of
oxygen ions (i.e., A < 150). On the other hand, in the case of Pd/B”-Al,O5 sample,
the CO formation rate increased by supplying sodium ions (i.e., Na™) onto the Pd
surface. The rate was found to increase up to 6.7 times by decreasing the catalyst
potential by 0.34 V.

The first report of the electrochemical promotion of the CO, hydrogenation
reaction in a single pellet reactor was in 2011 by Jiménez et al. [122]. In this
study, composite Ni- and Ru-impregnated carbon nanofibers (CNFs) deposited on
an YSZ solid electrolyte disc were used as the working electrodes. Experiments took
place at a temperature range of 200440 °C and atmospheric pressure. The only
products observed were CH, and CO under both open-circuit and electrochemical
promotion conditions. Ni-based catalyst-electrodes show methane selectivity up to
55% at 300 °C, while the Ru-based catalyst exhibits selectivity up to 75% at 390 °C.
The application of negative potential or current changes slightly the catalytic activity
of composite CNF electrodes. The observed behavior is electrophilic, leading to CHy
rate enhancement ratio values below 3. The authors suggested that the observed
weak electropromotion can be rationalized on the basis of the limited transport of
promoting or poisoning O®~ species along the CNF structure. Although the selec-
tivity to CHy4 for the Ni-based catalysts is low (20-55%), Ru-based catalysts exhibit
remarkable improvement of methane selectivity (up to 76%) under negative applied
potential.

A year later, in 2012, this reaction was studied over a Ru film catalyst on a single
pellet (i.e., single chamber) reactor [123]. The catalyst was prepared by the wet
impregnation method of a Ru precursor/isopropanol solution. The Ru catalytic film
(i.e., WE) was deposited on one side of an YSZ pellet, whereas gold (Au) counter
and reference electrodes were deposited on the other side of the electrolyte by brush
painting of an Au organometallic paste. Prior to any hydrogenation activity mea-
surement, a calcination process in air and a reduction pretreatment was performed.
The final mass of the catalyst film was ~3 mg. Indeed, methane was found to be the
dominant reaction product at temperatures up to 240 °C, while the selectivity to CO
increased by increasing the operating temperature. It was found that the supply of
O”" on the ruthenium surface results to a significant increase in the selectivity and
the rate of formation of CH,4, which is also accompanied by a considerable decrease
in the formation rate of CO. Figure 6.16 shows the effect of applied potential on the
formation rate and selectivity to CH, and CO at 220 °C under steady-state condi-
tions. The CH,4 selectivity was ~56% at open-circuit. Application of a positive
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potential produced a monotonic increase in the selectivity, reaching ~84% at
+1.3 V. Application of a negative potential caused a decrease of up to 44% at
—1.3 V. Conversely, the formation rate and selectivity to CO exhibited the opposite
behavior. Figure 6.16 shows a monotonic decrease of the CO selectivity from ~58%
at —1.3 Vto~18% at +1.3 V.

According to the authors, this is a very rare case where the electrochemical
promotion is found to promote a catalytic reaction (i.e., Sabatier reaction) and at
the same time to poison a reaction (i.e., RWGS reaction) proceeding in parallel with
the promoted one. The apparent Faradic efficiency values were found to be of the
order of 10-10°, which were among the highest reported in the EPOC literature for
hydrogenation reactions. After a series of ex situ XPS measurements, both in the
fresh and in the used sample, it was suggested that under open-circuit conditions, the
catalyst surface consists of ~20% RuO, that suppresses the methanation rate. Upon
positive polarization, RuO, is partially decomposed into RuOy (where x < 2),
contributing to the strengthening of the hydrogen (i.e., electron donor) bond with
the active catalytic sites (whereas the opposite occurs with CO,) and therefore
enhancing the production of CH,4. Both kinetic and electropromotion results can
be interpreted, using the rules of electrochemical promotion, in terms of the changes
in the surface RuO,/Ru ratio induced via potential application, as confirmed via XPS
analysis.

Furthermore, two new EPOC studies [124, 125] proved once again that this
phenomenon is reproducible and reversible, with the benefit of pronounced reaction
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selectivity tuning under closed-circuit conditions. In both studies, the Ru catalyst
films were deposited following the wet impregnation method. In the case of the
Ru/AlL,O3(K") sample [124], the selectivity to CH4 was varied reversibly between
0.01% and 98% by varying the catalyst potential between —0.8 and + 0.4 V, which
corresponds to an alteration in the K* coverage on the catalyst surface between 0.32
and O (Fig. 6.17).

The authors suggested that this intense alteration in the reaction selectivity to
methane is attributed to the higher dipole moment of K* compared to that of 0>~ and
Na*. Increasing the K™ surface coverage (decreasing potential) leads to a monotonic
increase of the CO rate of formation (i.e., electrophilic behavior) and to a decrease in
the formation rate of CH, (i.e., electrophobic behavior). At lower temperatures (i.e.,
T < 380 °C), the rate of the methanation reaction exhibits a volcano-type behavior
displaying a local maximum at intermediate potential values and K* coverage.
Moreover, in this work, apart from the classical cyclic voltammograms (I vs U
plots) for CH4 and CO formation, rate cyclic voltammograms were obtained by
plotting the rates of the electropromoted catalytic reactions as a function of the
catalyst potential. A general rule which emerges from the rate cyclic voltammograms
is the following: (a) an electrophobic catalytic reaction leads to a counterclockwise
hysteresis of its rate cyclic voltammogram, (b) an electrophilic catalytic reaction
leads to a clockwise hysteresis of its rate cyclic voltammogram, and (c) when a
reaction shows a volcano-like behavior, then the rate cyclic voltammogram displays
a crossing. It worth noting that case (c) also applies for inverted volcano-type
catalytic reactions. In parallel, the same year, the reaction was studied for the very
first time using a proton conductor/solid electrolyte (i.e., BZY) [125]. The
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experiments were performed in a temperature range of 300450 °C, in order to
ensure pure proton conductivity of the electrolyte, which at low temperatures also
shows oxygen ion conductivity. CO and CH,4 were the only products observed, and
by altering the catalyst potential by less than 1.2 V, the selectivity to CH, could be
reversibly tuned in the range of 15-65%. Both the CH, selectivity and rate could be
significantly increased via the electrochemically controlled atomic H spillover from
the surface of the catalyst to the proton-conducting support (i.e., electrophobic
behavior). The is a strongly non-Faradaic effect with the methanation apparent
Faradaic efficiency reaching values up to 500, which depends strongly on the
thickness of the porous Ru catalyst film. Additionally, in this study, the dependence
of the catalytic activity and selectivity of CO, hydrogenation to the catalyst loading
was also investigated. The catalytic rate, and therefore the metal surface area,
increases when the Ru loading also increases. However, this also leads to a decrease
of the exchange current and thus to the length of the tpb. According to the authors,
the application of a positive potential results to the deprotonation of adsorbed formic
acid and the formation of anionic formate species at the metal/support/gas (i.e.,
Ru/BZY/gas) three phase boundaries (tpb). The formate species can then
backspillover (migrate) over the entire metal-gas interface, leading to an increase
in work function of the catalyst. Therefore, on the basis of the experimental data, it is
not possible to conclude which of the two is the prevailing reaction mechanisms, and
it is likely that they both act in parallel. In summary, the authors point out that this is
a special case where the same electrochemically produced species act simulta-
neously as a powerful promoter for a catalytic reaction (methanation) but also as a
poison for a competitive parallel reaction (RWGS).

According to the above results over Ru porous catalyst films deposited on Na*,
K*, H*, and O*~ conducting solid electrolyte supports [102], the catalytic rate of CO
formation decreases monotonically with increasing potential (i.e., electrophilic
behavior) as presented in Fig. 6.18, bottom. On the other hand, the rate of CHy
production (Fig. 6.18, top) increases monotonically with potential (i.e.,
electrophobic behavior) only for the YSZ and BZY supports. In the case of the
Na-p”-Al,03 and K-p”-Al,O3 supports, the catalytic rate of methanation exhibits a
maximum with increasing potential, (i.e., it exhibits volcano-type behavior). The
results are in excellent agreement with the promotional rules and the observed
kinetics.

In addition to Ru active catalysts, a PdZn alloy has been also used as an
electrocatalytic film for the CO, hydrogenation reaction resulted in methanol
(CH;0H) formation [126]. The PdZn catalyst films were deposited by impregnation
on (K* and Na™)-B”Al,O3 pellets. During the electrochemical promotion, a low
quantity of ions increases the formation rate of CH;OH, and a high quantity leads
to the poisoning of the PdZn active sites. The dynamic and stable responses of the
reaction rates for CO,, CO, and CH;0H for the catalyst PdZn/K under several
reaction conditions are shown in Fig. 6.19.

The reaction rates of CO, and CO are fairly similar, since the contribution of the
CH;OH formation rate to the total rate is low. The reaction rates of CO, and CO
increased with temperature due to the endothermic nature of the RWGS reaction.
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Fig. 6.18 Effect of catalyst potential on the rates of CH, and CO formation on the Ru/YSZ,
Ru/BZY, Ru/Na-p"-Al,03, and Ru/K- B”-Al,O5 catalysts. Py, = 7 kPa, Pco, = 1 kPa. (Reprinted
with permission from [102])

When the H,/CO, ratio in the feed atmosphere was decreased, higher reaction rates
were obtained for CO and CO,, but with larger transients being observed. The
highest methanol selectivity was found for the highest H,/CO, ratio (2.5% CO,/
97.5% H,) at 300 °C and + 2 V. The catalysts that have palladium and the palladium-
zinc alloy in their structure show an electrophilic behavior in the CO formation, and
when only the alloy is formed in the catalyst, the CO has the same behavior found for
the methanol. Apparent Faradaic efficiency values above 1000 were obtained under
different studied conditions.

6.3.3 Electrochemical Promotion of Metal Nanoparticles
(NPs)

In an attempt to minimize the total cost of the process, increase the active surface
area, and utilize the exceptional properties of nanosized metal particles, a new era in
EPOC literature has begun. Thin films of both noble and non-noble transition metals
are studied during the last 2 years [105, 127-130]. In the noble metal category, free-
standing (i.e., unsupported) Ru NPs (1-2 nm) deposited on YSZ pellets were studied
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Fig. 6.19 Influence of the applied potential vs. time on the reaction rate values of CO, consump-
tion, CO production, and CH;0OH formation for the catalyst PdZn/K under three different feed
ratios: 25% CO, and H,, 10% CO, and 90% H,, and 2.5% CO, and 97.5% H, at the temperature of
300 (blue), 320 (green), and 340 °C (red). (Reprinted with permission from [126])

under atmospheric pressure conditions in conjunction with density functional theory
(DFT) computations [127]. Under positive polarization, the methanation reaction
was promoted, and the competitive RWGS reaction was impeded. On the other hand,
negative polarization resulted in suppressing permanently the methanation reaction
and minimally affecting the RWGS reaction. Based on DFT calculations, it was
confirmed that on Ru-based catalysts, the selectivity of the reaction is not driven by
the nature of the migrating species but by the induced polarization. The combination
of periodic DFT and experiments showed that the relative adsorption energy of CO
and CHO as a function of the electrochemical potential at the catalyst surface is key
for determining the selectivity between CO and CH, production. In addition, free-
standing Ru NPs on BZY were also investigated for the CO, hydrogenation reaction
under atmospheric pressure conditions [128]. In that work, both methanation and
RWGS reactions take place simultaneously over the Ru NPs with a superior selec-
tivity to CO. The latter is attributed both to the spontaneous thermal migration of
protons from BZY to the catalyst surface and the presence of nanosized and well-
dispersed metal particles, where CO desorption (instead of its further hydrogenation)
is favored. In parallel, a new chapter in EPOC phenomenon has opened by utilizing
non-noble transition metal catalysts (such as Fe and Co) deposited onto solid
electrolytes with oxygen ion conductivity [105, 129, 130]. In this case, upon positive
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Fig. 6.20 Transient rate responses of Ru/FeOx under galvanostatic conditions at 400 °C: left hand
(a) + 1 mA and right-hand side (b) —1 mA. The gas composition is indicated in each panel.
Pu> = 7 kPa, Pco, = 1 kPa, T = 400 °C, Fr = 100 cm>/min. (Reprinted with permission from
[1051)

polarization, in addition to the work function and chemisorption bond strength
change, oxygen ions can electro-oxidize the metal particles, thus forming in situ
active metal oxides. The presence of these oxides has a beneficial impact on the
RWGS activity and selectivity, whereas upon potential interruption, they can be
reversibly reduced to the initial metal oxidation state. Cyclic voltammetry and ex situ
XPS analysis confirmed the formation and the presence of both Fe and Co oxides
during polarization, displaying two unexpected rate peaks in the rate transients. This
behavior deviates from the classical electrochemical promotion behavior, where the
catalytic rate after a constant potential or current application changes gradually and
monotonically to a new steady-state value, while after interruption it returns to its
initial value, also in a monotonous way. More specifically, in the FeO, nanowire/
YSZ system [100], the first- and the second-rate peaks are attributed to the electro-
oxidation of an inactive iron carbide (i.e., FeC,) and the subsequent change of the Fe
valence state, respectively. Figure 6.20 displays the effect of reducing conditions
(CO,/H, = 1:7) with applied currents of 1 and — 1 mA, respectively. Figure 6.20a
shows that positive current application leads to a constant increase in the CO rate
with p = 1.4 and A = 2.2 in the new steady state. Once current is interrupted at 3 h,
oxygen (from YSZ) stored in the form of FeO, (active phase) is made available for
the RWGS reaction, resulting in an increased reaction rate (i.e., rate peak) and a
permanent EPOC effect (i.e., y = 2.3) before it returns to the o.c. value. Figure 6.20b
displays the transient response under negative current —1 mA, with a steady-state
rate increase of 1.2 at a A value of 3.4, exhibiting also a slight permanent EPOC
effect (y = 1.3).
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Fig. 6.21 Transient response for (a) + 2 V and (b) -1.5 V application. The lower figures show the
corresponding current or potential response. Py, = 1 kPa, Pcop, = 1 kPa, T = 335 °C,
Fr= 100 cm’/min. (Reprinted with permission from [129])

Meanwhile, the effect of adding Ru clusters to FeO4 nanowires was investigated
[105]. Based on the experimental results, the presence of Ru increases the catalytic
activity compared to that of the pure FeO, nanowires, since it inhibits the formation
of iron carbides, which act as a reducing component and stabilize the FeOy active
state for the RWGS reaction.

Figure 6.21a, b shows a rate increase under application of +2 V and — 1.5 V at
350 °C, respectively. Application of a positive polarization (Fig. 6.21a) leads to a
rate increase (py.x = 2.6) followed by subsequent decrease and rate stabilization
after 1 h. The current response mirrors the CO rate increase spike, suggesting a
change in conductivity which initially increases followed by a gradual decrease as
FeOy further oxidizes. Once the potential application is interrupted, the reaction rate
showed a “new promoted transient” before returning to its initial open-circuit value,
similar to the FeO, nanowire/YSZ system [129].

Negative application in Fig. 6.21b leads to the reduction of the FeO, catalyst by
forcing O to migrate towards the YSZ through the tpb. Thus, the catalyst is in a
more reduced state, which in turn increases the cycling exchange of O originating
from the dissociation of CO, into CO and O, overall increasing the coverage of CO,
on the surface.

Besides, in the Co NPs/YSZ system [130], the migrating 0+ (from YSZ) can
cause an electrochemical oxidation of Co at the tpb, affecting the ratio of the formed
metal oxides (as confirmed by XPS) and thus the activity and selectivity of the
RWAGS reaction. Therefore, the increased activity towards the RWGS reaction can
be also rationalized by the modification of the surface work function associated both
with the application of a positive potential and with the presence of different oxides
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Fig. 6.22 Comparison of the transient effect of the constant applied positive (+2 V) potential on the
catalytic rate of CO formation for Co NPs deposited on YSZ and BZY under (a) reducing and (b)
oxidizing reaction conditions, 7 = 375 °C. (Reprinted with permission from [130])

(depending on the polarization time, current value, and reaction conditions) on the
catalyst surface. To shed further light on the above interpretation and, in particular,
on the electrochemical formation of cobalt oxide upon oxygen ion supply to the
surface, the catalytic behavior of Co NPs on YSZ (O~ conductor) was compared
with that of Co NPs deposited on a proton conductor (BZY). The comparison was
carried out at 375 °C both under oxidizing (CO,/H, = 3:1) and reducing (CO,/
H, = 1:7) conditions (Fig. 6.22).

Irrespective of the reaction conditions, in the case of YSZ sample, two rate peaks
are observed attributed to the oxidation state change from Co? to Co?*, which is
further oxidized to Co;0y,, along with the modification of the catalyst work function.
However, in the case of BZY conductor (i.e., when an oxygen ion conductor is not
used), the observed catalytic activity was the one expected according to the kinetics
of the RWGS reaction, following the well-established rules of standard chemical
promotion. Thus, the observed behavior of the rate is related to the supply of oxygen
ions and their interaction with the surface of the Co catalyst. Nevertheless,
irrespectively of the promoting species (electropositive or electronegative), an elec-
trophilic behavior is observed for the reaction. A similar behavior has been seen for
Ni NPs on YSZ. In particular, cyclic voltammetry reveals that O*~ can electro-
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oxidize the Ni nanoparticles leading to an enhancement of the rate of RWGS reaction
up to 40% due to the in situ formation of NiOj species. This interesting response is
related to the structure of the formed catalyst nanofilm leading to an increased tpb
length [131]. In short, migrating O*~ apart from forming the well-known “effective”
double layer can also react electrochemically with the reactants, desorb as gaseous
0,, and electro-oxidize the non-noble transition metal-based electrodes. Hence, the
EPOC effect appears to be an effective tool for the in situ (re)generation of
non-noble transition metal oxides, modifying both the physicochemical and the
catalytic properties of metal nanoparticles.

An interesting and novel study on electrochemical promotion of CO, reduction in
aqueous media was published recently by Cai et al. [132]. In this study carbon
dioxide was reduced to produce formate over Pd nanoparticles (NPs) in an aqueous
KHCO; solution (1 M). Applying a negative potential over differently sized Pd NPs
improved significantly the rate of formate production (as compared to the rate value
at open-circuit), with an enhancement ratio of the rate ranging from 10 to 143. The
electrocatalytic and thermocatalytic CO, reduction competes with one another and is
promoted by introducing H, in the feed or applying a negative potential,
respectively.

6.3.4 Electrochemical Promotion of Dispersed Catalysts

In recent years, the EPOC effect has been explored over metal-supported catalysts
[103, 133]. In the first study [133], the dispersed catalyst 2% Ru/YSZ powder
catalyst (prepared employing the wet impregnation method) was deposited on an
YSZ solid electrolyte using a catalyst powder terpineol solution. A Ru interlayer film
(between the solid electrolyte and the dispersed catalyst), with total mass of 2.5 mg,
was also used to enhance the catalyst-solid electrolyte adhesion and increase the
electronic conductivity of the electrode.

Four different metal loadings of Ru/YSZ catalyst, varying from 2.3 to 5.1 mg/
cm?, were studied. The experiments were carried out at a temperatures range of
280-380 °C and atmospheric pressure. Figure 6.23 depicts the effect of applied
potential on the selectivity of the reaction towards CH4 and CO at 340 °C for all
samples. Positive potential favors the selectivity to methane with simultaneous
decrease of the selectivity to CO. Although the selectivity to CO in the case of Ru
film is very high (~65%) and that to CH, is low (~35%), addition of the Ru/YSZ
powder leads to a decrease of the CO selectivity and to an increase of the CH,
selectivity. In all cases, positive potential enhances methane production, whereas a
negative one enhances the production of CO. Apparent Faradaic efficiencies and rate
enhancement ratios of methane up to 800 and 3 were observed, respectively.

Interestingly, the authors note that the increased selectivity to methane when
using the dispersed catalyst can be explained from the fact that the catalyst is already
in a promoted state, due to thermal migration of the O>~ from the support to the Ru
metallic particles. The results are in full agreement with the idea that on anionic
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supports (such as YSZ) the metal particles are thermally “decorated” by oxygen ions
(O*") which modify the chemisorptive properties of the catalysts (i.e., increasing the
metal work function and thus leading to an enhancement of the CH, formation rate).
This effect of the support on catalytic activity and/or selectivity was termed in the
literature as metal-support interactions (MSI). The exact opposite behavior was
observed in the case where a nanodispersed catalyst (2%Ru-15%Co supported on
BZY powder) deposited on a porous Ru catalyst (interlayer) film supported on a
BZY (i.e., proton conductor) disc [103]. Following exactly the same deposition
technique as in Ref. [133] but using BZY both as catalytic support and solid
electrolyte, experiments were performed up to 460 °C. Figure 6.24 shows the effect
of dispersed Ru-Co/BZY catalyst loading and catalyst potential on the methane and
CO production rate enhancement ratios under reducing reaction conditions. Inter-
estingly, the methane rate enhancement ratio increases with dispersed catalyst
loading, whereas the opposite is observed for the CO formation. In general, the
higher the applied potential, the higher is the observed rate enhancement.

Figure 6.25 relates the selectivity of CO and CH, with the catalyst potential for
various catalyst loadings. Evidently, the electrochemical promotion of the catalytic
reaction has a significant impact on the selectivity of the dispersed catalyst. More
specifically, varying the potential of the catalyst between 0 and + 1.5 V, the
selectivity to CHy rises from 16% to 41%. Interestingly, a high selectivity to CO is



6 Electrochemical Promotion of Catalysis for CO, Valorization 253
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observed when Ru is dispersed on the BZY powder. This is most likely related to the
easier thermal spillover (transport) of protons on the nanoparticle surface as com-
pared to the much higher surface area of the film. Therefore, as the catalyst loading
on top of the Ru film increases, CO formation (through the RWGS) also increases
leading to a higher CO selectivity. The current effect is non-Faradaic, with the
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Faradaic efficiency reaching values as high as 60. Independently of the solid
electrolyte utilized (BZY or YSZ), CO production is favored under negative polar-
ization, while methane is favored under positive potentials. Subsequently, the use of
a proton conductor (i.e., BZY) corresponds to negative applied potential (hence
lower work function) of the catalyst, while the use of an oxygen ion conductor (i.e.,
YSZ) corresponds to positive applied potential (hence higher work function). Thus,
it can be concluded once more that both MSI and EPOC are functionally identical
and only operationally different [134, 135], since they are both related to ion
spillover. Therefore, EPOC appears to be a rather valuable tool to investigate MSI
effects and to guide the choice of a catalyst support.

A step forward for the practical utilization of the EPOC effect in the modern
catalytic chemical industry has been achieved by using a semiconducting material
(i.e., Co30y4) as the metal support [128]. The nanodispersed catalyst Ru/Co304 (2 wt.
%) was drop-deposited directly (without the use of any conductive interlayer film as
in Refs. [103, 133]) on BZY via a micropipette containing the catalyst powder-
isopropanol solution resulting in 2.6 mg deposited powder mass. The observed
electropromotion of the nanodispersed catalyst is non-Faradaic with apparent Fara-
daic efficiency values of CO reaching the value of —19 (i.e., electrophilic RWGS
reaction), whereas the rate enhancement ratio remains low (i.e., pco < 1.1) due to
enhanced thermally metal-support interactions (at 7' = 400 and 425 °C). Based on
the experimental results, at low temperatures (below 350 °C), Co;0,4 behaves like a
p-type semiconductor, inhibiting electron conductivity and thus the electrochemical
promotion. In contrast, at high temperatures, Co3;0, acts as a mixed ionic-electronic
conductor for the conduction of both protons and electrons. The presence of elec-
tronic conduction activates proton migration from the BZY to the supported Ru
nanoparticles (Ru NPs); thus electropromotion is allowed. The combined synergistic
effect of proton and electron conductivity related to BZY and Co30,, respectively,
gives rise to a superior catalytic activity resulting in a “wireless” EPOC effect. It is
also notable that although the 2%Ru/Co50y is already in a promoted state (via MSI),
it can be further promoted via the EPOC effect (application of an electrical potential).
In other words, the nanodispersed catalyst, which is already promoted through the
spontaneous thermal diffusion (MSI effect), can be further promoted by electro-
chemical means (EPOC effect) which leads to an increase of the H' surface
coverage.

6.3.5 Electrochemical Promotion in Scaled-Up
Electropromoted Reactors

Although several studies in the literature report the electropromotion of the CO,
hydrogenation reaction, nearly all of them were carried out with laboratory-scale
reactors. In an attempt to scale up the EPOC effect, a monolithic electropromoted
reactor (MEPR) (similar to that proposed by Balomenou et al. [136]) was used to
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study the CO; hydrogenation reaction. The MEPR can be considered as a hybrid of a
classical monolithic honeycomb reactor and a flat- or ribbed-plate solid oxide fuel
cell. In contrast to the fuel cell case, where fuel and air gas streams are kept
separated, in MEPR there is only one gas stream containing all reactants and
products, as in a classical catalytic reactor (Fig. 6.26).

In 2009, Papaioannou et al. [137] used a monolithic electropromoted reactor
(MEPR) with 22 thin Rh/YSZ/Pt or Cu/TiO,/YSZ/Au plates in order to investigate
the hydrogenation of CO, at atmospheric pressure, temperatures between 220 and
380 °C, and total gas flow rate equal to 1000 cm®min~'. The working electrodes
were deposited by magnetron sputtering of pure Rh and Cu metal targets. The
utilization of Rh/YSZ/Pt cells led to CO, CH4, and C,H, formation, while both
positive and negative applied potentials significantly enhance the total hydrogena-
tion rate (PcHa.max ~ 6.5, PcO.max ~ 7.3, and peopa max ~ 20), displaying an inverted
volcano behavior. Although the rate enhancement ratios were remarkable, the
Faradaic efficiencies were small (A < 1), as well as the selectivity to CH, which
was the main product.

In the same study, Cu/TiO,/YSZ/Au cells were also used to explore the electro-
chemical promotion of the CO, hydrogenation reaction. TiO, was incorporated as an
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(Reprinted with permission from [106])
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intermediate layer since Cu showed low activity and conductivity. The composite
system, in addition to CO and CH4, was also found to produce C,H, with a
selectivity value up to 2%. CH,4 was the dominant product with selectivity values
up to 80%. Both positive and negative applied potentials significantly enhanced the
hydrogenation rate, as well as the selectivity to C,H,. Moreover, it was also found
that the addition of small (0.5 kPa) amounts of CH;0H in the gas feed had a
pronounced promotional effect on the reaction rate and on the selectivity of the
Cu/TiO,/YSZ/Au cells. The presence of CH30H in the reaction mixture reduced the
required temperature (up to 100 °C) for the selective conversion of CO, to CHy
leading in almost 100% CH, selectivity under open-circuit and polarization condi-
tions at temperatures between 220 and 380 °C. According to the authors, CH;0H
adsorption effectively blocks the active surface sites catalyzing the RWGS reaction
and at the same time forms adsorbed intermediates favoring the Sabatier reaction.
Recently, a monolithic electropromoted reactor (MEPR) loaded with nine
parallelly connected Ru/YSZ/Au electrochemical cells was used to study both the
electrochemical promotion and the kinetics of the CO, hydrogenation reaction
[96, 106]. This was the first time that a complete kinetic study of CO, hydrogenation
reaction was carried out in a scaled-up electropromoted reactor [96]. This work
showed that with increasing hydrogen partial pressure (electron donor), an increase
in the production rate of methane is also observed accompanied with a simultaneous
decrease in the formation of CO. The methanation reaction appears to have a positive
order in hydrogen and the RWGS reaction a negative one. On the other hand,
increasing the CO, partial pressure (electron acceptor) leads to the reverse behavior.
The kinetic results together with the rules of electrochemical and chemical promo-
tion suggest that with increasing catalyst potential an increase of the rate methana-
tion reaction (electrophobic behavior) and a decrease of the rate of the RWGS
reaction (electrophilic behavior) should be observed. The potentiostatic transient
for anodic polarization (i.e., supplying O>~ to the surface of the catalyst) and
cathodic polarization (i.e., removing O®~ from the surface of the catalyst) is
displayed in Fig. 6.27, left [96]. The results were obtained at 370 °C with a total
gas flow rate of 1000 cm®/min and under highly reducing gas feed composition
(Pco2/P2 = 1:10). For open-circuit conditions, the conversion of CO, at the
beginning is approximately 34%, while after the constant application of +2.5 V, it
shows an increase of up to 42%. Furthermore, a 30% enhancement of the methana-
tion reaction is observed with the Faradaic efficiency Acpy being equal to 4.2, which
implies a non-Faradaic behavior. In contrast, the RWGS reaction is suppressed
(electrophobic behavior) showing a 40% drop from the initial value of its catalytic
rate. Negative polarization leads to an almost 4% decrease in the conversion of CO,,
accompanied with a 10% decrease in the methanation rate and a 70% enhancement
in the rate of the RWGS reaction. Figure 6.27, right, shows the potentiostatic
transient obtained at the same gas flow rate and temperature but with Pcoy/
Py, = 3:2 (oxidizing conditions) [96]. As expected, under these conditions the
dominant reaction is the RWGS. Application of +2.5 V lowers the conversion of
CO, by 0.5%. Although the rate of the methanation reaction is very low, the positive
polarization enhances it by 60%, with the CO production rate being lowered by 20%.
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Fig. 6.27 Transient effect of constant positive (+2.5 V) and negative (—2.5 V) applied potential on
the current (top), the catalytic rates and TOFs of CH,4 (middle left), CO (middle right), and CO,
reduction (bottom left), as well as on the CO, conversion (bottom right). Py, = 7 kPa, Pco, = 1 kPa,
Fr= 1000 cm®/min, T = 370 °C. (Reprinted with permission from [96])

On the contrary, the application of a negative potential increases the rate of CO
production by approximately 10% and decreases the CH, production by 30%.
Figure 6.27 also shows the turnover frequencies (TOFs) of CH,, CO, and CO,.
These TOFs were calculated based on catalytic rates and the calculated reactive
oxygen uptake (Ng) which corresponds to the active surface area of the catalyst.

The CO and CH,4 selectivity for both open-circuit and £ 2.5 V polarization
conditions as a function of temperature is displayed in Fig. 6.28. Clearly, tempera-
tures up to 300 °C favor the methanation reaction. Despite the fact that the methane
selectivity gradually reduces with temperature (down to 84% at 370 °C), it can
increase up to 92% with the application of a positive polarization. In contrast,
polarizing negatively leads to a reduction from 84 down to approximately 73%.
As expected, the CO selectivity displays the opposite effect.

Besides, Fig. 6.29 presents the calculated yields for both methane and CO
production. The maximum yield to methane (i.e., Ycps) and carbon monoxide
(i.e., Yco), observed under open-circuit conditions, is 24% and 5%, respectively,
at 370 °C. These values can be enhanced to 32% (Y cp4, via anodic polarization) and
7% (Yco, via cathodic polarization) or decreased to 18% (Ycp4, Vvia cathodic
polarization) and 3% (Yo, via anodic polarization). The qualitative features of
electropromotion agreed with previous EPOC studies of CO, hydrogenation in
laboratory-scale reactors showing a successful scale up of EPOC.

The present chapter highlights the effectiveness of electrochemical promotion of
catalysis for carbon dioxide hydrogenation, a reaction of high industrial and envi-
ronmental importance. Future perspectives include the utilization and electrochem-
ical promotion of nanoparticles and/or metal oxide catalyst films in an effort to
minimize the use of noble metals and to reduce the catalyst cost. Special attention
should be devoted in the electrochemical promotion of catalysts that favor the
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Fig. 6.28 Steady-state
effect of temperature on the
selectivity to CH, (top) and
CO (bottom) under open-
circuit (o.c.), positive

(+2.5 V), and negative
(—2.5 V) polarization.

PH2 =7 kPa, Pcoz =1 kPa,
Fr = 1000 cm>/min.
(Reprinted with permission
from [106])

Fig. 6.29 Steady-state
effect of temperature on the
yields of CH, (top) and CO
(bottom) under open-circuit
(0.c.), positive (+2.5 V), and
negative (—2.5 V)
polarization. Py, = 7 kPa,
Pcox = 1 kPa,

Fr = 1000 cm®/min.
(Reprinted with permission
from [106])
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production of higher hydrocarbons, specific alcohols, and/or aldehydes. Application
of EPOC in low-temperature liquid-phase systems is also an area of strategic
importance for the future. Coupling the above catalytic technologies and hydrogen
produced from renewable energy sources (e.g., via water electrolysis) presents a
realistic target for CO, management.
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6.4 Conclusions

The capture and catalytic treatment of carbon dioxide constitutes a feasible and
effective solution in reducing its concentrations in the atmosphere and for climate
change mitigation. The catalytic hydrogenation of carbon dioxide for the production
of useful chemicals and hydrocarbons is important in terms of cyclic economy and
sustainable development and offers a prospect in tackling the greenhouse effect.
Electrochemical promotion of catalysis (EPOC) can contribute significantly to
improving the performance of catalysts supported on solid electrolytes and more
specifically to the modification and control of the catalytic activity and selectivity. A
summary of the relevant literature has shown that metal catalysts based on Rh, Ru,
Pd, Cu, and Co can be promoted and controlled in a reversible manner by electro-
chemical means to give products such as methane and carbon monoxide with
significant conversions and remarkable selectivities up to 100%. Successful EPOC
studies on CO, hydrogenation have been reported not only on conventional catalytic
metal conductive films but also on metal nanoparticles or even dispersed catalysts
(powders). The successful use of semi-pilot-scale monolithic electropromoted reac-
tors seems to pave the way for the commercialization of electrochemical promotion
of catalysis for the CO, hydrogenation reaction.
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Chapter 7 ®)
Recent Studies of Electrochemical <
Promotion for H, Production from Ethanol

Estela Ruiz-Lépez, Fernando Dorado, and Antonio de Lucas-Consuegra

Abstract The incessant growth in global energy demand joint to the finite character
of traditional energy sources and their associated greenhouse emissions has led to an
energy crisis that could only be solved by changing the actual energy system. Green
hydrogen could be a platform molecule to electrify and decarbonize the system,
linking different energy sectors while increasing their operational flexibility. This
chapter reviews the latest advances on hydrogen generation from ethanol via appli-
cation of the phenomenon of electrochemical promotion of catalysis (EPOC). Due to
the well-known promotional effects of alkali metals in heterogeneous catalysts for
reforming and partial oxidation reactions, our investigations focused on the use of
K-BAlL,Oj5 solid electrolyte as the electro-active support of a Pt catalyst. The supply
of K™ under negative polarization steps strongly increased hydrogen production rates
showing a reversible and controllable promotional effect in all cases. Comparing the
three atmospheres (reforming, partial oxidation, and autothermal reforming) under
EPOC conditions, it seems that autothermal reforming is the most suitable one. It
combines both reaction routes achieving a compromise between hydrogen produc-
tion and catalyst stability. All these results demonstrated the interest of the phenom-
enon application in ethanol conversion reactions, improving hydrogen production as
well as catalyst stability.

Keywords Electrochemical promotion of catalysis - Hydrogen production - Ethanol

7.1 Introduction

The excessive consumption and depletion of fossil fuels have led to an atmospheric
CO, level higher than 400 ppm [1], exceeding the safety limit estimated at 350 ppm
[2]. Consequently, all attention is currently focused on the search for solutions to
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Today Tomorrow

Heat network Electricity grid Liquid and gas fuels and feedstocks T&D

Fig. 7.1 Energy system today and in the future. (Adapted with permission from Ref. [11]. Copy-
right © 2020 Hydrogen TCP)

control and mitigate CO, emissions — solutions that imply a new energy system with
an increase in electricity as an end-use energy and an encouragement in the use,
implantation, and development of renewable sources to generate the mentioned
electricity.

In the latest years, hydrogen generated from green sources has awaken interest as
an efficient strategy to achieve the electrification and the decarbonization of the
energy system. Hydrogen could link different energy sectors and networks and thus
increase the operational flexibility of the future systems (as shown in Fig. 7.1).

Hydrogen, the most abundant but not directly available element, possesses higher
energy content by weight than the rest of conventional fuels [3]. It is a versatile
carrier that can be generated from a wide variety of sources and with a large
flexibility in terms of conversion and storage methods [4].

In general terms, hydrogen can be produced from fossil fuels, biomass, or water.
Biomass is able to produce it through several processes such as reforming, pyrolysis,
gasification, or fermentation. Hydrogen from biomass is one of the most consider-
able sustainable resources since energy crops, agricultural residue and waste, for-
estry residue and waste, and industrial and community waste can be used as raw
materials [5]. Biological hydrogen produced from biomass is especially appealing
since these processes can be conducted at ambient temperature and pressure requir-
ing less energy [6].

Water splitting processes such as electrolysis, thermolysis, or photo-electrolysis
are also remarkable options to generate hydrogen since water is an abundant and
inexhaustible compound [7]. Renewable energy sources could be coupled with these
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processes, generating a totally free of CO, emission hydrogen. Among them,
electrolysis is an established and well-known method, it is the most efficient process
for water splitting, and it has been widely explored. Nonetheless, due to its high
endothermicity, it is a high energy-demanding process that leads to high production
costs [5]. Depending on the type and the number of hours of utilization of the
electrolyzer, the cost of hydrogen production can oscillate in a range of 10 €/kg
(utilization <1000 h) to 2-6 €/kg (utilization of 3000-4000 h), although none of
them are competitive or commercially acceptable costs nowadays [8].

Currently, and despite all possibilities, around a 96% of hydrogen is produced
from fossil fuels [5], being the most common routes coal gasification, hydrocarbon
pyrolysis, and hydrocarbon reforming. These production methods are the most
developed, used in industry, and least costly. The production costs without consid-
ering transport and distribution of these mature technologies are below
100 USD/MWh, much lower than those for electrolysis which are close to
200 USD/MWh [9]. However, the idea of a decarbonized system using hydrogen
produced from fossil fuel seems contradictory. For that reason, the use of oxygen-
ated liquid compounds obtained from renewable sources such as bioalcohols in these
systems is encouraged.

Biomass-derived organic molecules such as bioalcohols are stable hydrogen-rich
molecules that can be considered as a resource for hydrogen production from
multiple methods including biological, thermal, or electrochemical systems [10].

Alcohols such as methanol, ethanol, or glycerol are able to replace methane in
reforming and partial oxidation processes, turning them into more environmentally
attractive ones.

Among the different alcohols, ethanol is one of the most attractive alternatives for
hydrogen production. It can be easily generated from biomass feedstock (such as
sugarcane, wheat, corn, woodchips, bagasse, waste from agro-industries, and
organic fraction from municipal wastes or forestry residues). In fact, many commer-
cial plants produce ethanol from corn in the USA and sugarcane in Brazil [12]. Brazil
is indeed known for its policy on the bioethanol production and uses it in hydrous
form or blended it with gasoline in transport vehicles (40% of transport fuel
consumption has been replaced by sugarcane-derived bioethanol) [13], which is
non-toxic (unlike methanol) and easy to store, handle, and transport, and it is
globally available. Although its hydrogen content (13 wt.%) is slightly higher than
the one of methanol (12.5 wt.%), its complete conversion requires breaking of the
C-C bond that is more difficult than the cleavage of C-H bonds. In any case, its use is
favored since CO produced during methanol electrolysis could lead to catalyst
deactivation in homogeneously catalyzed processes [10].

The phenomenon of electrochemical promotion of catalysis (EPOC) [14], ini-
tially described as non-Faradaic electrochemical modification of catalytic activity
(NEMCA) [15], is able to reversibly change the activity and selectivity of a metal
catalyst supported on a solid electrolyte by means of external voltage application and
could be a plausible alternative to induce a catalytic rate increase in reforming
processes for hydrogen. The EPOC effect has already played a key role in hydrogen
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production, being applied in some of the most important hydrogen production
reactions (Table 7.1).

Although classical or conventional promotion and electrochemical promotion
methods are functionally identical, they operate in a different way [14]. While in
classical promotion the electronic promoters are chemically added onto the catalyst
support together with the active phase, the electrochemical promotion allows the in
situ modification and control of the amount of promoter in the reaction process.
Moreover, in the case of the former one, catalysts could be deteriorated in case of
promoters’ evaporation or deactivation during operating conditions [16].

In general, the addition of alkali and alkaline earth metals as classical promoters
enhanced catalysts’ stability, as in the case of potassium promotion in methane and
ethane steam reforming [17-20] or methane dry reforming [19]. Alkali promoters are
prone to block the most active sites inhibiting carbon deposition although also
decreasing methane conversion, being the former effect more pronounced than the
latter one [16]. Moreover, the hygroscopic nature and basicity of certain alkali salts
can lead to promotional effect via enhancing the catalyst activity [21].

Equivalent electrochemical promotional effect can be observed in the following
presented studies, although, in this case, the in situ control of the alkali amount
allows the catalyst activation and regeneration in the course of catalytic reaction, as it
will be explained below.

Hydrogen production from ammonia decomposition has been boosted by alkali
classical promotion [22, 23]. In 1997, this reaction was electrochemically promoted
using a K" conductor (Fe/K,YZr(PO,); as electrocatalyst) for the very first time
[24]. The electrochemical supply of low amounts of potassium ions enhanced
ammonia decomposition rate, the effect attributed to the strengthening of nitrogen
(electron acceptor) and the consequent weakening of ammonia and hydrogen (elec-
tron donors) adsorption.

Alkali promoters also presented a beneficial effect on water-gas shift reaction.
Potassium adatoms can favor the thermochemistry for water dissociation with the
cleavage of O-H bonds at room temperature [25], and the electronically weakening
of C-H bonds, enhancing formate composition, which is the rate-limiting step in
most cases [26]. Application of EPOC effect on water-gas shift systems led to similar
effects. The use of K* [27] and 0+ [28] as conductors in Ni and Pt catalysts,
respectively, resulted in an electrophilic EPOC behavior in both cases. The K*
backspillover and the O>~ spillover (cathodic polarizations) enhanced CO conver-
sion. The overall catalytic activity increased due to the strengthening of the chem-
isorption bond of hydroxyl groups (electron acceptors) and the weakening of
electron donors such as CO.

The EPOC phenomenon was applied to the methane steam reforming reaction for
the first time in 1995 [29], using a Ni-based catalyst film supported on YSZ as solid
electrolyte (O~ conductor). The electrochemical supply of O*~ through a positive
polarization decreased carbon deposition and enhanced methane conversion and CO
production rate. Besides, catalyst was regenerated by anodic polarization, by oxi-
dizing carbon deposits due to the presence of oxygen ions.



273

7 Recent Studies of Electrochemical Promotion for H, Production from Ethanol

(panunuoo)
QoeJINs snoduagowoy | ZSA/id pue dsed 1q) yur
log] | o10z| orqoydonosry © ur pasodsip soponed 14 | 3sATereo € jo uoneorddy FOUVY-eN | ZSANdd
ssauy3nor parodur
ue i “93K[0109[9
PL[OS 3y} 0} paisype [[om (109418 ouok
[rel| 110C orrydonoay ‘0pomnd2[2 SNOJUITOWOH | -0 s 1opmod 1sK[ered ZSA | ZSAAd Queylow
9oeyIns snoaudgowoy | ZSA/d pue 2sed 14) yur Jo uon
log] | o010z | orqoydomoary © ut pasodsip soponred 19 | 1sA[ered e jo uoneorddy fOIVY-EN | ZSANd-Md | -BPIXO [enreq
ssouy3nox paroidur
ue im 91A10109[9
PI[OS 93 0} paIsype [[om (109418 ouo[A
[1el| 110C orydonoag ‘9poNdA[e SNOAUITOWOH | —ypo ynm zopmod 15ATeres ZSA | ZSAAd
doejins snosudgowoy | ZSA/d pue dised 1q) yur
o1qoydonoarg ' ur pasodsip sofonred 1q | 1sATeIed e Jo uoneorddy ZSAAdAd
wy | 0} G'() Woif Jsed jo s3ur
[oc]| otoz| orqoydomoorg Surduer sojerowo[33e 1d | -1e0o ury jo uonedrddy fOUvy-eN d sueow
Jsed jo s3ur Jo Sururojor
[62]| se661 | orqoydonsorg Sl LS 1202 Uy jo uoneonddy ZSA N wearg
1sA1ere0 IN Inq
(2] ornydonoaryg L7 | 3o reordAy armonms wreo uonsodurooap ewray ], fOavg- IN
Aysood jueoyru Jsed jo s3ur Jiys
[8zl| 1T10T ormydonoorg os—| ¢z -31s M snoduaSowoy | -jeod ury) jo uoneorddy 7ZSA d se3-10Je p\
Jsed jo s3ur
o1qoydonodrg -3e02 ury) jo uoneorddy | *€Q!ours0rzen
Jsed jo s3ur uonisodwooap
[+l | Le61 | o1qoydonsorg 0cl| 9¢ -1202 Iy jo uonesrddy SPFODIZAT od rluowury
Sjy | IBOX 1 \Y4 d K3oroydiopy poyow uoneredarg | 914[0109[9 pIjOS 1sA1RIRD) uonoeay

uoudwouayd DOJH Aq parowoid suonoear uononpoid uaSoIpAy Jo 1 2y} Jo IS [°L dqeL



E. Ruiz-Lépez et al.

274

amonns
aurreism (50) uonisodop
[8€l| 910 orydonoag ¥ JIqnd PaIAULd-93e JIe d1poyjes Lol 1IN
09 =4¢
IIM SUWN[OO0URU SUONIPUOD Wnn
pajeredas pue pan jo -oeA Jopun uonesodead
[L€] orydonoorg €97 | SunsIsuod aIN)ONINSOIINA anbrqo Aq paysode(q n)
[ecl| st0T | orqoydomoory S0 uontsodop ore orpoyie) IN
swoje
PIo3 Jo A[quidsse o1[[e1ow
(DDH) 21qNd PaIAIUI-9IBY
log]| v1oz| ormdomdarg | 0S18—| 68 Jo Sunsisuoo sopnred Surrannds uonousey ZSA/MY [ouepow
uonisodap Jo uon
[sel| z10T srydonosg 9 Imonns asud( oIe o1poyyed as[ng 1d| -eprxo [enred
leel| stoz| ormydonooryg 81 uonsodap ore d1poyie) N [oueyow
uonisodap Jo Sururojor
[v€l| cioe orrgdonoary S JIe JIpoyes pasing tOvd- d weas
o1rydonsspe uonisodop
[ecl| st0T| odA-ouwsjop S OIe SIpoyies 11 RORV D IN
JJeIR0E [AINq
ur uonnjos 3y jo s3ur uonisoduwooap
[cel| 6861 | orqoydonodig 9 W[y snotod | -1eod ulyp jo uonesrddy ZSA 3y [ouByIdN
ssouy3nor paroxdur
ue ym ‘93K[0109[9 Jueylow
PI[OS 9Y3 0} pAIdYpe [[om ([094[8 oud[4 Jo Suruiogar
[1ell 1102 ornmydonoarg y| ‘oponoors snosuaSowoy | YR Wim 1opmod 1sK[ered ZSX | ZSANdd [euLIOyIOINY
Sjy | IBAX 1 \Y4 d A3oroydiopy poyow uoneredarg | 914101099 pIjOS 1s41RIRD) uonoeay

(ponunuoo) L dqe],



275

7 Recent Studies of Electrochemical Promotion for H, Production from Ethanol

[oueyld
19)deyo Jjo Suruiojor
SHL | T20C fovy-I d [eulIopoIny
10deyd [ouey)? Jo uon
SHWL | T20C toUvd-i id | -BpIXO [ehIed
[oueyld

uoneugarduy Jo Suruiojar

l6€] | 610C onydonod[dg | ¢y19— | 8L'9 — uonrsodop [euuoy, fovy-I d wea§




276 E. Ruiz-Lépez et al.

The same solid electrolyte was also used in a Pt catalyst film [31], where the
hydrogen production was studied by applying the EPOC effect to partial oxidation,
steam reforming, and autothermal reforming of methane. Cationic conducting solid
electrolyte (Na-f”Al,O3) has also been used as support for a Pt catalyst in methane
reforming reactions [30], for in situ catalyst activation and regeneration under
different polarization conditions.

Due to the advantages of using alcohols as fuels for hydrogen production, the
EPOC effect has been also applied to alcohol conversion processes. The electro-
chemical promotion to the methanol dehydrogenation reactions was firstly studied in
1989 [32], using an Ag catalyst supported on YSZ. The same solid electrolyte was
also used to support Au nanoparticles in partial oxidation of methanol [36], leading
in both cases to an increase in hydrogen production. The removal of O>~ ions from
the catalyst surface while decreasing the applied potential led to a decrease of
catalyst work function favoring the chemisorption of electron-acceptor molecules
(such as methoxy group) [32]. Alkali promoter (K*) was also applied in the methanol
conversion processes such as partial oxidation, steam reforming, or methanol
decomposition, supporting Pt [34, 35], Ni [33, 38], and Cu [37] catalyst films. In
these alcohol conversion processes, the use of alkali promoters instead of negative
promoters could provide a higher conductivity at lower temperatures, which could
be pretty beneficial in the case of methanol reforming processes. This kind of
promoters could also provide a higher stability, especially in hydrogen production
reactions since the use of 0>~ promoters in an oxygen-free gas-phase reaction could
limit the solid electrolyte stability.

In most of the mentioned alkali-promoted cases, an electrophilic EPOC behavior
was found, i.e., an increase in the hydrogen production rate under a decrease in the
catalyst potential by the electrochemical supply of alkali ions to the catalyst. As in
the case of classical promotion, the alkali promotional effect enhances catalyst
stability and activity, as well as the selectivity toward the methanol partial oxidation
instead of total oxidation and, hence, toward hydrogen [35].

In the case of ethanol as feedstock, and prior to the studies of our group, the
EPOC phenomenon has only been applied to ethanol oxidation reaction. In these
studies, ethanol dehydrogenation into acetaldehyde was enhanced due to the EPOC
effect while using YSZ as solid electrolyte and Pt [40, 41] or perovskite [42] as
catalysts. The reversible enhancement on the acetaldehyde reaction rate in the
polarization of the Pt/YSZ was found to be on the order of 10* at low temperatures
and high oxygen pressures (conditions where the maximum acetaldehyde yield was
obtained). The promotional effect is more pronounced at higher oxygen partial
pressures since the activation of the chemisorb oxygen atoms is higher. The origin
of this effect was attributed to the observed decrease in the catalytic activation
energy of ethanol dehydrogenation reaction (up to 85% lower than the one required
in open-circuit conditions) [40, 41]. In the case of using a perovskite as catalyst, the
kinetic behavior was affected not only by the NEMCA effect but by high temper-
atures, homogeneous reactions, and direct electrocatalysis [42].

In view of the importance of hydrogen production in the foresight energy future
and its production from renewable sources, as well as the successfully promotional
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effects of alkali metals for methane or methanol conversion processes, our group has
focused on the study of hydrogen production from ethanol by the application of the
alkali-EPOC phenomenon [39]. In this chapter, we reviewed some of the most
promising results obtained for the ethanol steam reforming, partial oxidation, and
autothermal reforming processes in a Pt/K-BAl,O; electrochemical catalyst.

7.2 Ethanol Steam Reforming Reaction

Due to its favorable stoichiometric equation (Eq. 7.1), ethanol steam reforming
(ESR) has been pointed out as an attractive alternative for hydrogen production
compared to the most used methane steam reforming.

C,HsOH + 3H,0 — 2CO, + 6H, (7.1)

Consequently, ethanol steam reforming has been widely studied in different
catalytic systems. Noble metals such as Au, Pd, Pt, Rh, and Ru [43-48] have been
used and tested as catalysts, although attention has been also focused on the use of
transient metals like Cu, Ni, Co, or Fe [49-56], as well as on bimetallic systems [57—
61]. The role of the support has also been subject of study, and materials such as
Zn0O, Al,O;, Nby,Os, ZrO,, CeO,, SiO,, Lay0j;, calcium hydroxyapatite
Ca;o(PO4)s(OH), (HAp), and mesoporous silica Santa Barbara Amorphous-15
(SBA-15) [62-64] have been tested. Besides, novel structures have been explored,
like carbon nanofibers and nanotubes that have supported Co as catalyst [51], metal-
carbon composites with Co-Ru as bimetallic catalyst [61], or Ni catalyst encapsu-
lated within ultrathin graphene layers [54].

Hydrogen selective catalytic membrane reactors have been also pointed out as an
alternative to highly pure hydrogen production since conventional gas separation
techniques are not sufficiently cost-efficient [65]. A few studies have taken a chance
on these systems [47, 65, 66]. Nonetheless, the fragility of these materials, which
delimits their lifetime, is a major issue yet.

One of the main problems of ethanol steam reforming process is the catalyst
deactivation due to coke deposition. For that reason, chemical promotion has been
studied in different systems, to reduce coke formation and to improve catalyst
resistance [67-69]. Alkali and alkali earth metals have outstood as promoters due
to their basicity, which can help to suppress coke formation [63, 70], to inhibit
methanation reaction [71], or even to facilitate C-C bond scission at lower temper-
atures [71]. Besides, this kind of promoters has been also proved to enhance CO,
adsorption in a system able to generate hydrogen and capture CO, simultaneously
(sorption-enhanced steam reforming) [72].

Considering the promotional effect of alkali metals, the EPOC phenomenon was
applied to the ethanol steam reforming process using a Pt/ K-pAl,Oz/Au disk as
electrochemical catalyst [39]. The EPOC experiments were conducted following the
procedure generally used in the conventional three-electrode electrochemical cells
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[73]. This cell consists of a single-chamber solid reactor, which has been shown to
behave as a well-mixed (CSTR) reactor in the range of flow rates typically used, as
proved by obtaining the reactor residence time distribution with a nondispersive IR
CO, analyzer [74, 75].

7.2.1 Electrochemical Promotion of Pt Catalyst on Ethanol
Steam Reforming

The strong promotional effect of alkali (potassium) was analyzed through different
galvanostatic, potentiostatic, or combined transients. In a galvanic-potentiostatic first
experiment (Fig. 7.2), an electrophilic behavior was observed with the increase of
the potassium supply, in agreement with the EPOC rules [14].

While applying a negative and constant current, where a rate of I/nF = 1.04-10'°
molg*s~" of potassium ions was electrochemically transferred to the surface of the
catalyst, it can be observed how the catalyst potential decreased, as well as catalyst
work function leading to a rate increase. This enhancement can be due to an increase
of the chemical bond of intermediate chemisorbed species (ethoxy molecules) and its
further dehydrogenation. Regarding the potential measured between the working
and reference electrodes (Vwr), the same trend seen in previous studies with this
kind of electrolytes was observed [36, 76] — it decreased as long as the negative
current was applied. Therefore, the application of negative current led to a back-
spillover of K* ions onto the catalyst film which strongly activate the catalyst. This
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Fig. 7.2 Variations of H, production rates vs. time upon different potentiostatic and galvanostatic
transitions. Ethanol steam reforming conditions: 3% EtOH, 9% H,O, Ar balance. T = 450 °C.
(Adapted with permission from Ref. [39]. Copyright © 2018 Elsevier B.V. All rights reserved)
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activation can be quantified via different parameters such as the Faradaic efficiency
(A) or the reaction rate enhancement ratio (p). These two parameters were calculated
(please see Fig. 7.2), and the obtained values corroborated the strong promotional
effect induced during the negative polarization step. This effect increased hydrogen
production rate in more than three times vs. the absence of these promoter species.
Previous studies of hydrogen production reactions electrochemically promoted with
alkaline solid electrolytes have reported similar promotional parameter values [77].

The reversible character of this promotional effect was also observed in this first
experiment, due to the hydrogen production rate decrease once the current applica-
tion was interrupted (open-circuit conditions, at = 150 min). In this step, potassium
ions were gradually removed from the catalyst surface via thermal back-diffusion or
sublimation until the forced fast migration of K™ promoter back to the solid electro-
lyte via application of a positive overpotential (final application of +2 V at
t = 212 min). In a previous study [78], the immediate disappearance of the Ky,
signal from a Ni catalyst film supported on K-BAl,O; was observed under the
application of +2 V via in situ XPS measurements. These XPS measurements
demonstrated the successive potassium reduction/diffusion steps on the solid elec-
trolyte cell upon polarization. The electrochemical reduction led to the adsorption of
atomic potassium at two different sites at the Ni catalyst: via spillover at the tpb
(triple-phase boundary) gas-exposed catalyst surface and then at the inner catalyst
interfaces or grain boundaries via diffusion [78]. In the present case, the fast recover
of the initial catalytic activity after the positive polarization pointed out the complete
reversibility of the induced EPOC effect. This behavior was also a result of the
stability of the catalyst film, which was studied in more detail.

The steady-state variation of ethanol conversion and catalyst selectivity (Eqgs. 7.2
and 7.3) vs. applied potential was evaluated at different reaction temperatures, as
shown in Fig. 7.3.

w400 ¢ Lk s 400 °C
asd o 450 °C 55+ — 450 90
e 500 T 50 a— 500 “C

Vi (V)

Fig. 7.3 Steady-state (a) EtOH conversion and (b) H, selectivity vs. applied potential (Vwg) at
different reaction temperatures. Ethanol steam reforming conditions: 3% EtOH, 9% H,O, Ar
balance. T = 450 °C. (Adapted with permission from Ref. [39]. Copyright © 2018 Elsevier
B.V. All rights reserved)
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being F; ;, and F; o, the inlet and outlet molar flow rate of the i species, respectively.

As expected, taking into account reaction kinetics [14], ethanol conversion
increased as reaction temperature did. At all temperatures, an electrophilic EPOC
effect was observed, and it was higher at higher temperatures due to the exponential
nature of this effect on dehydrogenation kinetics. However, at the highest temper-
ature (500 °C) and at low potentials (below —0.5 V), a decrease in both ethanol
conversion and in hydrogen selectivity was observed.

It is well-known that an excessive promoter coverage can be produced at the most
negative potentials leading to a poisoning of catalytic active sites as already studied
in published works on EPOC effect for methanol reforming reactions [36]. As
already commented, one of the main advantages of the electrochemical
promotion vs. conventional catalytic one is its capability of controlling the amount
of promoter coverage on the catalyst surface by changing reaction conditions, being
able to lead to an optimal amount [79].

Compared to conventional potassium-promoted Pt/Al,O; catalytic studies, where
conversion values were up to 94% at 450 °C [79], low conversion values (below 4%
in all cases) were obtained. These values are a consequence of the low geometric
area of the catalyst film (2.01 cm?), its low catalytic active surface area, and a high
reactant bypass due to the reaction system used [80]. Nonetheless, and in view of
practical applications, conversion could be increased using other reactor designs,
e.g., the monolithic electro-promoted reactor (MEPR), in order to get higher catalyst
surface area and higher catalytic conversion values [81].

Notwithstanding, and for comparative purposes, a previous study reported the
turnover frequency (TOF) values of methanol decomposition, from the active
catalyst sites. The values reported were shown to be of the same order as those
reported in different conventional catalytic systems [77].

Related to the catalyst selectivity to hydrogen production, it is also interesting to
note the positive effect of the electrochemical promoter, which was attributed to an
increase in the kinetics of the dehydrogenation reactions. The role of the promotional
effect in the reaction mechanism and hence in the hydrogen selectivity was also
evaluated as detailed below.

7.2.2 The Role of the EPOC Effect on the Ethanol Steam
Reforming Reaction Pathway

In order to evaluate the influence of the presence of K* on Pt continuous films in the
reaction mechanism, H,, CO,, and C,H4O were followed up along time while
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transitions. Ethanol steam reforming conditions: 3% EtOH, 9% H,O, Ar balance. T = 450 °C.
(Adapted with permission from Ref. [39]. Copyright © 2018 Elsevier B.V. All rights reserved)

applying different potentials at a constant temperature of 450 °C, as shown in
Fig. 7.4. Once again, it could be observed the strong electrophilic EPOC effect at
potentials below +0.5 V and thus an increase in the different obtained product rates.
However, it was observed a higher enhancement in hydrogen production rates (five
times higher while applying —1 V than +2 V) compared to the one observed in the
carbonaceous product rates. Nonetheless, this was not the case for the rest of the
products. The ratio between hydrogen production and the rest of the product’s

. 1
production rate (¢
rco, +7cyH 0

) was calculated in both states, promoted state (applying
—1 V) and unpromoted state (+2 V), being the second one 1.56, while the first one
was up to 3.53. This fact may indicate the possible adsorption of some carbonaceous
products on the catalyst surface while applying negative polarization steps. This
behavior was previously reported while using a conventional Pt catalyst in catalytic
ethanol steam reforming reactions [82].

As previously studied, operation parameters such as reaction temperature or
catalyst characteristics (such as metal dispersion, thermal stability, metal-support
interaction, or particle size) can determine the ethanol steam reforming reaction
mechanism [83, 84]. As schemed in Fig. 7.5, ethanol adsorption on the catalyst
surface is established as the first step in the reaction mechanism for these studied
conditions [83, 85]. This adsorbed ethanol is then dehydrogenated to acetaldehyde in
two reaction steps: firstly into an intermediate ethoxy molecule and, secondly, into
acetaldehyde [86]. Then, hydrogen is obtained from three different reactions:
H-adsorbed atom recombination, acetaldehyde steam reforming reaction, and
water-gas shift reaction.
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Fig. 7.5 Ethanol steam C,H,OH . » (C,H;OH),
reforming reaction ? s !
mechanism scheme v
(CH,CH,O"), + H’
. -H,
(CH,CHO), + H’
H.,O

2C0+ 3H,
2 H,0

2 CO, + 2 H,

It was proposed that, under unpromoted conditions (+2 V), the initial ethanol
dehydrogenation reactions were the rate-determining step [87]. Under these condi-
tions, the hydrogen production was limited by the presence of a low coverage of
intermediate ethoxy and acetaldehyde adsorbed molecules, leading to a low hydro-
gen production rate [79]. Notwithstanding, the presence of K during the negative
polarization steps activated the ethanol dehydrogenation reactions. The observed
electrophilic behavior was explained considering the strengthening of the
chemisorptive bond of electron-acceptor molecules, i.e., intermediate ethoxy mole-
cules, while decreasing catalyst work function.

A similar electrophilic effect has been reported for the case of methanol decom-
position considering the electron-acceptor character of intermediate methoxy mole-
cules formed in these previous cases [32, 33]. Under these conditions, the hydrogen
production rate may have probably increased via dehydrogenation into acetaldehyde
and H atom recombination, whereas very likely, a large amount of ethoxy species
and acetaldehyde molecules remained adsorbed on the Pt active sites, explaining the
increase in hydrogen production but not in the carbonaceous products during the
negative polarization step. This electrochemical promotion mechanism was further
supported by the influence of the partial pressure of water and ethanol [39].

7.2.3 Stability Study of Ethanol Steam Reforming Reaction

The hypothesis of the adsorbed carbonaceous species was confirmed by conducting
in situ temperature-programmed oxidation (TPO) experiments (Fig. 7.6b) after a
long-time negative polarization step (Fig. 7.6a). The application of this negative
polarization (—1.5 V) led to a continuous decrease in the catalytic activity along the
time, attributed to the continuous formation and adsorption of intermediate carbo-
naceous species, which would block the Pt active sites.

The complete reversible character of the EPOC phenomenon was again observed
after the application of an electric potential of +2 V, which also allowed regenerating
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the catalyst from such carbonaceous species deposition. After this positive
overpotential application, a catalyst surface free of adsorbed carbonaceous molecule
was recovered and able to be again electrochemically activated through negative
polarization. The in situ TPO experiments were performed just after each polariza-
tion step denoted as the following: state 1 after the initial polarization at +2 V at
t = 100 min, state 2 after the polarization at —1.5 V at t = 1090 min, and state 3 after
the second polarization at +2 V at t = 1200 min.

TPO experiments after state I and state 3 showed a C product-free and clean
catalyst surface since CO, was not observed. Applying a positive polarization (+2 V)
leads to a clean catalyst free of intermediates, while, on the contrary, applying
a — 1.5 V polarization for 15 h (state 2) produces CO, originated from intermediate
carbonaceous species deposited on the catalyst surface. The negative polarization
induced the formation of these intermediates since the K* presence strengthens
ethoxy intermediated molecule chemisorption, activating the dehydrogenation reac-
tions. Raman spectroscopy and scanning electron microscopy were used as ex situ
characterization techniques to further confirm the presence of these species on the
catalyst surface. Two different regions can be clearly differentiated in the analyses
conducted after negative polarization: a lighter zone which could correspond to an
apparently clean or free of intermediate zone (region 1) and a darker one (region 2),
where carbonaceous species deposition was visible at first sight (Fig. 7.7).

Unsurprisingly, the state 3 (only region 1) and state 2 spectra did not show any
band, while the spectra obtained on region 2 of state 2 showed two bands identified
as the disordered graphitic lattice (D band) and ideal graphitic lattice (G band),
respectively. This latter spectrum resembles a carbonaceous structure typical of

state 2 (region 1)

state 2 (region 2)

state 3

Intensity (a.u.)

M

T T T T
750 1000 1250 1500 1750

Raman Shift {em™)

Fig. 7.7 (a) Raman spectra of Pt catalysts after different applied potentials at Fig. 7.6 reaction
conditions. Microscopy images after different states: (b) state 2 and (c) state 3. (Adapted with
permission from Ref. [39]. Copyright © 2018 Elsevier B.V. All rights reserved)
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pre-graphitic carbon which has been previously observed in Pt catalysts and identi-
fied as one of the main reasons of the reforming catalysts’ deactivations [88].

This study confirmed the electrochemical promotion effect on the reaction of
ethanol steam reforming. It also underlined the advantage of this phenomenon in
terms of in situ activation of catalytic activity and hydrogen selectivity, as well as the
catalyst regeneration after a carbon deposition deactivation.

7.3 Ethanol Partial Oxidation Reaction

Despite that ethanol steam reforming reaction offers higher energy efficiency since it
provides the maximum theoretical yield of hydrogen [89], it is a strongly endother-
mic process that requires an external supply of heat, so it is limited by the heat
transfer. Microchannel reactor systems or catalytic wall reactors with high-surface
area catalysts are capable of increasing heat transfer, although they could compro-
mise the compactness and the cost of the system [90]. Moreover, catalyst deactiva-
tion could hinder onboard applications [91].

Ethanol partial oxidation reaction (Eq. 7.4) can be carried out without external
heat sources or heat exchangers. This reaction exhibits fast startup and quick
response times and presents a simple and compact design, desirable features for
automotive, mobile fuel cell applications [92]. However, the likelihood of hotspot
formation could make difficult the reaction control. That fact, joint to its low
hydrogen yield compared to steam reforming process, is its main drawback [57].

C,HsOH + 1/20, — 2CO + 3H, (7.4)

This reaction has not been so widely studied as in the case of ethanol steam
reforming reaction. Nonetheless, the role of noble metals such as Pt, Rh, Pd, or Ru as
monometallic and bimetallic catalysts has been subject of study [90, 93—
99]. Non-noble metals have been also used as monometallic catalysts as in the
case of Ni [100] or Co [94] and as bimetallic catalyst coupled with another
non-noble or noble metal [101-103]. The effect of the support and its interaction
with the metallic phase has been also evaluated, testing materials such as CeO,,
Y203, A1203, Zr02, TiOz, and SIOZ [95, 97, 104]

Previous catalytic studies have already evaluated the addition of different classi-
cal promoters. For instance, the addition of a V,05 phase to a Pt catalyst improved its
performance probably due to the V,05 redox properties [105]. Nitrogen also pro-
moted the catalytic activity of partial oxidation processes while using a vanadium
oxide catalyst supported on nitrogen-doped TiO, [106]. Characterization confirmed
the presence of nitrogen species in the surface support and their critical role on the
catalytic activity of the material due to the ethanol adsorption ability and the degree
of the vanadia cluster-support interaction. The impact of Na as alkali promoter in a
vanadium oxide catalyst was studied by Chimentao et al. [107], finding the influence
of this promoter in dispersion, reducibility, and acidity of the catalyst and its ability
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to decrease carbon deposition during reaction while using a high amount of
promoter.

Our group has also evaluated the EPOC phenomenon in the ethanol partial
oxidation reaction using the same Pt/K-BAl,Os/Au electrocatalytic system. The
promotional effect at different temperatures and inlet compositions was investigated.

7.3.1 Electrochemical Promotion of Pt Catalyst on Ethanol
Partial Oxidation

The electrophilic EPOC behavior was first demonstrated through different
potentiostatic transients, as shown in Fig. 7.8. The application of potentials below
—0.5 V was responsible for an increase in hydrogen production rate, i.e., for a strong
activation of the ethanol partial oxidation on the Pt catalyst. This electrophilic
behavior is translated into a decrease in the catalyst potential and hence catalyst
work function. In a previous methanol partial oxidation study, methanol was iden-
tified as the donor molecule and O, as the acceptor one [35]. Similarly, ethanol was
considered as the electron-donor molecule since the migration of positively charge
species weakened the chemical bond between this molecule and Pt and strengthened
the bond with the electron-acceptor molecule (O5).

At the most negative potentials, a hydrogen production rate decrease was
observed right after the initial strong activation. Negative potentials were responsible
for a strong activation of the partial oxidation that led to the fast formation of
intermediate species. These intermediate species could further react and be
decomposed blocking active sites.
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Fig. 7.8 Potentiostatic transients: hydrogen reaction rate and applied potential vs. time. Inlet

composition: 3% EtOH, 1% O,, Ar balance. T = 550 °C. (Adapted with permission from Ref.
[108]. Copyright © 2022 Elsevier B.V. All rights reserved)
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Catalyst deactivation has always been a major issue in steam reforming processes
(as demonstrated in 7.2), and, in some extent, it has been previously observed in
partial oxidation too [102]. Nonetheless, the decrease observed in Fig. 7.8 seems to
be more likely due to an excess of acetate or ethoxy species adsorbed on the catalyst
surface [98], which would be further reacted into acetaldehyde. This kind of
behavior was observed in previous catalytic studies [94, 100] where, despite the
stability of the catalyst, an initial deactivation was observed at the beginning of the
reaction.

Following the trend obtained while working on ethanol steam reforming condi-
tions, a fully reversible effect was again observed since similar hydrogen production
rate values at the beginning and at the end of the experiment were obtained. This fact
is also an index of the stability of the catalyst film through different polarization
steps.

The positive influence of the potassium ions in the catalyst work function
decrease was asserted in all O,/EtOH molar ratios studied, and hydrogen production
always showed an electrophilic behavior (Fig. 7.9).

Notwithstanding, while feeding the reactor with a 1:2 molar O,/EtOH ratio, it can
be observed a decrease in the catalytic activity at the most negative potentials,
finding a maximum value at —0.5 V. Ethanol could find difficulties to be adsorbed
on the catalyst surface due to the high O, coverage at this molar ratio. At the most
negative potentials, and being ethanol the electron donor and hence, the weaken
chemical Pt bond compared to the electron acceptor, ethanol molecules could not be
found in the catalyst surface and oxygen would cover most of it. On the other hand,
and as previously reported while working with alkali conductors [35], the number of
Pt active sites could decrease due to the presence of formed and stored potassium
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Fig. 7.9 Hydrogen production rates vs. applied potential at three different O,/EtOH molar ratios.
Inlet composition: 3% EtOH. T = 550 °C. (Adapted with permission from Ref. [108]. Copyright
© 2022 Elsevier B.V. All rights reserved)
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surface compounds, which would partially blocked the catalyst surface. In this latter
case, the significance of the EPOC effect is not only dependent on the kinetics order
of donor and acceptor molecules, and at this negative potential, an excess of
promoter coverage could poison the Pt active sites [37].

Taking into account previous studies [91], the hydrogen yield is directly affected
by the oxygen-to-ethanol molar ratio. High ratios would favor hydrogen oxidation,
and then ethanol complete combustion could take place. The oxygen adsorption is
favored by the presence of potassium ions since it is the electron-acceptor molecule
instead of the ethanol adsorption (since this is the electron-donor molecule) leading
to a large oxygen coverage that could possibly limit the presence of ethanol in the
catalyst surface. On the contrary, very low molar ratios could not provide enough
oxygen. For that reason, 1:3 O,/EtOH molar ratio presented the highest catalytic
activity and EPOC behavior.

7.3.2 The Role of the EPOC Effect on the Ethanol Partial
Oxidation Reaction Pathway

The presence of oxygen and a C-C bond in the ethanol molecule make the reaction
pathways for ethanol partial oxidation numerous and complex. The large number of
possible by-products and its further transformations, which depend on the metal
catalyst, the support, and the reaction conditions, increase the potential reaction
combinations [109]. Through temperature-programmed reaction experiments
(Fig. 7.10), and in order to determine the possible reaction pathway, the different
product reaction rates were followed up under both promoted and unpromoted
(+2 V, —0.5 V) conditions.

A possible reaction mechanism based on the products found under the explored
conditions as well as on previous studies [109—111] was developed and schemed in
Fig. 7.11. In this mechanism, the first step consists of two competitive reactions: the
oxidative dehydrogenation and dehydration of ethanol. While dehydration reaction
does not produce hydrogen as product, the oxidative dehydrogenation of ethanol
generates acetaldehyde which can be reformed and then decomposed into methane
and carbon monoxide. Hydrogen would finally appear as an oxidation and reforming
product of these two species.

According to previous catalytic studies [97, 112], in this range of temperature, the
two competitive first reaction steps can lead to noticeable amounts of water, acetal-
dehyde, or ethylene, while the formation of carbon monoxide (which would further
produced hydrogen) needs high temperatures [91, 97]. Nonetheless, carbon monox-
ide could be activated at lower temperatures due to the electrochemical promotion.

Figure 7.10 confirmed this temperature activation for the oxidative dehydroge-
nation and dehydration reactions since the production rates of acetaldehyde and
ethylene notably increased as temperature did while applying +2 V (unpromoted
conditions).
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Fig. 7.11 Ethanol partial
oxidation reaction
mechanism scheme.
(Adapted with permission
from Ref. [108]. Copyright
© 2022 Elsevier B.V. All
rights reserved)
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However, under promoted conditions, hydrogen was strongly activated at lower
temperatures due to the K* presence on the catalyst surface. It seems that polarization
favored ethanol oxidative dehydrogenation route and, hence, acetaldehyde
reforming and decomposition reactions and the rest of the mechanism. Acetaldehyde
oxidation was limited in the absence of promoter species, and once these species
were present, an increase in hydrogen production rate was observed.

As already mentioned, the oxidative dehydrogenation and dehydration of ethanol
are the two competitive steps on the reaction mechanism, and polarization activated
ethanol oxidative dehydrogenation route instead of ethanol dehydration. Since
ethanol dehydration reaction does not produce hydrogen, it was demonstrated the
beneficial effect of EPOC application on partial ethanol oxidation, which favors
ethanol oxidative dehydrogenation reaction that leads to hydrogen production.

7.4 Okxidative Steam Reforming and Comparison Between
Different Reaction Atmospheres

Oxidative steam reforming or autothermal reforming process (Eq. 7.5) is the com-
bination of both steam reforming and partial oxidation. The addition of oxygen to
steam reforming conditions allows achieving an equilibrium between hydrogen
selectivity and energy efficiency, besides promoting the removal of carbon species
formed during reaction conditions that could deactivate the catalyst [113].

C2H50H+2H20+% 0, —-2C0O,+5H, (75)

Our group evaluated the effect of the oxygen addition to steam reforming
conditions following up the production rates under unpromoted and promoted
conditions while modifying the reaction atmospheres. Hydrogen production
rates vs. time through steam reforming, partial oxidation, and autothermal reforming
are shown in Fig. 7.12.

In all three atmospheres, the migration of the potassium ions led to an electro-
philic EPOC effect activating the different reaction mechanisms and, hence, activat-
ing hydrogen production via product reaction of all intermediate species since they
were not observed under promoted conditions.

Logically, and under all conditions, hydrogen production was higher in the case
of steam reforming reaction, since this reaction provides the maximum theoretical
yield of hydrogen among the studied reactions [89]. Nonetheless, the hydrogen
decrease slope was more pronounced in this reaction atmosphere. Considering the
stability experiments shown in Sect. 7.2.3 (Stability Study of Ethanol Steam
Reforming Reaction), the catalytic activity decreased along time in all cases, being
more notorious under promoted conditions. As already discussed, this is attributed to
the intermediate carbonaceous species deposition, which are continuously produced
and absorbed blocking Pt active sites.
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Regarding partial oxidation atmosphere, an increase in reaction temperature
activates oxidative dehydrogenation and dehydration reactions. Under unpromoted
conditions, acetaldehyde reforming and decomposition reactions are the rate-
limiting step of the reaction mechanism, so acetaldehyde and ethylene are produced
in large amounts. The presence of potassium ions activates these reforming and
decomposition reactions, favoring the ethanol oxidative dehydrogenation route and
increasing hydrogen production. Comparing this atmosphere to steam reforming, it
should be noticed the stable behavior of the former one, although its activity is lower.
According to previous studies [114] and under unpromoted conditions, it is possible
to achieve a higher acetaldehyde production if steam is replaced with oxygen,
though the acetaldehyde decomposition could be hindered resulting in a decreased
hydrogen selectivity. Acetaldehyde decomposition could be enhanced by polariza-
tion, but, in any case, partial oxidation reaction provides a lower theoretical yield of
hydrogen (as it can be observed in Eqgs. 7.1, 7.4, and 7.5).

Oxidative steam reforming or autothermal reforming combines both previously
mentioned atmospheres, achieving a higher catalytic activity for hydrogen produc-
tion rate than the one obtained by partial oxidation and a more stable performance
than in the case of steam reforming. Although hydrogen production rates slightly
decreased regarding steam reforming conditions, ethanol autothermal reforming
could be the most suitable atmosphere for hydrogen production taking into account
the significant deactivation that Pt catalyst suffered from exposure to steam reaction
conditions.

The suitability of autothermal reforming reaction was investigated through a
stability study. As shown in Fig. 7.13, two different experiments were conducted:
short-time (30 min each) and long-time polarizations were applied, switching from
unpromoted (+2 V) to promoted (—0.5 V) states. Both short-time and long-time
polarizations showed an electrophilic, reversible, and reproducible EPOC effect.
Once again, the migration of the potassium ions into the catalyst surface during the
first seconds of polarization led to an increase in the hydrogen production rate.
Additionally, the different obtained hydrogen production rates achieved the same
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Fig.7.13 Autothermal reforming stability tests: hydrogen production rates vs. time. (a) Short-time
(30 min each) polarization cycles, (b) long-time negative polarization. Inlet composition: 3% EtOH,
9% H,0, 1% O,, Ar balance. T = 550 °C. (Adapted with permission from Ref. [108]. Copyright
© 2022 Elsevier B.V. All rights reserved)

values for the same polarizations; here is to say the amount of electrochemically
transferred potassium ions from or to the solid electrolyte during negative or positive
polarizations was the same and led to a complete reversible and reproducible effect.

In the case of the long-time polarization experiment (Fig. 7.13b), and contrary to
steam reforming stability study (Fig. 7.6a) where a continuous decrease in the
catalytic activity along time was observed, constant values of hydrogen production
rates showed that the possible catalytic deactivation is negligible under autothermal
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reforming conditions. There is no loss of catalytic activity; hence, there is no loss of
promotional phases or catalyst deactivation during polarization. As it has been
already reported [99, 114], the continuous formation and adsorption of intermediate
carbonaceous species could block catalyst active sites in steam reforming conditions
leading to significant activity losses (resulting in a 50% drop of ethanol conversion
in some cases [111, 115]). Nonetheless and in all cases, the addition of oxygen
(autothermal reforming atmosphere) produced an appreciable improvement in the
catalyst stability.

7.5 Conclusions and Prospects

This chapter has reviewed the latest efforts of our group on the electrochemical
catalyst activation of hydrogen production methods from ethanol, which can be
easily generated from biomass feedstock, free of CO, emissions. In particular, it has
been focused on the application of EPOC phenomenon in traditional hydrogen
production methods such as steam reforming, partial oxidation, and autothermal
reforming. Drawn from these findings, key conclusions are presented below.

All the explored results led to corroborate the interest of electrochemical promo-
tion to improve the activity of a Pt catalyst in H, production from ethanol steam
reforming. Under the explored conditions, the promotional effect enhanced ethanol
dehydrogenation reaction kinetics by strengthening the chemisorptive bond of
intermediate ethoxy molecules. These species were responsible for catalyst deacti-
vation since they remained adsorbed on its surface; however, the application of a
positive potential (+2 V) allowed the complete catalyst regeneration from these
species and carbon deposition (as supported by in situ and ex situ characterization
techniques).

It was also observed that, under ethanol partial oxidation conditions, the migra-
tion of potassium ions weakened the Pt chemical bond with electron-donor adsor-
bates (ethanol) and strengthened chemical bond with electron-acceptor ones (O,),
enhancing hydrogen production. Moreover, polarization activated ethanol dehydro-
genation into acetaldehyde route instead of ethanol dehydration reaction. The former
one leads to further acetaldehyde reforming and decomposition reactions and hence
to hydrogen production, while the latter one does not produce hydrogen.
Autothermal reforming has been presented as the optimal conditions since it
achieved higher hydrogen production rates than the one obtained by partial oxidation
and a more stable activity than in the case of steam reforming. The addition of
oxygen produced an improvement in the catalytic stability.

Due to the promising results observed from these works, it can be expected that
further investigations should be focused on the EPOC phenomenon application to
ethanol conversion processes using other kinds of solid electrolytes, cationic
(Na-pAl,03, NASICON) or anionic (YSZ), as well as solid-state protonic conduc-
tors that could be useful for providing electropositive promoters to carry out
reforming reactions at the standard conditions. As already studied in methanol
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conversion reactions [33, 37, 38], the use of other metals as catalysts (as Ni or Cu),
instead of the noble metals, substituting the Pt group metals, would be an interesting
field of research. It is also encouraged the preparation of electrochemical catalytic
metallic films using advanced techniques (like cathodic arc deposition, sputtering, or
oblique angle deposition) in order to improve the catalyst active surface area and
decrease metal loading. In line with this, nanoparticles dispersed over mixed con-
ductor materials used as catalysts could strengthen the EPOC effect as already
observed in reverse water-gas shift or methane oxidation reactions while using Co
nanoparticles supported on YSZ or nanodispersed Pd on Cos;O,, respectively
[116, 117].

Regarding the source of ethanol, further research testing real bioalcohol streams
originating from biomass as feedstocks [118, 119], or even raw biomass such as
lignocellulosic biomass [120], would be necessary to truly evaluate the suitability of
this technology.

Finally, another interesting direction to focus on involves the development of
proper design of electrochemical cells, as the MEPR already mentioned, in order to
improve catalytic conversion [81], or an ethanol over-Faradaic electrolyzer. This
latter concept (see Chap. 9) was first purposed by our group by using methanol as
feedstock, and it consists of a new phenomenon where the electrocatalytic hydrogen
production via methanol electrolysis was coupled with the electrochemical-
promoted methanol dehydrogenation reaction, leading to an over-Faradaic hydrogen
production [121]. Although this phenomenon was not achieved in a first test using
ethanol as feedstock, further research and efforts in this direction would give rise to
outstanding and very valuable results.
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Chapter 8 )
Electrochemical Promotion and Related <
Phenomena During Ammonia Synthesis

Anastasios Vourros, Ioannis Garagounis, and Michael Stoukides

Abstract A large number of studies on the electrochemical synthesis of ammo-
nia have been published in the past two decades, but very few of them searched for
electrochemical promotion phenomena. This is because in most of the studies, pure
N, (instead of N,/H, mixture) was introduced over the cathode. In the studies on
NHj; synthesis, the Faradaic efficiency, A, attains very low values, and, in most cases,
the phenomenon is “sub-Faradaic,” i.e., A < 1. The A values are substantially larger
when a mixture of N, and H,, rather than N, alone, is introduced at the cathode. In
the reaction of NH; decomposition, the picture is improved: in all cases, A > 1 and
values of the order of 100 have been reported. For either reaction (synthesis or
decomposition), the p values are comparable to those reported in previous NEMCA
studies: a maximum p = 220 has been reported, while typical values are between
2 and 10. The NEMCA characteristics in NH3 synthesis were poor primarily because
its thermodynamic equilibrium limits the yield and, therefore, electrical energy must
be supplied to the system in order to attain the desired conversion.

Keywords Ammonia synthesis - Electrochemical promotion - NEMCA - EPOC -
Solid electrolytes

8.1 Introduction: The Synthesis of Ammonia from Its
Elements

The twentieth century is full of remarkable scientific inventions and discoveries: the
airplane, television, nuclear energy, antibiotics, walking on the moon, computers,
DNA structure, the Internet, and many others. Nevertheless, when the scientific
community was asked to name the most important achievement of the past century,
none of the above won. Instead, the synthesis of ammonia from its elements
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3 H, + N>22 NH; (8.1)

was on the top [1-3]. This selection is totally justified. Without ammonia, the world
population could not exceed 3.5 billion. In other words, today, half of the people on
earth have food to eat thanks to the discovery of the industrial synthesis of
ammonia [4].

Human food must contain amino acids in order for our body to synthesize
proteins. These amino acids are supplied primarily by agricultural crops. Because
amino acids and proteins contain nitrogen in its atomic form, agricultural crops are
limited by the availability of atomic nitrogen [4]. Nitrogen is abundant in the
atmosphere but in its diatomic form, N,. The utilization of atmospheric N, was
achieved via its conversion into ammonia, which in turn is the basic constituent of
fertilizers.

In 1913, BASF put in operation the first ammonia plant in Germany. It could
produce 5 tons of ammonia per day or, equivalently, 1825 tons/year [5, 6]. Nowadays,
the worldwide production of ammonia exceeds 150 million tons/year [3, 7, 8]. About
80% of it is used to make fertilizers. In the last two decades, ammonia’s role in the
energy economy has been upgraded considerably. One ammonia molecule can host
three hydrogen atoms and does not contain carbon. Clearly, it is an attractive
compound in the development of environmentally friendly processes for power
generation and hydrogen storage [3, 9]. Furthermore, it can be used as a fuel in
both thermal engines and fuel cells [10]. The continuous development of renewable
energy technologies is expected to further upgrade the importance of ammonia in the
global energy economy as this carbon-free liquid compound is both a fuel and a
hydrogen carrier [11].

The dominant route to the industrial production of NHj3 is the Haber-Bosch (H-B)
process, developed at the beginning of the twentieth century. Although its basic
characteristics remain the same, numerous studies and research efforts have focused
on the improvement and optimization of this reaction system. From the engineering
point of view, it was realized early on that the conversion of reaction (8.1) is limited
by thermodynamics. Because four volumes of reactants produce two volumes of
product, the equilibrium conversion increases with pressure. Also, because the
reaction is exothermic, the equilibrium conversion decreases with temperature.
Thus, if the reaction is carried out at ambient conditions (25 °C, 1 atm), the
thermodynamically predicted conversion exceeds 99%. At 25 °C, however, the
reaction Kkinetics are too slow for industrial practice. Therefore, temperatures
between 400 °C and 500 °C must be used to obtain reasonable reaction rates. At
these temperatures, however, the equilibrium conversion is extremely low if the
pressure is kept atmospheric. Consequently, pressures between 100 and 300 bar are
used [5, 6]. Under these conditions, the reaction conversion is about 15%. The
formation of the NH; molecule requires cleavage of the N = N triple bond first. This
is one of the strongest bonds in nature: 945 kJ/mol [12]. The search for an effective
catalyst and the elucidation of the reaction mechanism opened the road and pro-
moted the fields of surface science and heterogeneous catalysis to a great extent.
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Michel Boudart, one of the most distinguished scientists in this field, named
ammonia synthesis “The Bellwether Reaction of Heterogeneous Catalysis”
[13]. Today, it is generally accepted that the rate determining step in ammonia
synthesis is the dissociative adsorption of molecular N, on the catalyst surface
[14-16].

8.2 The Electrochemical Synthesis of Ammonia

As opposed to the industrial synthesis, which operates at elevated temperatures and
pressures, plants can convert N, of the air into ammonia under ambient conditions.
The nature of this reaction is essentially electrochemical: protons (H*), electrons
(¢7), and N, react in the presence of the metalloenzyme nitrogenase
[14, 15]. According to most researchers, the enzyme-catalyzed synthesis proceeds
via an associative mechanism: the N, molecule is partially hydrogenated before
breaking the triple N = N bond [14-18]. In an effort to imitate nature, several
investigators studied the electrochemical synthesis of ammonia at ambient condi-
tions using liquid (aqueous or organic) electrolytes [19-26]. Success, however, was
limited. The main problem was that liquid electrolyte cells have to operate at low
temperatures at which the reaction kinetics are slow.

In 1981, Iwahara and coworkers reported that certain mixed oxides of the
perovskite structure exhibit significant proton (H*) conduction at elevated temper-
atures, i.e., 500900 °C [27]. Since then, a large number of proton-conducting
ceramics have been synthesized. Such high-temperature proton conductors are
very useful in catalytic processes because they can operate under conditions at
which industrial hydro- and dehydrogenation reactions take place [28].

Using a solid-state proton conductor and the cell of Fig. 8.1, the solid-state
ammonia synthesis (SSAS) was first experimentally demonstrated in 1998
[29]. Two porous film electrodes are placed on the two sides of the solid electrolyte.
Hydrogen and nitrogen flow over the anodic and the cathodic electrode, respectively.
By the application of an external potential across the cell, hydrogen is converted to
protons at the anode:

3Hy26 HY + 6 (8.2)

At the cathode, N, reacts with H* to produce ammonia:
N, + 6 HY + 6 e" 22 NH; (8.3)
The use of the solid electrolyte cell of Fig. 8.1 exhibits certain advantages when
compared to the H-B process. The first is that the high-pressure requirement is

counterbalanced by the supply of electrical energy. In fact, in the cell of Fig. 8.1,
where hydrogen is supplied in the form of H*, one reactant volume produces two
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Fig. 8.1 Schematic diagram of a double-chamber solid-state H*-conducting cell; here, NHj is
produced from gaseous H, and N,

volumes of product as shown in Eq. (8.3). Thus, the high-pressure requirement is
essentially reversed. The energy input in the form of electrical work into the system
allows the conversion to ammonia to attain values higher than those predicted by the
thermodynamic equilibrium of reaction (8.1). This does not constitute a violation of
thermodynamics. To understand how this is possible, one can consider another well-
known example of an electrochemical reaction:

H,0=2H, + 1/2 0, (8.4)

At 25 °C, the equilibrium constant for reaction (8.4) is of the order of 1078, This
means that if, starting with 1 mol of H,O, there are x moles of H, at equilibrium,
there will also be x/2 moles of O, and 1-x moles of H,O. Since K = 10>® = Py,
(Po2)>>(Prao) ', x comes out to be of the order of 102>, Nevertheless, if electrical
work is offered, H,O is quantitatively decomposed to H, and O, at ambient
conditions (electrolysis).

The second advantage of SSAS is that protons are the only species that can be
transported from the anode to the cathode. In the H-B process, hydrogen is produced
from steam reforming of natural gas which may contain compounds that can cause
catalyst poisoning, even in trace amounts [5, 6]. In SSAS, only protons reach the
cathode, and there is no reason for external purification. Moreover, in addition to
gaseous H,, the hydrogen source can be any hydrogen-containing compound, e.g.,
steam, hydrocarbons, or their mixture.

From 1998 and until 2013, a large number of investigators had studied SSAS in
order to optimize the process. More than 30 solid electrolyte materials were tested,
and at least 15 catalysts were used as working electrodes [6, 30]. In the past decade,
research has expanded to include studies based on liquid electrolytes, operating at
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Fig. 8.2 Experimental works on the electrochemical synthesis of NH; up until 2020

near room temperature, and molten salt electrolytes, operating at 300-500 °C
[7]. Figure 8.2 shows the number of experimental works on the electrochemical
synthesis of NHj in the last 20 years. The orange part in each block represents the
SSAS, high-temperature (T > 400 °C) studies, i.e., those in which the electrolyte was
a solid-state proton conductor. The blue part represents aqueous or non-aqueous
low-temperature (T < 100 °C) studies as well as those conducted in molten salt
electrolytes. While very few papers were published before 2000, a gradual increase
in publications is observed from 2000 to 2015 followed by an explosive increase in
the past 5 years, as reviewed by several comprehensive studies [3, 6, 34, 35,7, 8, 10,
16, 30-33].

In the past two decades, numerous studies on the electrochemical synthesis have
been reported. The main findings from these works have been presented in several
reviews [6-8, 30-34]. Also, the hurdles that need to be overcome in order to make
the electrochemical synthesis competitive to the existing H-B process were identified
therein and can be summarized as follows:

1. One of the reactants, hydrogen, is supplied electrochemically. Therefore, in order
for the reaction rate not to be limited by the supply of protons, a high protonic
conductivity of the electrolyte is required [6-8].

2. The working electrode (cathode) should exhibit high electronic conductivity.
Unfortunately, several of the industrial catalysts, which have been developed
and improved for many years, are poor conductors.

3. The cathodic electrode must be selective toward NH; synthesis. On most elec-
trodes, the reaction between two protons to produce molecular H, competes
favorably with the reaction of ammonia synthesis, and this results in a severe
decrease in Faradaic efficiency (FE). In general, the FE values are lower than
10%. Worse is the picture in aqueous electrolyte systems (temperatures <100 °C),
where most of the reported FE values are of the order of 1% [6-8].
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4. Anincrease in the applied current results in an increase in the reaction rate up to a
certain value above which the rate levels off or even decreases with current. This
effect has been interpreted as “poisoning” of the electrode by protons which
suppress the adsorption of nitrogen [16, 30].

8.3 Electrochemical Promotion in Ammonia Synthesis

Solid-state proton conductors can be used to electrochemically promote the rates of
catalytic hydro- and dehydrogenation reactions. If the catalyst to be promoted is one
of the electrodes, protons can be “pumped” to or away from the catalyst during
reaction. The effect of electrochemical H" pumping can be quantitatively expressed
by the use of two dimensionless parameters [36]:

A= Ar/(I/2F) (8.5)
and

p=r/ro (8.6)

where [ is the imposed current, F is Faraday’s constant, r is the catalytic reaction rate
obtained at closed circuit, ry is the open-circuit catalytic rate, and Ar = r — ry, with
both 7 and ry expressed in mol/s of H, consumption (or production). Similarly, I/2F
is expressed in mol/s of H, transported through the electrolyte. If Ar, r, and r( are
expressed in moles of NH; produced/s, instead of Eq. (8.5), A will be defined from
the following equation:

A =15 (Ar)/(I)2F) = (r — r0)/(I/3F) (8.7)

If A = 1, the effect is Faradaic, i.e., the increase in reaction rate equals the rate of
proton transport through the electrolyte. If A > 1, the reaction system under study
exhibits the phenomenon of non-Faradaic electrochemical modification of catalytic
activity (NEMCA) or, equivalently, the phenomenon of electrochemical promotion
(EPOC).

Despite the very large number of studies on the electrochemical synthesis of
ammonia (Fig. 8.2), in only a few of them was hydrogen introduced together with
nitrogen at the cathode. Consequently, there were very few studies that could report
on the existence of EPOC effects. Table 8.1 contains these works regardless of the
value of the Faradaic efficiency, i.e., even if A < 1. Also shown in this table are
electrochemical promotion studies of the reverse reaction of ammonia decomposi-
tion. The first column on the left-hand side contains abbreviated symbols of the type
of the electrolyte that was used. The exact formula of these electrolytes can be found
below the table. The second column shows the catalyst used, which was also the
working electrode (WE) of the cell. The next two columns show the operating
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2N, + 6H* + 68 £52NH;

— < a —

N, Hy, NH; N, H,

Fig. 8.3 Schematic diagram of a single-chamber (SC) H* cell, wherein NH; synthesis takes place,
with or without NEMCA (side view in the bottom left)

temperature (°C) and the reactor type, respectively. Two main reactor types were
used, the double-chamber (DC) reactor like that of Fig. 8.1 and the single-chamber
(SC) reactor, schematically shown in Fig. 8.3. In the latter case, both electrodes
(anode and cathode) are exposed to the reaction mixture. The next column shows the
composition of the reactants, followed by two columns containing the values of A
and p, respectively. The last column contains the reference of each work.

Equation (8.7) was used to calculate A if the electrolyte is a pure H" conductor.
Otherwise, the following equation was used:

A=15(r—ro)/((I)2F)) - tuy (8.8)

where fy1,, the proton transference number, is the fraction of the total current that is
carried through the solid electrolyte in the form of H.

Using a perovskite of the form SrCegos5YbgsO3 (SCYb) as solid-state proton
conductor and polycrystalline Pd as electrodes, the reaction of NHj synthesis was
studied at temperatures between 570 and 750 °C and atmospheric total pressure
[29, 37]. The reaction was studied in both DC and SC cells. The superficial surface
area of each electrode was 1.3 cm? and 1.0 cm? for the DC and SC configurations,
respectively. The experiments in the DC reactor were conducted at 570 °C. A mixture
of 1.8% N, in He was introduced at the cathode, and a 100% H, stream was introduced
at the anode. Upon pumping H* to the cathode, NH; was formed at a rate of up to
4-10~° moles/cm?-s. The FE, defined as the fraction of transported protons that react
with nitrogen to produce ammonia, reached values as high as 78% [29].

The effect of electrochemical promotion was studied in the SC reactor at 750 °C
[37]. A mixture of 2% N,/6% H,, balance helium, was introduced into the reactor.



8 Electrochemical Promotion and Related Phenomena During Ammonia Synthesis 311

Upon increasing the imposed current, both reaction rate and A increased. Although A
exceeded unity, the values obtained were significantly lower than those typically
reported in previous NEMCA studies [36, 50-52]. In a different set of experiments,
the reactant gas composition was allowed to vary (1 < Pg»/Py»> < 5), while temper-
ature and current were kept constant. It was found that A increased with Pp/Ppyp.
Nevertheless, the A values remained very low (A < 3). Regarding the p values, at
open circuit, r, was extremely small (of the order of 10~"> moles/cm?-s and some-
times even beyond the detection limit for NH;3). At closed circuit, the reaction rate
attained values of the order of 10~ mol/cm?*-s. Consequently, the calculated p values
are as high as 10,000. This does not mean, however, that the system exhibited a huge
NEMCA effect because A was close to unity, i.e., operation was nearly Faradaic. To
avoid confusing the readers, there is no p value in Table 8.1 for this work.

The first demonstration of the NEMCA effect in the reaction of ammonia
synthesis at high pressures (50 bar) was reported by Yiokari et al. [38]. An industrial
Fe catalyst was used as working electrode. This work was also one step forward in
moving from lab scale to industrial practice as a set of 24 catalyst pellets, connected
in parallel, was used rather than 1 SC cell. The solid-state proton conductor was a
perovskite of the form Calng.Zry 9003, Experiments were conducted at 440 °C. It
was found that the rate enhancement was a strong function of the Pg,/Py, ratio.
Figure 8.4a shows the dependence of the rate enhancement on Pp,/Py, at open
circuit and upon imposition of a constant voltage of —1 V, i.e., upon transporting
protons to the working electrode. The open-circuit rate goes through a maximum
indicating competitive adsorption between nitrogen and hydrogen species on the
catalyst surface. The maximum rate of 9.4.1078 g-atoms H/s occurs at a Pg»/Py>
close to 1. Under closed circuit (—1 V), the behavior is similar, but the maximum
rate is shifted to a lower Py,/Py, value (about 0.67). At the same time, the peak
reaction rate is more than double the open-circuit maximum (23.3-10~® g-atoms
H/s). Proton “pumping” to the catalyst surface has a positive effect on the reaction
rate as long as Py/Pn> < 1.5. For Hy/N, > 1.5, the supply of protons causes a
decrease in the reaction rate. This can also be seen in Fig. 8.4b where p and A are
plotted vs P»/Pyo. A attains values as high as 3 for 0.33 < Pp»/Py> < 0.67 but
becomes negative when this ratio exceeds 1. Similarly, p = 12 at Py»/Py, = 0.5 and
decreases to zero above Pgo/Pyy = 2.

Application of positive potentials (removal of protons) resulted in a considerable
poisoning of the catalytic activity. Moreover, prolonged application of positive poten-
tials caused “permanent NEMCA” [53], i.e., the catalytic activity was lost perma-
nently and could be restored only after passing hydrogen for at least 12 hours [38].

Using an industrial Fe-based catalyst, the catalytic and electrocatalytic synthesis
of ammonia was studied by Ouzounidou et al. in DC and SC proton-conducting cells
at 450-700 °C and at atmospheric total pressure [39]. The solid electrolyte was a
strontia-zirconia-yttria (SZY) perovskite of the form StZrgos5Y0503... A silver
paste was used to prepare the anodic electrode. The superficial surface area of
each electrode of either reactor (DC or SC) was about 2.0 cm?. The DC reactor
operated as a regular catalytic reactor and was used to obtain open-circuit kinetic
results at temperatures between 450 and 650 °C. The reaction order was between
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Fig. 8.4 Effect of Py,/Pno 25
(a) on the reaction rate under » r (a)
open circuit' (ope'n symbols) E 20 ' T = 440 °C
and an applied bias of —1 V el ° P = 50 atm
(full symbols) and (b) on the = I o o Open Circuit
dimensionless parameters p ® ok ° 1V
(squares) and A (thombi). = I {
(Reprinted with permission = 5} -
from Ref. [38]) !
o}

Py, / Py,

0 and 1 for N, and between 1 and 2 for H,. The reaction rate increased with
temperature until about 550 °C, above which the reverse reaction of NH; decom-
position started its negative effect. At each temperature, the maximum rate was
attained when the reacting mixture was stoichiometric, i.e., Pyo/Pno = 3.0 [39].

Closed-circuit experimental results were obtained using the SC cell. Figure 8.5
shows the effect of applied potential on the reaction rate. A stoichiometric reactant
composition was used (Py, = 75 kPa, Py, = 25 kPa), and the temperature was kept
at T = 450 °C. The cell operated potentiostatically, i.e., the applied potential was
kept constant. The corresponding current is shown on the right-hand vertical axis.
Both positive (top, Fig. 8.5) and negative (bottom, Fig. 8.5) potentials were imposed.
At positive potentials, protons were transferred from the Fe to the Ag surface, i.e.,
hydrogen in the form of H" was removed from the Fe catalyst. At positive potentials,
the cell current increases linearly with the applied potential, but there is no effect on
the reaction rate. At negative potentials, however, an increase of the reaction rate was
observed. The maximum rate (rp.x = 2.2:107° mol/s) was obtained at —1.0 V.
Compared to the open-circuit rate (r, = 1.2-10~° mol/s), this value corresponds to an
83% increase, i.e., p = 1.8. To calculate A and in order to keep its value positive
when negative voltages or currents are applied, Eq. (8.7) was used. It was found that
in all experiments, A < 3.0 and, moreover, at high temperatures, A attained values
lower than 1.0, i.e., the effect was sub-Faradaic [39].

Vasileiou et al. [40] studied SSAS in a SC cell using a BaCe,Zry7Y.102.9
(BCZY27) proton-conducting ceramic electrolyte at atmospheric pressure and at
temperatures between 450 °C and 650 °C [40]. A polycrystalline Rh film and a
Ni-BCZY27 cermet were the two electrodes. The highest open-circuit (catalytic) rate
was attained at 600 °C and stoichiometric inlet H,/N, ratio. Figure 8.6 shows the
dependence of the rate of NH; formation vs the imposed voltage for 1.0 and 3.0 H,/
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Fig. 8.5 Dependence of reaction rate and cell current on the applied positive (top) and negative
(bottom) potentials. Data obtained in a SC reactor at Py, = 75 kPa, Py, = 25 kPa, and 7= 450 °C.
(Reprinted with permission from Ref. [39])

N, ratios. Upon imposing a negative potential, i.e., removing protons from
Ni-BCZY27 and supplying them to the Rh electrode, a slight decrease in the rate
was observed. On the other hand, at positive voltages, i.e., supplying protons to the
Ni-BCZY27 surface, the reaction rate increased considerably. The highest enhance-
ment of the reaction rate (about 40%) was obtained at 550 °C and for Pg»/Py> = 1.0.
The proton transport number, ty,, of the BCZY27 electrolyte depended strongly on
the partial pressure of water vapor in the reactor. Under the conditions of Fig. 8.6, it
could vary from 0.2 to 1.0. [40].

The same BCZY27 electrolyte was used to construct a DC cell in which SSAS
was studied in the presence and in the absence of H; at the cathode chamber [41]. A
Ni-BZCY72 cermet and a porous Cu film were used as cathodic and anodic
electrodes, respectively. The reaction was studied at 400-650 °C and atmospheric
total pressure, both in the presence and in the absence of hydrogen at the cathode.
With pure N, introduced over the cathode, the maximum synthesis rate of 1.7- 107°
mol/s-cm? was observed at 620 °C. The highest FE (2.7%) was observed at 580 °C.
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When H, was co-fed with N, over the cathode, NH3 was produced under both open-
and closed-circuit operations. In Fig. 8.7, the open-circuit rate is plotted vs temper-
ature at various H,/N, ratios. It can be seen that the rate increases with Py,/Py» and
goes through a maximum at about 7" = 500 °C. Figure 8.8 contains closed-circuit
results. The net electrochemical rate (NER), which is defined as the difference
between closed- and open-circuit rate, is plotted vs the imposed voltage for Hp/N,
feed ratios of 1 and 3 at 620 °C.

The highest NER was 4.1- 10~ mol/s-cm? and was obtained at H,/N, = 1, while
the maximum NER for Hy/N, = 3 was about half that (2.0-10~° mol/s-cm?). Both
rates were higher than the corresponding maximum rate observed when pure N, was
introduced over the cathode. An enhancement of more than 140% over the open-
circuit rate was achieved (p = 2.4). Also shown in the same figure is the
corresponding FEs for each feed ratio (open symbols). It can be seen that the FE
values were quite poor. Although increasing with the applied voltage, they did not
exceed 10% (A <0.1).
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Fig. 8.7 Dependence of the 8
open-circuit ammonia
synthesis rate on the
temperature for various feed
ratios. The superficial area
of the electrodes was 4 cm?.
(Reprinted with permission
from Ref. [41])
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Diez-Ramirez et al. [42] studied the electrochemical promotion of NH; synthesis
in a SC reactor using potassium ions (K™). The solid electrolyte was K-f-Al,03, and
the working electrode-catalyst was a CozMo3N nitride mixed with Ag in order to
adhere properly to the solid electrolyte. The effects of the H,/N, feed ratio, the
operating temperature, and the applied potential were investigated. Figure 8.9 shows
the effect of applied potential (Uy) and potassium surface coverage (0x") on p,
PIx", and Anys, at various temperatures (400 °C < T < 500 °C). The promotion index
(PIk.) was calculated by the equation

PIK+ = (Arcatalytic/ro)/9K+ (89)

where 0" is the potassium to catalyst molar ratio [42]. Fig. 8.9 shows that all three
parameters (p, Plg*, and Any3) increase with applied voltage until a maximum value
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Fig. 8.9 Dependence of (a)
the rate enhancement, p; (b)
the promotion index, Plx";
and (c) the apparent
Faradaic efficiency, Anps,
on the applied voltage, Uy,
and potassium to catalyst
ratio, 0", for Ho/N, = 3.0 at
T = 400, 450, and 500 °C.
(Reprinted with permission
from Ref. [42])
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is reached above which (i.e., 85" > 0.01) the effect is detrimental. The maximum
value for p is 1.5 at 450 °C (for Py»/Pn> = 3.0). The value of PIx", under these
conditions, is about 60. The maximum Ay for the conditions of Fig. 8.9 was about
250 but for a feed ratio of 1 (not shown in Fig. 8.9), while at 500 °C, a maximum
Anps of 310 was achieved. The “volcano” behavior with voltage suggests that small
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amounts of K* enhance the catalytic activity toward NH3, but a too high surface
concentration of K* has a poisoning effect probably because of the formation of K-
N-H which blocks the active sites [42]. A full explanation of the physical meaning
and calculation of this A can be found in the original published work.

Kosaka et al. [43] studied SSAS in a DC cell using a BaCe Y 103., (BCY)
proton conductor at temperatures between 500 °C and 650 °C in the presence and in
the absence of gaseous H, in the cathode chamber [43]. The working electrode was
a K, Al-modified Fe-BCY composite, while Pt was used as the counter electrode.
The effects of (a) applied potential, (b) operating temperature, and (c) K addition
were examined. Remarkably different results were obtained when H, was introduced
together with N, in the feed stream over the cathode. Figure 8.10 shows the
dependence of the rate of NH;3 synthesis on the applied potential at 650 °C. In
Fig. 8.10a, a 100% N, stream was introduced over the working electrode, and a
mixture of 2% H,0, 20% H,, and 78% Ar was introduced over the counter electrode.
The reaction rate attained very low values, i.e., it varied from 5.5- 10~'2 mol/s-cm? to
2.4.10~" mol/s-cm>. When, however, a 15% H,/85% N, mixture was fed in instead
of pure N,, as shown in Fig. 8.10b, a significant enhancement in NH3 was observed
upon cathodic polarization. Although the open-circuit reaction rate was quite low

Fig. 8.10 Dependence of R 9 ocv
the NH; formation rate on (@) s 1x10 i
the applied potential (a) b 45 i in pure N,
without H, in the cathode » 8x10™"4
chamber and (b) with H, in [~ 10 :
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(2.8-10""" mol/s-cm?), an exponential increase with the applied potential was
observed resulting in p values as high as 20. The A values, however, were very
low in both cases. Without H, at the cathode (when A could not exceed unity
anyway), its values were of the order of 10*~10>, while with H, present at the
cathode, despite increasing two orders of magnitude, A was still well below 1 [43].

More recently [44], in an effort to further clarify the promotion effect on Fe-based
electrodes, the same group conducted experiments using three types of cathodes:
(a) a porous pure Fe, (b) an Fe-BCY cermet electrode, and (c) a W-Fe-BCY cermet
electrode. The anodic electrode (Pt) was exposed to a 3% H,0-20% H,—77% Ar, and
the working electrode (cathode) was exposed to H,-N, mixtures. Firstly, the perfor-
mance in terms of ammonia synthesis and current density was tested as a function of
the imposed potential with the three electrodes exposed to the same gaseous mixture,
i.e., 10% H,—90% N, at 550 °C and 650 °C. The porous pure Fe electrode gave the
best performance: at 550 °C and at an electrode potential of -1.2 V, the NHj;
synthesis rate reached 1.3-107° mol/s-cm® [44]. Secondly, the effect on NH; syn-
thesis of the partial pressure of hydrogen at the cathode was examined. In Fig. 8.11,
the dependence on the applied potential of the reaction rate (a), the current density

(a) (b)
- W 10%H,-90%N, 008 a’ *
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N 2 = - T ‘_
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Fig. 8.11 Variation of (a) NH; synthesis rate, (b) current density, (c¢) current efficiency, and (d)
percentage of equilibrium conversion achieved with the applied voltage at various H,/N, feed ratios
and 550 °C. (Reprinted with permission from Ref. [44])
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(b), the current efficiency (c), and the fraction of produced NHj to that predicted at
thermodynamic equilibrium (d) is presented for four different gaseous compositions
at the cathode (10-75% H,/25-90% N,). The temperature was 550 °C, and the
cathodic electrode was pure Fe. Figure 8.11a shows that, by increasing the partial
pressure of hydrogen at the cathode, the reaction rate increased by 6 times from
2.2-10~% mol/s-cm? (10% H,) to 1.4-10~® mol/s-cm? (50% H,). Although not purely
electrochemical but primarily catalytic, this rate of 1.4-10~® mol/s-cm? is one of the
highest SSAS rates ever reported [6, 7, 16, 30]. The corresponding value of p was
220 [44]. On the other hand, the values of A were similar to those of their previous
work [43], being of the order of 1073 to 107, either with or without H, at the
cathode.

8.4 Post-electrochemical Open-Circuit Enhancement
(PELOCE)

An interesting rate enhancement phenomenon was observed in the work of Vasileiou
et al. [54]. The reaction was studied in a double-chamber proton-conducting cell at
atmospheric pressure and at temperatures between 450 °C and 700 °C. The solid
electrolyte was BaZr7Ce2Y0.10,.9 (BZCY72), while a Ni-BZCY72 cermet and a
polycrystalline Pt film served as cathodic and anodic electrodes, respectively. Fig-
ure 8.12 shows the basic characteristics of this phenomenon, named post-
electrochemical open-circuit enhancement (PELOCE), with the reaction rate and
the cell voltage plotted vs time.
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Up to ¢t = 20 min, the cell operates at open circuit with a H-N, mixture (Pyy/
Py> = 1.0) and a 100% H, stream introduced over the Ni-BZCY72 and the Pt
electrodes, respectively. At ¢+ = 20 min, the circuit is closed, imposing a voltage of
—1.5 volt. A new steady state is established corresponding to a very small (2%)
increase in the reaction rate. At + = 50 min and at + = 80 min, the cell voltage is
changed to —2.0 volts and —2.5 volts, respectively, with the reaction rate gradually
increasing to a value about 8% higher than its open-circuit value. At # = 110 min, the
circuit is opened, and, instead of decreasing, the reaction rate increases up to a value
corresponding to about 45% higher than the open-circuit rate. Finally, after a period
of about 100 min, reaction rate and cell voltage slowly return to their open-circuit
values. In Fig. 8.13, the PELOCE phenomenon is compared to those reported
previously in solid-state electrochemical studies. The first case (Fig. 8.13a) is the
“classic” NEMCA behavior, according to which the closed-circuit rate is signifi-
cantly higher than its open-circuit value and, upon opening the circuit, the rate
returns to its initial value [36, 47, 48]. Figure 8.13b is the case of “permanent
NEMCA”: the reaction rate increases upon closing the circuit, and it does not return
to its initial value for a long (8—10 hours) period of time [55-58]. Figure 8.13c shows
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the PELOCE effect. It can be seen that, although of different nature, this phenom-
enon is related to the “memory” of the surface of the working electrode that has
previously undergone ionic “pumping.”

8.5 Electrochemical Promotion in Ammonia Decomposition

The electrochemical decomposition of ammonia has been studied extensively in
recent years mainly because ammonia is a candidate fuel for storing hydrogen
[48, 59]. The fact that ammonia contains no carbon is crucial for low-temperature
fuel cell applications. Moreover, the electrochemical removal of ammonia com-
pounds from wastewaters is an effective and advantageous method because of its
simple operation, remote control, and minimal generation of secondary waste
[60]. Similar to the electrochemical synthesis, however, very few studies have
focused on the electrochemical promotion during the decomposition of NHj.
Table 8.1 contains these works.

Pitselis et al. [45] studied the electrochemical promotion of the decomposition of
NH; on Fe electrode-catalysts using a H*-conducting, CaZrg ¢Ing 1054, and a K*-
conducting, K,YZr(PO,);, single-chamber solid electrolyte cell, respectively. The
H* cell was studied at 530-600 °C. At 570 °C and upon application of +1 V
(removal of protons from the catalyst surface), a 360% increase in the reaction rate
(p = 3.6) was observed. The corresponding A value was 120. Figure 8.14 shows the
dependence of the reaction rate on the partial pressure of NHj at 570 °C either at
open circuit (open symbols) or at +2 V (closed symbols). The closed-circuit rate is
almost double the open-circuit one and essentially independent of the partial pres-
sure of NH;.
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Using the K,YZr(PO,)s cell, the electrochemical promotion of the Fe/K*-cata-
lyzed decomposition of NH3 was studied at 530-580 °C. At higher temperatures, a
severe decrease in the reaction rate is observed upon pumping K* to the catalyst
surface. An up to 30-fold decrease in the rate is observed at +2.8 V. At lower
temperatures, e.g., 570 °C, pumping small amounts of K* to the Fe catalyst causes an
increase in the reaction rate, while higher amounts inhibit the reaction [45].

The CaZrgolng ;03 H* conductor was also used by Balomenou et al. [46] to
investigate the electrochemical promotion of NH3; decomposition on Fe. Figure 8.15
shows the effect of catalyst potential on the reaction rate (closed symbols) and on the
generated current (open symbols) at 600 °C. By increasing the catalyst potential
(pumping protons away from the catalyst), the rate increases reaching an enhance-
ment ratio p = 4.5 at +1.95 V. The corresponding A values are up to 100.

Using the double-chamber PdISrCe 95Ybyg.0503.,/Pd cell, Zisekas et al. studied
the decomposition of NH3 at 600 °C [37]. The anode was exposed to a 100% H,
stream, while a 13% NH3-13.5% N,/He mixture was introduced over the cathode. A
linear decrease in the reaction rate with the imposed current (protons pumped to the
cathode) was observed. The effect was sub-Faradaic with As about 0.7 and the
lowest p about 0.45.

The catalytic and electrocatalytic decomposition of ammonia on Ru was studied
by Skodra et al. [47] in a single-chamber cell reactor at 350—650 °C and atmospheric
total pressure. The solid-state proton conductor was a strontia-ceria-ytterbia perov-
skite of the form SrCe(os5Ybys03., (SCY), and Ag was used as the counter
electrode. The inlet ammonia partial pressure varied between 0.5 kPa and 2 kPa
(balance He). Figure 8.16 contains Arrhenius plots for open (I = 0)- and closed-
circuit (/ = 0.4 mA and I = 1 mA) operation. It can be seen that the closed-circuit
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operation is accompanied by a remarkable decrease in the apparent activation
energy. The maximum A observed was about 4, and the corresponding maximum
rate enhancement p was about 5.

Using the same H* conductor (SCY) and a double-chamber cell reactor, Zisekas
et al. studied the electrochemical decomposition of NH; on Ag at 350-700 °C
[48]. Figure 8.17 shows the effect of applied current on the Faradaic efficiency, A,
and the corresponding enhancement ratio, p, at 7 = 500 °C and for Pyy3; = 2 kPa.
There is a moderate decrease in A with the applied current (protons moving away
from the Ag surface), while there is an almost linear increase in p. The maximum
value of p was 57, but A hardly exceeded unity at any current.

The latest work, to our knowledge, on NEMCA in ammonia decomposition was
carried out by Pinzén et al. [49]. This research group used Na™ and K* conductors to
study the decomposition reaction at 250 to 350 °C on a Ru working electrode. They
observed a general volcano-type behavior with applied potential/ion coverage of the
Ru electrode. While they do not report FE values, they obtained rate enhancement
ratios up to 1.4 with the Na™ conductor and up to 3.3 (a 230% increase) with the K*
conductor, both at 300 °C.
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8.6 Discussion

Despite the large number of publications on the electrochemical synthesis of ammo-
nia in the past two decades (Fig. 8.2), in only a few of them was hydrogen introduced
together with nitrogen at the cathode. Consequently, very few studies report on the
EPOC effect in either the forward reaction of NH3 synthesis or the reverse reaction
of NH; decomposition. The main findings from these EPOC studies are the
following:

(a) In the studies of ammonia synthesis, the Faradaic efficiency, A, attains very low
values, typically close to unity (Table 8.1). In fact, in certain cases [40, 43, 46,
61], A < 1, i.e., the phenomenon is “sub-Faradaic.” An exception is the work of
Diez-Ramirez et al. in which the maximum value of A attained was 300. The
picture is much better with the reaction of NH3; decomposition: in all cases, A > 1
and values of the order of 100 have been obtained [47, 48].

(b) Either for the forward or for the reverse reaction of ammonia decomposition, the
p values are comparable to those reported in previous NEMCA studies. As
shown in Table 8.1, a maximum p = 220 has been reported, while typically
values vary between 2 and 10.

(c) Considerably higher values of A and p are observed when, instead of pure N,, a
H,-N, mixture is introduced over the cathodic electrode [40, 46, 61].

There are several explanations for the very low A values observed in ammonia
synthesis. First, at temperatures of industrial interest (400-500 °C), the reaction is of
limited equilibrium conversion. On one hand, it appears that A can exceed unity only
if the H™ cell operates at conversions well below the equilibrium limit [62]. On the
other hand, NEMCA refers to catalytic reaction kinetics, i.e., the enhancement of the
catalytic reaction rate. Therefore, it is not clear why A could not exceed unity even
when the reaction has reached equilibrium. In order to clarify the above, Garagounis
et al. published [62] a thermodynamic analysis of NEMCA for reactions with limited
equilibrium conversion. Their analysis used ammonia synthesis in a H* cell as a
model system, and therefore, a brief summary is presented below as it is closely
related to this review. According to the model, the H* double-chamber cell reactor
operates first under open circuit with a stoichiometric Hy/N, mixture fed into the
cathode chamber at a steady state. The reactor operates at constant temperature and
at atmospheric total pressure. Assuming infinite reactor length and ideal gas behavior
for reactants and products, the gas composition at the reactor exit can be calculated
from the equilibrium constant K of reaction (Eq. 8.10):

K = (Pnus)*/ (Px2) (Pr2)’ (8.10)
The “infinite length” assumption could be practically met either by using an
extremely active catalyst or by keeping the inlet flow rate at extremely low levels
(high residence time/low space velocity). Then, the circuit is closed, and a constant
current (or, equivalently, a constant H* flux) is imposed. The minimum amount of
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electric power that must be supplied to the reactor in order to attain a certain
conversion can be calculated by solving simultaneously material and energy bal-
ances as well as an entropy balance assuming isentropic operation [62]. Figure 8.18
shows the dependence of A on the supplied electric power, W, at various tempera-
tures for a constant proton flux z = 50 pg-atoms H*/s and for a stoichiometric Hy/N,
inlet flow rate. Clearly, A can take values greater than 1.0 at all temperatures.
Nevertheless, regardless of the electric power input, A remains lower than 10, i.e.,
well below values of the order of 10* or even 10° reported in catalytic oxidation
reactions [36, 53]. This can be explained by the fact that in the present case, the effect
of proton pumping is both electrochemical and catalytic. The H* flux “conveys” the
electrical energy required to attain conversions to ammonia higher than those
predicted by Eq. 8.10. On the other hand, the properties of the catalytic surface are
electrochemically promoted so that it is not necessary to supply in the form of H all
the required hydrogen.

In Fig. 8.19, experimental data from reference [37] are compared with the model
predictions of reference [62]. The experiments were conducted at atmospheric
pressure and 7 = 1023 K with a stoichiometric reactant mixture (6% H,—2% N,
balance He) introduced over the cathode. The Faradaic efficiency, A, is plotted vs z,
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the rate of H" pumping, with experimental A values lower than 2.0. The model
predicts low A values (dotted curve in Fig. 8.19), although they can get to as high as
7. It should be noted that the dotted line is constructed assuming isentropic operation
or, equivalently, supply of the minimum power (W,,;,) required to achieve a partic-
ular conversion. Obviously, the experiments were not run isentropically. Therefore,
the continuous curve (experimental data) had to be below the dotted curve.

The above analysis makes it clear that in the case of ammonia synthesis, the A
values are very low, close to, or below unity. In cases, however, where the reaction
was far from equilibrium, as in the work of Yiokari et al. [38], A was allowed to
attain higher values. Also, the explanation for the remarkably high A observed in the
work of Diez-Ramirez et al. [42] can be found in the definition of the Faradaic
efficiency: in that study, instead of H, the conducting ion was K™ which was not
consumed as a reactant. Moreover, the EPOC effect with the K™ cation is expected
be much stronger compared to that of H* as the latter is about 30 times smaller in
size. Last but not least, an important factor with a negative effect on the Faradaic
efficiency is the competing reaction of hydrogen evolution.

Table 8.1 shows that the As for the reverse reaction of NH; decomposition are
relatively larger; there are no studies with A < 1. This is reasonable because (a) this
reaction is not equilibrium limited under the studied conditions (7" > 350 °C) and
(b) there is no competing reaction (hydrogen evolution) that could cause a decrease
in A. Similar to the reaction of NHj; synthesis, the highest As are observed when a K*
rather than a H* conductor is used [47, 48].

As opposed to the low As, the p values were comparable to previous NEMCA
studies [52, 53] for either the forward or the reverse reaction of ammonia synthesis
(Table 8.1). This is easily understood if one considers that p is defined by Eq. (8.6):
p = r/rp. In most studies, the open-circuit rate, ry, was negligibly small, and,
therefore, r > > ry and p > > 1.0 were easily achievable. This antithesis can also
be seen in Table 8.1, where studies with the highest reported p values, e.g., 220 and
57 in references 44 and 48, respectively, had corresponding A values of <1 and 1.0.

The reaction rate enhancement observed upon introduction of a H,-N, mixture
rather than pure N, over the cathode is in agreement with the rules of electrochemical
promotion developed by Vayenas and coworkers [36]. There are four basic catego-
ries of electrochemical promotion of -catalytic reaction rates: (a) purely
electrophobic, (b) purely electrophilic, (c) volcano type, and (d) inverted volcano.
In the case of ammonia synthesis, the reaction exhibits electrophilic behavior
because hydrogen, the electron donor, is much more strongly adsorbed than nitro-
gen, the electron acceptor. Consequently, the reaction rate increases with increasing
the partial pressure of hydrogen. Additionally, the presence of hydrogen at the
cathode protects the catalyst from poisoning by oxygen. It is well known that trace
amounts of O, (even a few ppm) poison the catalyst [5]. If a H,-N, mixture rather
than pure N, is used, the catalyst surface will be cleaned from oxygen, and its
activity will be maintained.

The PELOCE phenomenon (Figs. 8.12 and 8.13) exhibits similarities to the
“permanent NEMCA” effect [36, 53, 55] although its origin is essentially the
opposite: it appears upon interruption of the current. A reasonable interpretation of
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PELOCE could be the formation of a hydride [54]. During H* pumping, part of the
transported protons is “stored” at the Ni-BZCY72 interphase in the form of Ni H,
species. Upon current interruption, nitrogen reacts with the hydride to produce
ammonia. Under closed-circuit operation, the phenomenon is not observed because
the H" flux “floods” the cathode and hinders nitrogen chemisorption. Another, less
likely, explanation could be the formation of a nickel nitride that is very stable under
cathodic polarization and which reacts with the easily adsorbed H, when the circuit
is closed.

As far as the outlook for the future of NEMCA in ammonia synthesis or
decomposition, there are a few things that can be said. First of all, it should be
pointed out that the electrical energy efficiency of a cell exhibiting NEMCA is
generally higher than unity, which is a good incentive for practical applications.
Specifically, for ammonia decomposition, NEMCA cells could be highly beneficial,
since this is a spontaneous reaction, which means there is already an open-circuit
reaction rate to be promoted, no matter whether the cell is in a double- or single-
chamber configuration. For ammonia synthesis, a NEMCA cell reactor might be
developed in the single-chamber configuration, which means that both reactants
would be available at the catalyst-electrode regardless of the current density achiev-
able in the cell. In such a setup, the role of the cell would simply be that of an in situ
tunable catalyst and not that of a pure H, feed. This of course would require high-
purity H, to be available before the ammonia reactor, in order to avoid poisoning the
catalyst. In recent years, water electrolysis has been proposed and even begun to be
introduced to partially replace reformers in H, production for Haber-Bosch plants
[11], as a step toward the decarbonation and electrification of ammonia production.
Unlike the reforming of fossil fuels, electrolysis produces high-purity H,, which
might be combined with the electrochemical ammonia synthesis under NEMCA
operation for a highly efficient and fully electrified process.

8.7 Conclusions

Compared to most of the catalytic reaction systems examined thus far, a rather weak
electrochemical promotion effect during ammonia synthesis has been observed. This
is because, in this reaction, NEMCA is constrained by two factors: firstly, by the
equilibrium-limited nature of the reaction at the operating conditions (>350 °C) and,
secondly, by the competing hydrogen evolution reaction. However, it has been
calculated that A values as high as 10 could be achieved in an ideal situation,
wherein the electricity consumed both activates the catalyst-electrode and “pushes”
the reaction past catalytic equilibrium. Part of this ideal setup would be the devel-
opment of a selective electrocatalyst which effectively suppresses hydrogen evolu-
tion. This, of course, is a requirement for any study in electrochemical NHj3
synthesis. The rational design of catalysts with the help of DFT modeling to predict
good candidate materials constitutes a promising step in this direction.
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Challenges for Applications Sshex
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of Catalysis

J. Gonzalez-Cobos, A. Caravaca, V. Kyriakou, and P. Vernoux

Abstract The phenomenon of the electrochemical promotion of catalysis (EPOC)
has been exemplified at lab scale in numerous catalytic reactions, on several types of
catalysts and solid electrolyte supports, as extensively described in previous chapters
of this book. However, contrary to chemical promotion, there has been no commer-
cial application of electrochemical promotion. This chapter discusses potential
catalytic and electrocatalytic processes that could be appropriate for a potential
EPOC commercial implementation, as well as for further required technological
developments. The first part describes already explored promising reactions such as
ethylene epoxidation, NO, storage/reduction and H, production and storage. The
second section deals with the innovative concept of EPOC applied to alcohol-
assisted water electrolysis. The prospective final part discusses catalytic processes
which are still in an early EPOC development stage but could attract increasing
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interest given their great relevance at industrial level. This is the case, for example, of
selective CO, hydrogenation reactions and propylene epoxidation. We are
discussing the state-of-the-art operation conditions for each catalytic process and
the pioneering EPOC works which stand for a good starting point for future research
efforts.

Keywords Electrochemical promotion - NEMCA - Prospective - Potential
applications

9.1 Introduction

Electronic promoters are industrially used in heterogeneous catalysis to boost catalytic
properties such as in the Haber-Bosch ammonia synthesis [1], in the Fischer-Tropsch
process to synthesize fuels and lubrication oil from syngas [2] and in the epoxidation
of ethylene to produce ethylene oxide [3]. Electronic promoters are either added into
the catalysts during their synthesis, such as cationic promoters (e.g. K*, Na* or Cs*
[1, 2]), or mixed in the reaction mixture, as encountered for chlorine electronegative
promoters in the epoxidation reaction [3]. The role of these promoters is to modify the
electronic properties of the catalyst (usually a metal or a metal oxide) in order to tune
its chemisorptive properties aiming to enhance its activity and/or selectivity. The
non-faradaic electrochemical modification of catalytic activity (NEMCA) concept
[4] or electrochemical promotion of catalysis (EPOC) [5] also involves electronic
promoters, but utilizing electrolytes, either liquid or solid, as reservoir of these pro-
moters. lons contained in these electrolytes are electrochemically supplied via an
electrical polarization to the catalyst surface and act as promoting agents to modify
the electronic properties of the catalyst in order to achieve optimal catalytic perfor-
mance. Many reviews have been published dealing with the main fundamental
features of EPOC [6-11]. The comparison of this phenomenon with conventional
promotion of catalysis and metal support interactions (MSI) [12—16] and its potential
practical implementation [6, 17—19] are also fully documented. These reviews and
studies concluded that EPOC mechanism is fundamentally similar to the conventional
promotion of catalysts usually applied for industrial processes. However, contrary to
chemical promotion, electrochemical promotion offers the possibility of in situ con-
trolling the concentration of electronic promoters supplied on the catalyst via the
applied current or potential. This underlines the EPOC potentiality to easily investigate
the impact of various types of promoters, such as alkaline cations, on model catalysts
aiming to upgrade conventional catalytic formulations. Moreover, the EPOC electrical
energy consumption requirement is not a significant handicap, as noticed from some
simple calculations found in literature on the energy savings [14, 15]. Therefore,
several unique benefits of EPOC could make its industrial application
competitive vs. conventional chemical promotion:
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The activity/selectivity can be in operando controlled and optimized by tuning the
applied potential/current. In addition, the electronic promoters can be fully removed
from the catalyst surface with an opposite applied polarization. These dynamic
modifications of the electronic properties could be valorized to activate/regenerate
a catalyst, store/desorb a species, etc. This kind of transient operating conditions is
not possible with conventional chemical promotion, where the concentration of
promoters is generally fixed for a given catalytic process during the synthesis of
the catalyst and is partially deposited on catalytically inactive support areas.

EPOC can supply electronegative promoters such as O’ ions, which could
substitute highly toxic and hazardous electronegative chemical promoters used in
industrial catalysts such as chlorine species injected in the reaction feed of the
ethylene epoxidation process.

Besides, EPOC can be implemented in state-of-the-art electrochemical reactors
such as fuel cells and electrolysers. These currently available electrocatalytic devices
could be a good starting point for the industrialization of EPOC. However, contrary
to chemical promotion, there is no commercial application of electrochemical
promotion. Several research groups [6, 11, 17-20] have identified the main limita-
tions that hinder the practical application of the NEMCA effect:

* The use of low dispersion catalysts.
* A general use of expensive noble metal catalysts.
* The use of reactor designs with a low gas-catalyst or liquid-catalyst interface.

A recent research effort has been done by the scientific community to use
non-expensive materials such as non-PGM (platinum group metal) catalysts, to
implement electropromoted dispersed nanoparticles in EPOC processes and to
scale up EPOC reactors. All these points are addressed and fully discussed in
Chap. 3 of this book. On the other hand, the chemical processes that could be
industrially improved by the concept of EPOC from an economical and/or environ-
mental point of view have not been systematically considered in literature. This
chapter will discuss potential catalytic and electrocatalytic processes that could be
appropriate for a potential EPOC commercial implementation after a further tech-
nological development.

9.2 Potential Relevant Chemical Processes for EPOC
Applications Already Explored in the Literature

9.2.1 Ethylene Epoxidation

Ethylene oxide (EO), an important building block for chemistry, is industrially
produced by the epoxidation of ethylene (Eq. 9.1).
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CoH, + % 0, — CH40, AHaos = —105kI/mol  (9.1)

This process is catalysed by Ag supported on a-alumina (Ag/a-Al,O5) [21, 22] at
intermediate temperatures (<300 °C) and pressures (10-30 bar). The reaction mech-
anism is still under debate. Nevertheless, electrophilic oxygen species, weakly
adsorbed on Ag, are supposed to play a key role [23, 24]. Without any chemical
promoters, the EO selectivity on Ag/a-Al,O5 catalysts is in the range of 35-50%
[25]. The addition of promoters like Cs and chlorinated hydrocarbons (e.g. ethyl
chloride or vinyl chloride introduced in the gas phase at the ppm level) strongly
promotes the EO selectivity up to 90% [26, 27] at around 10% ethylene conversion.
For example, 8% at. Cl on the Ag surface enhances the EO selectivity from 9 to
nearly 60% [28]. These C1™ anions are supposed to weaken the Ag-O bonds [29],
leading to the production of reactive electrophilic oxygen species on Ag active sites.
However, chlorinated precursors usually decrease the reaction yield by active site
blocking, are not environmentally friendly and are highly hazardous. Therefore, the
main challenge is to substitute these chlorinated promoters. As described in the
introduction, EPOC can be a relevant alternative to provide electronegative pro-
moters such as %~ ions to Ag-based catalysts. This is especially evident as the first
demonstration of the NEMCA effect was proven with the ethylene epoxidation
reaction at 400 °C and atmospheric pressure on an Ag coating deposited on a YSZ
(yttria-stabilized zirconia, an oxygen ionic conductor) dense membrane [30]. In this
early study, it was observed that upon the application of positive polarizations on the
Ag electrode (i.e. supply of O>~ ions from YSZ towards Ag), both the selectivity and
the yield of EO increased, in contrast to conventional chemical promotion with Cl or
Cs dopants [26, 27, 29]. The enhancement in the rate of EO production exceeded the
rate of O~ pumping (predicted by the Faraday’s law) by a factor of 400, demon-
strating the non-faradaic behaviour of the activation. The ethylene epoxidation
reaction was also investigated in a similar electrochemical reactor on Ag coatings
but at lower temperatures (<300 °C) and higher pressures (5 bar) and in the presence
of chlorine promoters in the reaction mixture [31, 32]. The addition of chlorine
caused qualitatively similar effects on the EO selectivity, and a constructive synergy
exists between positive polarizations and the chlorine promoters. Both EO and CO,
production rates can be enhanced either by the Cl doping or by increasing the applied
potential, in a certain range, beyond the corresponding open circuit potential
(i.e. —197 mV) [32]. A maximum EO selectivity of c.a. 78% was reached under
optimal conditions, by combining 0.3 ppm C,H4Cl, in the gas phase and a catalyst
potential of —156 mV (Fig. 9.1).

The ethylene epoxidation was also recently investigated in a solid oxide electro-
chemical cell based either on YSZ or GDC (gadolinia-doped ceria) dense mem-
branes, two oxygen ionic conductors [33]. Ag-based cermets (Ag/YSZ and
Ag/GDC) were used as electrocatalysts for ethylene epoxidation at atmospheric
pressure in the temperature range 220-300 °C. The Ag/YSZ cermet film, prepared
with a conventional chemical method from an Ag commercial paste mixed with a
YSZ powder, exhibited a very specific behaviour in the reaction mixture. Indeed, the
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Fig. 9.1 Selectivity to 80
ethylene oxide on an
Ag/YSZ electrochemical
catalyst tested for ethylene
epoxidation reaction (3.5%
02, 9.5% C,H,4, 270 °C,

5 bar), with different
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concentrations and applied
catalyst potentials (Vwr).
(Reprinted with permission
from Ref. [32])
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Fig. 9.2 Representative HAADF TEM image of the Ag/GDC cermet coatings deposited on GDC
pellet after electrocatalytic tests (a). Linear relationship between the EO selectivity gain and the
current intensity for the Ag/GDC cermet coating. Ethylene-rich reaction mixture: 3.8% C,H/1.1%
0,. Oxygen-rich reaction mixture: 1% C,H4/2% O, (b). (Reprinted with permission from Ref. [33])

surface of micrometric Ag agglomerates of the cermet was oxidized during the
calcination step at 600 °C, forming volatile AgOx species which were trapped on
surface oxygen vacancies of YSZ to form very small Ag clusters. These latter, in
strong interaction with YSZ, were found to be selective for the ethylene epoxidation,
likely related with the phenomenon of self-sustained EPOC [11, 34], via the spon-
taneous thermal diffusion of oxygen ions from YSZ to Ag. Nevertheless, the
sintering process of these small Ag clusters was very fast and the EO selectivity
rapidly decayed [33]. On the other hand, Ag/GDC electrocatalysts deposited on a
GDC membrane by reactive magnetron sputtering were composed of parallel GDC
nanofibres partially covered by Ag nanoparticles (2-5 nm size) and by Ag agglom-
erates connecting the nanofibres to each other, ensuring a good electronic conduc-
tivity (Fig. 9.2a). In this case, the selectivity towards EO was found to linearly
increase with the applied current (Fig. 9.2b), demonstrating for the first time the
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direct electrooxidation of ethylene into EO by O®~ ions. Both the EO selectivity and
the ethylene conversion could be significantly increased at 220 °C, by around 18%.

All these studies demonstrate that oxygen ions contained in a solid electrolyte can
act as electronic promoters to boost the ethylene epoxidation on Ag-based catalysts
in a similar way to hazardous chlorinated compounds. Oxygen anions behave as
electronic “sacrificial promoters”, modifying the electronic properties of Ag metal
films and then their chemisorptive properties. Furthermore, direct electrochemical
oxidation of ethylene into EO can also take place on Ag nanoparticles interfaced on a
mixed ionic and electronic conductor (MIEC) material such as GDC. Contrary to the
industrial catalysts doped with C1™ anions, oxygen promoters enhance the selectivity
without decreasing the overall activity. This discrepancy is probably due to different
operating modes, including the method by which promoters are added on the
catalyst. In the case of EPOC, the quantity of ionic promoters can be in situ
controlled by the applied potential. Therefore, EPOC seems to be a promising
technology for the ethylene epoxidation process. Nevertheless, some issues should
be considered in view of its practical implementation. The nanostructure of the
Ag-based coatings must be improved to combine a high metallic dispersion with a
good electronic conductivity. The development of Ag/MIEC cermet as proposed in
reference [33] could be a good option. The energy demand linked to the electrical
polarization has to be also considered and compared with the cost of the chlorine
chemical promotion.

A specific reactor has to be designed to manage temperature, pressure, contact
time and polarization. The EPOC reactor already tested at high pressures for the NH;
synthesis process [35] could be easily adapted.

9.2.2 NO, Storage and Reduction (NSR)

The storage and reduction of nitrogen oxides (NOy) emitted by light vehicles was
developed in the mid-1990s by Toyota Laboratories [36—38] to reduce NO4 (NO +
NO,) into N in the exhausts of internal combustion engines working under lean-
burn conditions (i.e. air excess in the combustion chamber) such as diesel ones. The
most commonly used NSR catalyst includes noble metals (Pt, Rh) for catalytic
reactions and a NO, sorbent/storage component (BaO) supported on y-Al,O3 [39—
41]. These catalysts operate in a cyclic mode with periodic switches between lean
(the engine exhaust) and rich conditions. NO (the major NOy species) contained in
the exhaust is oxidized on Pt to NO,, which is stored in the form of nitrite/nitrate
species on Ba. When the NSR catalyst surface reaches the saturation, a short fuel
post-injection (few seconds) is triggered to decompose nitrates, which are not stable
in these reducing conditions, and released NO, are reduced into N, on Rh. The NSR
technology equips many diesel light vehicles in the world. However, periodic fuel
post-injections lead to a significant fuel penalty and therefore to an economic impact.
Solid oxide electrochemical cells based on K* or Ba®* ionic conductors could be an
alternative since these cations can act both as electronic promoters and sorbent
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components. The cell electrical polarization could control the flux of cations and
then the NO, storage capacity as well as the decomposition of nitrates.

The use of solid oxide electrochemical cells for the NO, reduction into hazardless
N, has been widely reported in the literature. The direct electrochemical reduction of
NO, (Eq. 9.2) on electrodes such as Pt, Ag or NiO interfaced on a O* -conducting
solid electrolyte [42—44] is very attractive. However, the competition with the
electrochemical reduction of oxygen is critical in lean conditions even if some
studies have shown that adding a NO, adsorbent such as Ba or K to the electrode
formulation can significantly increase the selectivity to N, in an O,-rich atmosphere
through the formation of intermediate nitrate species [45—48].

NO, 4+ 2xe” — %Ny +x 0>~ (9.2)

The implementation of the storage and reduction of NO, in K*-ion-conducting
solid oxide cells was only investigated by two studies where K*-p”Al,O3 was
employed as solid electrolyte. The pioneer work has demonstrated the proof of
concept using a Pt/K™-$”Al,03 electrochemical catalyst [49] in a single-chamber
reactor configuration. The active Pt working electrode was prepared from the
application and calcination of organometallic pastes, while a catalytically Au coun-
ter-electrode was deposited on the opposite side of the electrolyte. The K* coverage
on the Pt coating can be controlled by the cell potential. Figure 9.3 displays the
impact of the polarization on the catalytic properties of the Pt layer at 320 °C in a
fixed lean reaction mixture. A negative potential (—1.5 V) triggered the migration of
K" cations from the electrolyte towards Pt, resulting in a rapid drop of the NO,
concentration down to ca. 600 ppm followed by a fast increase to the inlet concen-
tration value (around 1100 ppm). As widely reported in the literature on the basis of
the EPOC phenomenon with K* promoters [9, 10, 13], K* ions on the Pt coating act
as electronic promoters, as it was the case for 0%~ anions above. The
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electrochemically supplied K™ ions behave in a similar way as conventional alkali
promoters [13] and lead to the decrease of the Pt work function, enhancing the
chemisorption of electron-acceptor species, such as NO and O,, at the expense of the
hydrocarbon, which results in the electrochemical promotion of NO oxidation. Once
NO, was formed, K* ions also acted as NO, trapping species, explaining the
decrease of the NO, concentration upon negative polarizations for a few minutes,
until the saturation of these trapping sites takes place, leading to the increase of the
NOy concentration to a value close to the inlet one. Even if the storage step is
chemical, EPOC is essential to promote the oxidation of NO. Very interestingly,
when the potential was reversed (+3 V, still under lean conditions), the outlet
concentration of NOy temporally increased due to the release of NOy species
previously stored, but it was much less than expected. The mass-balance calculation
clearly showed that a part of NO, was reduced into N,. This was explained by the
removal of K* ions from the Pt surface during the positive polarization, which can
promote the chemisorption of propene, enhancing the selective catalytic reduction of
NOy by propene (Eq. 9.3).

NO, + x/9C3Hs — 1/2 N, + x/3 CO, + x/3H,0y) (9.3)

In the second study [50], a similar tubular configuration was prepared with two
symmetrical Pt coatings deposited on the K + -f”Al,O3 tube. Both Pt electrodes
were exposed to the same simulated lean-burn reaction mixture. Upon polarization,
one of the electrodes (negatively polarized) was promoted for NO oxidation and
storage, while the other one (positively polarized) was boosted for the decomposi-
tion and the reduction of previously stored nitrates. Figure 9.4 shows that upon
successive +3 V/—3 V polarization steps, the NO, concentration can be continuously
decreased in the range of 750-900 ppm (inlet concentration, 1000 ppm) during the
polarization switching where the nitrates’ decomposition is faster than their reduc-
tion into N,. Very interestingly, part of the produced CO, was also stored on the
catalyst, most likely as potassium carbonates, which can be formed and decomposed
under negative and positive polarization, respectively.

These two studies demonstrate the proof of concept of the electrochemically
assisted NSR process under constant lean-burn conditions. In this way, short fuel
injections used in a conventional NSR process are no longer required, leading to a
significant positive economic and environmental impact. K* ions behave, at the same
time, as electronic promoters (EPOC) and as NO, adsorption sites (electrocatalysis).
Both phenomena are promoted by negative polarizations and can be easily in situ
optimized by controlling the K* coverage via the intensity and the duration of the
polarization. This operando control is not possible with conventional catalytic
systems. Furthermore, contrary to oxide ions, K* cations do not behave as sacrificial
promoters since they are not consumed during the chemical processes. Hence, after a
short polarization period, once the necessary amount of K* species is supplied to or
from the catalyst, the current and thus the electrical power become negligible, which
makes the energy demand of this process low. However, this proof of concept is far
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from being optimized and competitive with current catalytic NSR systems. The
following issues should be considered:

» The dispersion of the tested Pt layers is too small for a practical utilization.
* The catalytic reactor should be further improved and optimized, considering the
limited space in vehicles exhaust.

Recent advances on electropromoted catalysts suggest that Pt nanoparticles
supported on an electronic conductor such as perovskites, Co3;0,4 or TiO, [51-55]
could be a good alternative to improve the Pt dispersion. Nanoporous electrodes can
also be prepared to enhance the specific surface area [56, 57]. In addition, some
monolithic reactors [58, 59] and, specially, the MEPR (monolithic electrochemically
promoted reactor; see Fig. 2.18 in Chap. 2) [60, 61] could be used to scale up this
EPOC application. Indeed, these reactors have been already tested in real exhausts of
automotive engines and can overcome important technical constraints, including the
space management together with the mechanical and thermal stability.
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9.2.3 Hydrogen Production and Storage

H, is acquiring an increasing interest as energy carrier [62] and is expected to play a
key role in the energy transition strategies, for instance, by means of fuel cell
technology [63, 64]. These latter can convert the chemical energy of H, and oxygen
into clean electrical energy at low temperature with a thermodynamic efficiency up
to 83% [65], explaining their growing interest for dynamic and stationary applica-
tions [66, 67].

Hydrogen can be produced from a wide variety of catalytic processes such as
steam reforming of different carbon feedstocks (e.g. methane, methanol, ethanol,
acetic acid) [68—70], methane dry reforming [71, 72], partial oxidation of methane
and other hydrocarbons [68, 73] or biomass gasification [74]. Steam reforming of
natural gas (mainly composed of methane, CH,4) on Ni-based catalysts commonly
supported on Al,O; is still the main industrial production process of hydrogen
[75, 76]. Methane steam reforming (MSR (Eq. 9.4)) is an endothermic process
taking place at high temperatures (>700 °C) and producing a gas stream of H,
mixed with CO and CO,. This latter is generated by the water-gas shift (WGS)
reaction (Eq. 9.5) and the CO oxidation (Eq. 9.6).

CH4 + HzO(g> — CO + 3H,, AHy9g = +206.2 kJ/mol (94)
CO + HZO(g) — CO;, + Hp, AHygg = —41.2 kJ/mol (95)
CO + 1/20; — CO,, AHz9s = —283.0 kJ/mol (9.6)

However, Ni-based MSR catalysts are prone to sintering at high temperature in
the presence of steam. In addition, carbon deposition can occur on the active sites
and deactivates the catalysts. To improve their coking resistance, these catalysts are
promoted by alkalis (mainly potassium) [77-79] which can enhance the water
chemisorption. However, the counterpart is a decrease of the Ni specific activity.
EPOC could overcome this issue by electrochemically controlling and optimizing
the potassium loading on the catalyst surface.

The electrochemical promotion of the H, production by using alkali ionically
conducting electrolytes was recently reviewed [16]. Most of the studies investigate
the impact of the electrochemical supply of alkali cations on the catalytic activity at
steady-state and constant operating conditions. For instance, MSR (Eq. 9.4), along
with methane partial oxidation (POX (Eq. 9.7)) and auto-thermal reforming (ATR
(Eq. 9.8)), was performed on a Pt/YSZ composite layer deposited on a Na*™-pAl,O5
solid electrolyte membrane [80]. ATR is a commonly used alternative to steam
reforming [81], as it partially counterbalances the endothermicity of MSR by the
exothermicity of POX.

CH, + 1/20, — 2H, + CO, AHyog = —35.7 kJ/mol (9.7)
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2CH, + HyO(y) + 1/20, — 5H, + 2CO, AHyos = +170.5kJ/mol  (9.8)

Figure 9.5 displays the influence of the applied potential on the H, production rate
under partial oxidation (1% CHy, 0.2% O,) and auto-thermal reforming (1% CHy,
4% H,0, 0.2% O,) conditions at 500 °C. The Pt-based catalyst mainly produces H,
and CO, and traces of CO in all cases [80].

Upon positive polarization (+2 V), a Pt surface free of Na* (unpromoted) was
defined, and the catalyst showed a much higher activity under auto-thermal condi-
tions with respect to partial oxidation conditions, which denotes that H, was
predominantly produced by steam reforming. However, the carbon deposition rap-
idly deactivated the catalyst in both cases, as encountered in conventional
unpromoted catalysts. Upon the application of negative polarizations below
—0.5 V (i.e. supply of Na* onto the catalyst), the activity went up and became
stable. Then, the second application of +2 V (i.e. the removal of Na* from the
catalyst surface) strongly improved the catalytic rate of H,, temporally reaching its
initial value. Upon negative polarizations, Na* promoters on Pt/YSZ can enhance the
chemisorption of electron-donor species, such as water and O,, increasing the coking
resistance. This results in a high stability but a low activity probably because Na*
cations also block active Pt sites. However, upon positive polarizations, without any
Na* cations on the catalyst, the catalytic activity strongly increases due to the release
of active sites. Thus, the application of negative polarizations can in operando
regenerate the catalyst since the enhanced chemisorption of water and O, boosts
the oxidation of previously deposited carbon and allows to recover the initial
activity. Then, by means of cyclic variations of the applied potential between
+2 V (deactivation) and —1 V (regeneration), this study demonstrated that the
issue of carbon deposition can be overcome by EPOC [80]. In other EPOC study
on MSR, using a Ni/YSZ electrochemical cell [82], the group of Vayenas also
achieved the in situ removal of the deposited carbon on the nickel, but, in this
case, this regeneration step took place during the positive polarization, due to the
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direct electrocatalytic oxidation of the carbon deposits by O~ ions electrochemi-
cally transferred through the YSZ electrolyte. In any case, such dynamic cyclic
operation mode with periodic in situ regeneration steps is not possible with conven-
tional catalysts. However, the electrochemical catalysts described in these studies
have to be improved in view of its further practical implementation:

e The Pt- and Ni-based composite layers exhibit a much higher cost and a much
lower dispersion than conventional Ni-based catalysts.

* A specific reactor design should be developed to substitute the current methane
reformers by EPOC technologies.

The first upgrade strategy could be to develop disperse catalysts based on
transition metals (Fe, Ni, Cu). As suggested for NSR catalysts, other catalyst
preparation methods, by using an electronic conductor matrix, could be used to
increase the metallic dispersion. Regarding the reactor design, the MEPR could
make possible the short—/mid-term scale-up of the EPOC approach for MSR.

EPOC studies were also focused on the catalytic decomposition (Eq. 9.9), partial
oxidation (Eq. 9.10) and steam reforming (Eq. 9.11) of methanol for the production
of Hz.

CH3OH(g) — 2H, + CO, AHy9g = +90.8 kJ/mol (9.9)
CH3OH(g) +1/20, — 2H; 4+ CO,, AHp9g = —192.2 kJ /mol (9.10)
CH3OH(g) + HQO(g) — 3H, + CO,, AHy9g = +49.6 kJ/mol (9.11)

For instance, we have reported the activity of Ni/K*™-f"”Al,O3 electrochemical
catalyst [57], with highly dispersed Ni nanocolumnar films of controlled microstruc-
ture prepared by oblique angle physical vapour deposition. This innovative study
dealt with the simultaneous electrochemical promotion of the production and the
storage of H, from methanol, as schematized in Fig. 9.6a. At 280 °C and atmo-
spheric pressure, the production of H, was enhanced under the application of
negative polarizations (spillover of potassium ions towards the Ni catalyst surface
[83]), followed by a strong deactivation (Fig. 9.6b) probably linked to the blocking
of Ni active sites. The most interesting point was the dynamic storage of H, at these
negative potentials. Chemisorbed H atoms on Ni active sites could be stored on
deposited carbonaceous compounds (Fig. 9.6a), while K* ions could stabilize the
hydrogen adsorption, as already observed when alkali ions were intercalated into
graphitic layers [84]. These results demonstrate that H, can be stored on the
graphene oxide in the presence of potassium species. This explains why, upon
positive polarizations, H, was desorbed and released under inert atmosphere
(Fig. 9.6b). The graphitic nature of these carbonaceous deposits was proved by
scanning electron microscopy (SEM), vibrational spectroscopic techniques (FTIR
and Raman) and operando near-ambient pressure (NAP) X-ray photoelectron spec-
troscopy [57, 85, 86]. The latter spectroscopic studies performed under analogous
methanol reaction conditions (280 °C, 1 mbar CH;0H) by Espinds et al. [85, 86]
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Fig. 9.6 Proposed mechanism of the K-promoted H, production and storage on a Ni/K*-p”Al,05
electrochemical catalyst (a). Evolution of current density (j), catalyst potential (Vwg) and H,, CO
and CO, production rates (r) during a H, storage experiment at 1 atm and 280 °C. H, production/
storage step: CH;0H/H,0 = 4.4%/5.2%, j = —10 pA. Cleaning step: 100% Ar, j = —10 pA. H,
release step: 100% Ar, voltammetry from —0.6 V to +2 V (1 mV s ') (b). K2p and Cls spectra
recorded by NAPP spectroscopy (1 mbar CH3;0H, 280 °C), at —2 V (¢) and + 2 V (d). (Adapted
with permission from Ref. [57, 86])

also showed that nickel and potassium remained in metallic form on the catalyst
surface and in situ evidenced the totally reversible character of the potassium doping
by EPOC, which seemed to affect both the Ni and the carbonaceous species, as
observed, for example, in Fig. 9.6c¢, d.

&)
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To go further in this very innovative route for hydrogen production/storage,
additional studies should be carried out to better understand the mechanism, for
example, by using model catalysts containing controlled graphene-like deposits to
directly focus on the H, storage and release stages. The main strengths of this
electrocatalytic system are:

* A maximum hydrogen storage capacity as high as c.a. 19 wt.% H, with respect to
catalyst loading [57], which outperforms the best metal hydrides used for H,
storage (i.e. LiBH4 with 18 wt.% H,).

* The possibility to operate H, adsorption/desorption under fixed and mild condi-
tions (280 °C and 1 atm) unlike all conventional storage methods [87, 88], under
electric potential control.

From the technological point of view, the upgrade degree of the catalyst materials
was high, but the electrochemical cell-like configuration still stands as a bottleneck
for the scale-up of this EPOC application, and a proper reactor design (e.g. MEPR
configuration) should be implemented.

9.3 EPOC-Assisted Electrolysers

Water electrolysis will play a major role in the energy transition. Water electrolysis
consists of splitting the water molecule into pure H, and O, gases (Eq. 9.12 or 9.13,
in liquid or steam phase, respectively) under the application of an electrical potential,
and, when using only renewable electricity, green hydrogen is produced.

H,O¢) — Hy + 1/20,, AHyog = +285.8 kJ /mol (9.12)
HzO(g) — H, + 1/20,, AH9g = +241.8 kJ/mol (9.13)

Except in alkaline water electrolysers (AWE), water electrolysis is operated in
fuel cell-type reactors either at low temperature (<90 °C) in proton- or anion-
exchange membrane (PEM or AEM) electrolysers [89, 90] or at high temperatures
(500-1000 °C) in solid oxide electrolysers (SOE) [89, 91, 92]. However, the
hydrogen production via electrolysis is not economically competitive compared to
catalytic reforming processes. The water splitting is energy demanding leading to a
high thermodynamic potential to electrolyse water (1.23 V at room temperature).
Furthermore, the sluggish oxygen evolution reaction (OER) at the anode still
increases the cell potentials up to around 1.8 V, which is demanding for the stability
of materials and critical for the energy consumption. To overcome this issue, organic
molecules like alcohols can be introduced at the anode, instead of H,O, to depolarize
the electrolysers for on-site pure H, production [52, 93-105]. Indeed, the
electrooxidation of the organic molecules is thermodynamically much more
favoured than the water electrolysis. For instance, the theoretical standard cell
potential is 0.016 V for methanol, 0.084 V for ethanol and 0.003 V for glycerol
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Fig. 9.7 Variation of the H, production rates as a function of time during different galvanostatic
transitions on a Pt-YSZ/YSZ/Au electrochemical cell at 600 °C, under different reaction atmo-
spheres: 1% CH4/0.2% O, (POX), 1.5% H,0/0.2% O, (SE) and 1% CH,4/1.5% H,0/0.2% O,
(ATR), upon positive (a) and negative (b) polarization. The joint contribution of POX and SE,
thpox + s 18 also depicted for comparison vs. ATR. Scheme of the electrocatalytic/EPOC reactions
taking place at both electrodes, under ATR conditions, upon positive (¢) and negative (d) polari-
zation. Reprinted with permission from [107]

electrolysis. However, the kinetics of the electrooxidation of organic molecules
below 90 °C remains slow even on Pt-based electrodes. Regarding SOE, high
temperatures dramatically increase the kinetics for the electrochemical reactions
[106] but require the development of stable and robust materials (due to the chemical
compatibility between electrodes and electrolyte, sealing materials, etc.). One solu-
tion to lower the electrolysis cost could be to combine this technology with EPOC.
PEM electrolysers and SOE technologies are mature and easy to scale up in stacks,
allowing to polarize a catalyst-electrode and then to implement EPOC. The idea,
recently proposed in the literature [107, 108], is to couple the electrolysis process
with an electropromoted catalytic reaction at the cathode that can produce additional
hydrogen, beyond the Faraday’s law.

A pioneer study [107] has proposed to operate MSR in a single-chamber SOE
reactor based on Pt-YSZ/YSZ/Au (cathode/solid electrolyte/anode). The reactor and
the Pt-YSZ composite layer (cathode) were similar to those of the previously
described study on MSR [80]. Three different reaction atmospheres were explored:
steam electrolysis (SE), methane partial oxidation (POX) and auto-thermal
reforming (ATR) (Fig. 9.7a, b). The steam electrolysis process for H, production
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was coupled with the electrochemical promotion of catalytic methane conversion
into H,. In this particular configuration, the Pt-YSZ electrocatalyst and the Au
electrode act as working and counter-electrode, respectively. Therefore, positive
polarizations can trigger (i) the hydrogen evolution reaction (HER) on the Au
electrode under steam electrolysis conditions, (ii) the electrocatalytic oxidation of
methane on the Pt-YSZ by O*~ ions transferred through the electrolyte under POX
conditions or (iii) both electrocatalytic processes simultaneously under auto-thermal
conditions, i.e. in the presence of CH4, H,O and O, (Fig. 9.7¢).

On the other hand, by applying negative polarizations and thus transferring O*~
ions from Pt-YSZ to Au, in the case of steam electrolysis, HER took place at the
Pt-YSZ, with the subsequent production of H, and 0> ions. In POX conditions, the
H, production was negligible due to the absence of steam and the inertness of the Au
electrode for methane electrooxidation. The most interesting results were obtained
for ATR conditions (Fig. 9.7d), where the production of H, was negligible at open-
circuit voltage (OCV) but drastically increased upon negative polarizations, even for
low current intensities. The H, production was found to be much higher than that
observed during SE, thus demonstrating that the steam electrolysis process
(electrocatalysis) was coupled with a catalytic process via the electropromoted
catalytic reforming of methane at Pt-YSZ (Fig. 9.7d). However, the H, production
was lower than that predicted by the Faraday’s law in all cases, due to partial
recombination of H, with O, present in the reaction feed. Therefore, it could be
very promising to validate this novel concept in a double-chamber SOE using
Ni-based catalysts instead of Pt. For example, this EPOC approach could be inves-
tigated on nanoporous Ni/YSZ-based materials like those reported in literature
prepared by physical vapour deposition (PVD) in oblique angle [109-111].

EPOC was also recently investigated in a low-temperature PEM electrolyser with
Pt-C/(OH ™ -polymeric membrane)/Pd-C (anode/electrolyte/cathode). We introduced
methanol, as a model alcohol molecule, in aqueous KOH electrolyte solution not
only in the anode but also in the cathode [108]. Thus, in this case, the idea was to
couple the electrolysis process with the catalytic methanol decomposition at the
cathode.

Figure 9.8a shows the different cell configurations tested in this study. As
expected, a steam electrolysis configuration (Conf. 1) showed no hydrogen produc-
tion at cell voltages below 1.2 V. Then, in this voltage range, a conventional
methanol/water electrolyser configuration (Conf. 2) showed a current-dependent
hydrogen production that fitted well with that predicted by the Faraday’s law.
However, when performing the same electrochemical tests upon feeding methanol
at both anode and cathode (Conf. 3), interestingly, the H, production values
exceeded those expected, as can be observed in Fig. 9.8b. The overproduction of
H, was attributed to the catalytic methanol decomposition on Pd. In addition, no H,
production was observed under OCV, meaning that this catalytic reaction was
electropromoted by K* cations. This electropromoted methanol decomposition was
combined with the water electrolysis, which was not harmed by the presence of
methanol in the cathode in these specific conditions (Fig. 9.8b). Therefore, the
EPOC-assisted electrolysis concept could lower the cost of the H, produced in
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Fig. 9.8 Scheme of three different operation configurations with a Pt-C/(Fumapem FAA-3-50)
membrane/Pd-C electrolysis cell: Conf. 1, water electrolysis, with no activity below 1.2 V cell
voltage; Conf. 2, conventional methanol electrolysis, where methanol is fed to the anode and water
to the cathode; and Conf. 3, EPOC-assisted methanol electrolysis where methanol is also added in
the cathode feed stream leading to additional catalytic H, production via electrochemical promotion
(a). Steady-state H, production rate under different chronopotentiometries with Conf. 2 and 3, along
with predicted faradaic H, production rate (b). (Reprinted with permission from Ref. [108])
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alcohol/water electrolysers. However, noble metal-based electrodes have to be
replaced by Ni-based electrodes for a further possible practical application.

These recent studies have demonstrated the main advantage of these EPOC-
electrolysis approaches which could improve the efficiency of high-temperature
steam electrolysis in SOE and low-temperature electrolysis in PEM reactors. Both
SOE and PEM water electrolysers are mature, and scale-up stack reactors can be
acquired commercially for real applications. We believe that the EPOC-assisted
electrolysis could constitute a breakthrough technology to enhance the “H,
economy’’.

9.4 Prospective Catalytic Processes for EPOC

This section is a brainstorming on some potential catalytic reactions in which the
unique properties of EPOC could be used as a tool to outgrow challenges in alluring
processes. The prospective processes, as schematized in Fig. 9.9, were selected
based on the pivotal role of promoting species in the upgrading of their reaction
rate and selectivity towards the different products, as well as on their urgency for
modern chemical industry and society. Regarding the ammonia synthesis, please
refer to Chap. 8 in this book which describes in detail recent advances in the
electrochemical synthesis of NH; for lowering the energy demand of the current

Some catalytic processes for prospective EPOC application
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Fig. 9.9 Scheme of some relevant catalytic processes, along with reported operation conditions,
that could be potentially improved by EPOC for the production of high-value chemicals
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industrial Haber-Bosch process which is taking place at high pressure (100-300 bar)
and temperature (400-500 °C).

9.4.1 CO; Valorization Through Catalytic Hydrogenation

One of the primary routes to mitigate the CO, emissions in large quantities is its
capture and thermochemical conversion with hydrogen to value-added chemicals or
fuels [112-115]. Since CO, is a thermally stable molecule, a heterogeneous catalyst
is required to efficiently convert CO, into a variety of carbon-containing products or
feedstocks. Among the hydrogenation products with considerable progress in the
recent years are carbon monoxide, methane, methanol and formic acid [112]. This
capability of producing different compounds from the same reactants by changing
operating conditions and the employed catalyst offered a unique opportunity for
applying EPOC to alter not only the reaction rates but also the product range [116—
122]. In addition, the pioneering works performed on high-pressure systems for
Fischer-Tropsch (FT) and NHj; synthesis exemplified EPOC in reactions that neces-
sitate high-pressure flow work due to thermodynamic limitations [35, 122]. Here, we
will discuss such opportunities for CO, hydrogenation according to their current
status, challenges and the critical role of promotion. The electrochemical promotion
of CO, hydrogenation has been already deeply investigated, and the main findings
are described in Chap. 6. Nonetheless, most of the studies dealt with the reverse
water-gas shift (RWGS) and methanation reactions [117-119, 123, 124], while,
here, we are exploring alternative routes for CO, hydrogenation.

9.4.1.1 Methanol Synthesis

Methanol is among the top 5 commodity chemicals due to its use as feedstock for the
synthesis of a wide range of chemical products, including formaldehyde, acetic acid,
methyl tert-butyl ether, hydrocarbons and aromatics [112, 125, 126]. Methanol may
also be used as a fuel or a fuel supplement in combustion turbines [125, 127]. Now-
adays, methanol is produced by synthesis gas that is derived from fossil fuels, raising
serious environmental considerations. The direct conversion of captured CO, and
renewable hydrogen from electrolysis to methanol has been proposed as a potentially
profitable and carbon-neutral route for methanol production [112, 113].

The CO, hydrogenation towards methanol (Eq. 9.14) constitutes an exothermic
reaction in which the volume is decreasing, and therefore as ethylene epoxidation,
low temperature and high pressure are thermodynamically required to achieve
appreciable reaction rates (170-310 °C, 20-360 bar) [112, 128, 129].
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CO; + 3H, «— CH3OH(g) + HQO(g), AHyog = —49.6 kJ/IIlOl (914)

So far, different catalytic formulations have been explored to drive this reaction.
Due to the similarity with the syngas-to-methanol process, Cu-based catalysts,
particularly in combination with ZnO, have been extensively utilized
[126, 130]. However, the CO,-to-methanol conversion is more complicated com-
pared with the syngas-to-methanol conversion. The research efforts have thus been
focused on the fine tuning of the local surface chemistry of the catalysts through the
use of different preparation techniques, supports and/or structural/surface promoters.
Nevertheless, there is still debate on the reaction pathways and the exact active sites
[125]. Cu catalysts display relatively poor activity at low temperatures (<250 °C). As
a consequence, the operation temperature needs to be increased, thus decreasing the
selectivity to methanol by favouring the endothermic side reaction of Reverse
Water-Gas Shift (RWGS, Eq. 9.15):

CO; +H, « CO + H20(g), AHyog = +41.2 kJ/mol (915)

The CO,-to-methanol reaction is sensitive to metal dispersion, the structure of
interface as well as the adsorption of reactant species. These properties are known to
be tuned via promoters apart from the preparation methods. Among the different
systems explored, alkali metals (e.g. K, Cs) are the most commonly employed due to
their basicity. Their functionalities for methanol production involve, among others,
the modification of the adsorption properties that affect the H/C ratios on the catalyst
surface and the interaction of metal with the support for H, spillover
[125, 131]. Bansode et al. [131] systematically examined Cu-based catalysts pro-
moted with K and Ba. Although both promoters significantly enhance the CO,
adsorption of the unpromoted Cu surface, the product selectivity was different. K
was shown to boost the methanol yield by covering selectively the Al,O5 oxide
support and facilitating Cu reducibility, which enhanced methanol production. On
the other hand, Ba covered Cu surface besides Al,O; support, resulting in the
stabilization of intermediate species for RWGS.

There are, in the literature, some few preliminary studies on the electrochemical
promotion of methanol synthesis by CO, hydrogenation, although leading to very
low yields since they were performed at atmospheric pressure [132—135]. For
instance, the methanol production rate showed to be slightly enhanced (in less
than 10%), at temperatures up to 340 °C and H,/CO, ratios up to 39, on a PdZn
catalyst promoted with either Na* or K™ ions, the latter showing a more stable effect
[132]. The EPOC phenomenon was found to be electrophilic (i.e. at decreasing
potentials), but, in all cases, CO selectivity was favoured. The electrochemical
supply of alkaline ions to the catalyst surface and the expected strengthening of
the CO, (electron acceptor vs. H,) chemisorption led to the preferential enhancement
of CO production even inhibiting methanol synthesis. The group of Ruiz also carried
out several studies on CO, hydrogenation by EPOC where methanol was obtained,
among other organic compounds [133-135]. There are some unclear issues in the
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latter studies, such as the stability of the EPOC effect, since the time evolution of the
reaction rates was not reported in any case, or the considered unpromoted reaction
conditions, which were related to the application of 0 V in all cases, and this does not
necessarily have to correspond to the promoter-free state. However, those studies
show that the catalytic conversion of CO, and the selectivity of the hydrogenation
products can be in situ modified by the application of an electric potential under
given reaction conditions, even at atmospheric pressure, by using cationic (i.e. K*) or
anionic (i.e. 0>7) solid electrolyte supports. For example, by using a Cu/K*-p”Al,04
electrochemical catalyst [133], the methanol selectivity was enhanced up to 34 times
to reach 10% at —1 V, at 325 °C with the stoichiometric H,/CO, ratio (i.e. 3, reaction
(9.14)), although the catalyst was specially selective for dimethyl ether production
(c.a. 60%) under these conditions, as can be observed in Fig. 9.10a.

CH;0H synthesis from CO, hydrogenation was also electrochemically promoted
on Pt- [135] and Fe-based [134] catalysts supported on YSZ. For example, on
Pt/YSZ, a methanol selectivity of 8% was obtained at +0.5 V, 400 °C with H,/
CO, = 2 and a CO, conversion of 24% [135], while, on a FeO,-TiO,/YSZ catalyst,
the maximum methanol selectivity, c.a. 50%, was reached at —0.5 V, 325 °C, with
H,/CO, = 3 and a CO, conversion of c.a. 7% [134] (Fig. 9.10b). A potential
advantage of using O conductor solid electrolytes like YSZ for CO,
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hydrogenation, with respect to alkaline conductors, is the avoidance of the poisoning
effect typically taking place in the latter case due to the formation of carbonate or
hydride surface compounds which may block catalytic active sites. However, due to
the still unclear electrochemical promotion mechanism for methanol synthesis by
supplying/removing O®~ promoter ions to/from the catalyst surface, further inves-
tigations should be performed in this regard, and operating pressures higher than the
atmospheric one should be explored to reach higher conversions, with a view to a
possible competitive application.

9.4.1.2 Light Olefins (C,—C,4) Production

The necessity to detach light olefins from fossil fuels has activated intense research
efforts towards the single-step CO, valorization by renewable H, obtained from H,O
electrolysis [112, 115, 136].

n CO; + 3n H, < C,Hy, +2n Hzo(g>, n=2-—4,AHyg <0 (916)

The reaction (Eq. 9.16) is strongly exothermic, favoured by high pressures due to
the volume decrease of the reactants. The process constitutes a catalysis benchmark
and a complicated reaction system due to (i) multiple reaction pathways of CO,
hydrogenation to various products (CO, CHy, light olefins, higher hydrocarbons,
methanol, etc.) and (ii) its sensitivity to numerous parameters involving, among
others, the temperature and intra-catalytic temperature gradients, the dispersion and
the interactions of active phases with the supports, the pore structure, the basicity/
acidity of the catalyst surface and the limited CO, adsorption upon H, flooded
surfaces. There are two main routes of CO, hydrogenation to olefins (Cr_4 ):
(a) the methanol-mediated route (methanol to olefins, MTO), which proceeds
through a complex reaction network involving CO, reduction to CO by RWGS
(9.15), followed by the equilibrium-limited CO hydrogenation to CH;OH and finally
the conversion of methanol to olefins, and (b) the CO-mediated route, proceeding
through the CO, activation to CO via the RWGS, followed by the selective CO
conversion to C,_4~ (Fischer-Tropsch to olefins, FTO) [112, 115, 136, 137].

Both routes require high pressure (~30 bar) and suffer low CO, conversion
(20-50%). MTO is conducted at relatively higher temperatures (370-400 °C),
compared to FTO (300-320 °C), over acidic supports (for C-C coupling and
methanol conversion to light olefins). On the other hand, FTO is driven by conven-
tional alkali metal-promoted Fischer-Tropsch catalysts (i.e. Fe and Co) over alkaline
supports [129, 138]. Due to increased temperatures and RWGS to CO, MTO
displays high CO selectivity (~70%), which results in decreased olefin yield.
These high rates of CO formation and the very low CO, conversions (20-30%)
limit the overall C,_ 4~ yield to <7%. FTO, on the other hand, leads to low CO
selectivity due to the lower temperatures that result in a leftwards shift of RWGS but
increases CH, and, thus, lowers olefins selectivity (25-40%) within the HC fraction.
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Due to the relatively higher CO, conversions (40-60%) and CO minimization
(<20%), FTO yield overpasses the values obtained with the MTO.

The most appropriate catalysts for the FTO route are Fe-based systems combined
with the suitable supports and promoters in order to create the required active sites
for driving the reaction. Typical supports for the process are metal oxides
(e.g. Al,O3, ZrO;) or carbon-based materials (e.g. carbon nanotubes), which are
very important for the catalytic activity as well as selectivity to the different
products. The alkali metal promoters, and specifically K and Na, are considered
the most effective since they increase the selectivity as high as 57% to light olefins
by simultaneously constraining the competitive methane formation [139]. This
critical role of the alkali promoters has been investigated in several experimental
studies [139-142]. For instance, Meiri et al. [140] could stabilize the texture of Fe-
Al-O spinel and strengthen the CO, adsorption, whereas Martinelli et al. [142]
reported that K promoter enhanced the alkene production at the expense of methane
and other alkanes [141].

The electrochemical promotion of CO, hydrogenation to propylene was
explored, at atmospheric pressure, by Ruiz et al. on different metal catalyst films
(i.e. Pt, Pd, Ni) deposited on YSZ [135]. For instance, Fig. 9.11 shows that, under
given reaction conditions, Pt/YSZ electrochemical catalysts reached a selectivity
towards C;Hg above 70% at 0 V, along with significant selectivity towards ethane
(maximum of c.a. 5% at —2 V). Both C, and Cj selectivities follow an opposite trend
as that of CO. This behaviour suggested that they were generated by hydrogenation
of CO previously formed by RWGS (Eq. 9.15), i.e. via FTO mechanism rather than
MTO, which opens new opportunities for EPOC application on CO, and CO
hydrogenation.

The synthesis of light olefins can be also performed through the oxidative
coupling of methane and the light alcohols dehydration. The former reaction leads
to the production of ethylene as the main value-added product, and it has already
been explored via electrocatalysis, in solid electrolyte membrane reactors using
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catalysts mainly based on Ag and YSZ as electrolyte for the supply of O*~ ions
[143-146], but it has not been studied from the EPOC perspective yet. On the other
hand, an innovative and recent collaborative work between the Massachusetts
Institute of Technology and the University of Patras [147] proved the electrochem-
ical promotion of isopropanol and 2-butanol dehydration reactions to selectively
produce propylene and butenes, respectively. Experiments were performed at 400 °C
and near-ambient pressure, on a Mo film deposited on YSZ. The EPOC effect upon
positive polarization (i.e. migration of O>~ ions onto the catalyst film) was explained
on the basis of (i) the in situ generation of additional Bronsted acid sites at the three-
phase boundary (tpb) between gas, catalyst and solid electrolyte, according to the
observed Mo (V) fraction on the surface, and (ii) the strengthening of these acid sites
due to the decrease of the electronic density on the oxide surface, thus decreasing the
deprotonation energy and increasing the reactant dehydration rates. This study
demonstrates that EPOC can also alter solid acid-catalysed reactions, opening new
opportunities for further applications.

9.4.1.3 Higher Alcohol (C,-Cs) Synthesis

While numerous studies have been carried out for the catalytic conversion of CO,
with hydrogen to value-added chemicals, only a small number explored the produc-
tion of higher alcohols (HAs) than methanol, i.e. C,—Cs [112, 114]. HAs have
excellent energy density and can be employed as transportation fuels or as fuel
additives. In addition, they may be used as solvents and precursors for chemical
synthesis. Therefore, a direct conversion of CO, to HAs would be economically
preferable, if high CO, conversion and HA selectivity were achieved in this vastly
challenging process (Eq. 9.17).

nCO; +3nH; « CnHszr]OH(g) + (211 — 1) HQO(g), n=2-—5,AHyg <0 (917)

As the chemical processes previously discussed, HA production from CO, also
requires high pressures (20-80 bar) and/or temperatures (100-340 °C)
[112, 148]. Apart from the thermodynamic stability of CO,, the path to HAs
constitutes a complex set of competing reactions to hydrocarbons during Fischer-
Tropsch (FT) that typically results in low yields. The minor control over C-C
coupling and the need for different types of C-O bond adsorption in order to obtain
C(H)O species are some of the reasons for this [149]. The resulting compounds are
rather sensitive to the balance of the C-O bond activation (alkylation and alcohol
formation) and the C-C coupling [150].

The critical steps in HA synthesis, such as the CH,-CO coupling, are considered
to take place at similar active sites as in the syngas-to-HA process [151], and thus,
similar materials are expected to catalyse the reaction if RWGS would be also
favoured. Therefore, the catalysts explored include noble metal (Rh, Ir, Au, Pt)-,
Co-, Cu- and Mo-based materials. In all types of catalysts, the critical role of the
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support and promoters towards the stabilization of key intermediate species for HA
formation has been exemplified. Among the different types of catalysts, Cu-based
materials are of particular interest due to their low cost and higher selectivity (79% in
fixed-bed and 99% in tank reactors) to HA than Co and Rh. The surface of Cu
favours the non-dissociative hydrogenation of C(H,)O bonds rather than the C-O
bond cleavage which enables alcohol formation [150, 152]. The creation of HA is
achieved by the addition of promoters in order to aid the creation of the required CH,
compounds in CH,-C(H,)O, which may be coupled to produce HAs
[150, 152]. Hence, the emphasis in several studies on Cu catalysts was on their
combination with FT catalysts, such as Co and Fe, which are promoted by alkali
metals, such as K, Na and Cs. For these systems, promising HA fractions of up to
90% at 50-60 bar and 300-330 °C have been obtained [153, 154]. Nevertheless, the
observed formation rates are still rather low (20-100 mg-gcafl-hfl) with selectiv-
ities which do not reach those obtained for methanol synthesis. Despite that the
optimum catalytic systems are alkali promoted, the exact role of the alkali metal has
not been elucidated, besides restraining catalyst reduction and hydrogenation
capability.

Previously mentioned EPOC studies on CO, hydrogenation performed at room
pressure report the production of ethanol enhanced by using either K* [133] or O*~
conductors [134] under specific reaction conditions. In the former case, on Cu
catalyst, CoHsOH selectivity was enhanced up to c.a. 7% by electrochemical supply
of K" ions at —0.5 V at 325 °C and H,/CO, = 3 (see Fig. 9.10a). Interestingly, under
the same temperature and composition conditions, the authors observed that a
YSZ-supported FeO,-TiO, catalyst polarized either at +0.5 V or at —1.5 V
(i.e. upon supply or removal of O®~ ions to or from the catalyst film) reached a
similar ethanol selectivity of c.a. 8% (Fig. 9.10b), and this value increased to
c.a. 14% with a higher H,/CO, ratio (i.e. 4) at both optimum applied potentials.

9.4.1.4 Formate Production in Aqueous Phase

Among the different carbon dioxide hydrogenation products, formate/formic acid is
another one that requires special attention. Apart from its wide applications, in
chemical, food and textile industries, it is acquiring increasing interest in energy
applications, as a low-carbon energy vector or hydrogen carrier [155-157]. Direct
liquid fuel cells are a potential alternative to conventional hydrogen fuel cells given
the low volumetric energy density of H,. Formic acid/formate can be easily and
safely stored in the form of formic acid amine adducts or aqueous formate salt
solution. Besides, direct formate fuel cells (DFFC) have a higher theoretical cell
voltage (1.45 V using oxygen as oxidant), and thus a higher power density, than
other kinds of fuel cells, e.g. using hydrogen (1.23 V), methanol (1.23 V) or ethanol
(1.14 V) as fuels [158, 159]. Thus, DFFC is a renewable carbon-neutral energy
technology as long as formate is produced using CO, as the carbon source and H,
obtained from water splitting. CO, hydrogenation to formate (Eq. 9.18) has been
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widely studied in the field of heterogeneous catalysis [157, 160], although big efforts
are also made on the electrocatalytic [159] and photocatalytic [161] pathways.

COy( ¢ + Hy( g — HCOOHy), AHao5 = —31.6 kJ /mol (9.18)

It should be noted that formic acid was only detected in trace amounts in some of
the above-mentioned EPOC works on CO, hydrogenation by Ruiz et al
[133, 134]. Like all other catalytic reactions addressed in this chapter, this is an
endergonic reaction (AGyog = +32.9 kJ/mol). However, the solvation of the formic
acid in a suitable solvent makes this reaction spontaneous [157, 160]. For instance, if
CO; hydrogenation is conducted in aqueous solution (Eq. 9.19), formate formation
becomes thermodynamically favoured (AGj9g = —4.0 kJ/mol).

COz(aq) + H2( g — HCOO(_aq) +H' (9.19)

This reaction in aqueous solution is typically studied on Pd-based catalysts at
20-150 °C and 20-60 bar with either pure H, gas or a H,/CO, ratio of 1, as very
recently reviewed [160]. Two interesting studies [162, 163], using Pd/C catalysts
(0.4-0.5 mgpy cm™ %), have demonstrated the potential of EPOC in this catalytic
reaction. It should be noted that, apart from these studies, the EPOC phenomenon
has been applied in very few cases at solid-liquid interfaces, for example, for the
electrochemical promotion of H, oxidation reaction [164, 165], 1-butene isomeriza-
tion [166], hydrazine oxidation [167], rearrangement of cis-stilbene oxide to
diphenylacetaldehyde and diphenylethanone [168] or methanol decomposition reac-
tion in EPOC-assisted water electrolysers [108] as described in Sect. 9.3. Herein, Cai
et al. proved for the first time the electrochemical promotion of CO, hydrogenation
in liquid phase by using a Pd/C electrode as the cathode, although in situ generated
PdH, was actually the active phase, Pt as the anode and H, (20%)/CO,-saturated 1 M
KHCO; as the electrolyte [162]. The authors found two different CO, hydrogenation
pathways, i.e. catalytic and electrocatalytic, to compete with each other and with
HER (hydrogen evolution reaction). Although faradaic efficiencies were not
reported in this work, the transferred charges and the quantified formate production
at different applied potentials, either with or without H, gas bubbling, showed
evidence of electrochemical promotion of the catalytic production of formate
under low applied potentials, i.e. —0.1 or —0.2 V vs. RHE. The authors proposed
that the origin of the synergy between catalytic and electrocatalytic CO, hydroge-
nation reactions was the formation of HCOO" as a common intermediate.

In a more recent study on CO, hydrogenation to formate on Pd/C, Ryu and
Surendranath rather attributed the EPOC effect to a local pH swing [163]. The
authors observed that the formate production had a first-order dependence with
respect to both CO, and OH™ concentrations, which are inversely correlated to
each other by the carbon dioxide/bicarbonate equilibrium. Interestingly, the appli-
cation of low potentials, up to —0.3 V vs. RHE, showed to locally increase the
alkalinity, by electrocatalytic consumption of protons in the vicinity of the catalyst
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Fig. 9.12 Influence of the applied potential on the current density (a), total specific turnover
frequencies (TOF) for formate production (b) and total faradaic efficiency (FE) for formate
production (c), obtained with Pd/C catalyst (cathode), using Au as anode, in the presence of
50 mM KHCO5/0.5 M NaClO4 (pH 6.4) under EPOC conditions (20% H,/80% CO,) and CO,
electroreduction (CO,RR, 20% Ar/80% CO,). (Reprinted with permission of the American Chem-
ical Society from Ref. [163])

surface, while maintaining a high CO, concentration in the solution. Besides, the
bubbling of H, gas in EPOC configuration (20% H,/80% CO,) likely inhibited the
catalyst poisoning by adsorbed CO, which took place in CO, electroreduction
(CO,RR) configuration (bubbling 20% Ar/80% CO,). Thus, both the obtained
current densities (Fig. 9.12a) and the turnover frequencies (TOF) for formate
production (Fig. 9.12b) increased under EPOC conditions, enhancing the latter up
to 5 times at —0.3 V vs. RHE. Faradaic efficiencies over 100% were reached
(Fig. 9.12c¢), which evidenced the non-faradaic CO, hydrogenation to formate.

9.4.2 Propylene Epoxidation to Propylene Oxide

Propylene is a commodity chemical of great importance derived from higher hydro-
carbon cracking in oil refining industry. Among its different applications, propylene
conversion to propylene oxide (PO, Eq. 9.20) is intriguing due to the use of the latter
as raw material in the manufacturing of polyurethane foams [169].
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C3H6 + 1/202 ad C3H6O(g) AH298 = —114.9 kJ/mol (920)

The significance of this process becomes more pronounced by considering the
environmental and economic considerations of the existing industrial methods for
producing PO. Therefore, a successful outcome in propylene epoxidation reaction
could have significant impact on a range of industrial processes [170, 171].

The concept of propylene epoxidation is not new; several types of reactors,
energy input (thermal and light), catalysts and oxidizing agents have been already
examined and summarized in recent reviews [172]. This reaction is commonly
carried out at 1-20 bar and 250—400 °C, and the most common catalysts are Ag-
(employed due to its use in ethylene epoxidation as described in Sect. 9.2.1) and
Cu-based catalysts with high sensitivity to the shape and size of the catalyst. As for
ethylene epoxidation, the primary challenge is the selectivity towards PO over the
deep oxidation of propylene to carbon dioxide. Relatively low conversions of
propylene deliver yields (~5%) that are far from commercialization targets
[170, 171].

By examining the epoxidation reaction, an electrophilic insertion of an oxygen
atom into the double C=C bond is required. At the same time, the side but undesired
reaction is the allylic dehydrogenation of propylene that demands oxidizing species
of nucleophilic nature, revealing how critical the nature of oxidizing species for the
selectivity is. Moreover, the number of acidic sites, the geometry of the active sites
and the electronic or dipole state of the surface of the catalysts (routinely caused by
alkali metal promoters) play a key role in the resulting products.

The critical role of promoters towards increasing the formation rate and selectiv-
ity of PO has been demonstrated in both Ag and Cu catalytic systems. Routinely,
alkali and alkaline earths are used, for instance, in the form of sodium and potassium
salts [171, 173, 174]. In Ag-based materials, the unpromoted metallic Ag phase is
expected to produce high flows of electrons to the adsorbed oxygen, thus increasing
the nucleophilicity as well as the activity of oxygen for deep oxidation. However,
when electron-donor promoters like Mo or W are added, this effect diminishes, and
Ag remains in a cationic phase that considerably enhances PO selectivity by keeping
adequate propylene conversion [175]. This effect was also apparent with highly
dispersed Cu over SiO, materials [176]. Among the different alkali and alkali earth
dopants, K displayed the strongest enhancement on PO selectivity. The authors
exemplified a clear interaction between K* and CuO, that decreased the strength
and number of acid sites, thus limiting further oxidation to CO,. Moreover, the
existence of K* species aided the creation of lower-sized CuOj clusters (i.e. higher
surface area for catalysis) and the suppression of the lattice oxygen reactivity that
facilitates deep oxidation [176, 177].

The spatial separation of propylene and oxygen reactants through a membrane
reactor configuration has been also investigated, targeting at controlling the oxygen
partial pressure in the reaction chamber which results in undesired deep oxidation at
the gas phase. The authors also added steam to limit PO desorption and its deep
oxidation over the catalyst surface. This configuration allowed up to 13 times (from
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0.5 to 6.5%) higher PO yields than the conventional fixed bed [178]. These prom-
ising results with membrane systems were also reported in earlier studies by utilizing
a tubular configuration reactor based on ZrO,-Y,05-TiO, which contained alkaline
earth-promoted Ag catalysts with selectivity to PO larger than 30% [171].

Regarding EPOC studies on propylene reaction, the deep oxidation reaction has
been widely studied [179-186] as well as the use of propylene as reducing agent for
NO, catalytic reduction [187-192]. However, to date, there is only one study
exploring the EPOC application in the propylene epoxidation reaction, carried out
by Stoukides and Vayenas by using an Ag/YSZ electrochemical catalyst at 395 °C
and atmospheric pressure [193]. Given the excess of oxygen in the gas stream, the
open-circuit reaction rate obtained for propylene combustion (2.53 - 107" mol s )
was much higher than that for epoxidation reaction (0.05 - 10~ mol s~'). Never-
theless, positive polarizations (supply of O*~ promoter ions to the Ag film) were
found to enhance the propylene epoxidation rate and PO selectivity in a reversible
manner. However, the rate enhancement ratios were below 2 under any reaction
conditions.

9.4.3 Previous EPOC Studies as the Roadmap for the New
Processes

The common denominator for all described processes is their sensitivity and reliance
to promoters. On the other hand, EPOC studies have already shown remarkable
progress in other numerous processes that display substantial similarities to the
above in terms of reaction pathways, and therefore, they consolidate EPOC as a
powerful tool to either enhance reaction rates or dramatically alter the selectivity to
the desired products by controlling the work function of the catalyst. Moreover, the
extensive research and results with the concurrent development in synthesis and
characterization methods may facilitate the EPOC applications to such new intrigu-
ing processes [116]. For instance, the proposed CO, hydrogenation routes have all in
common the high-pressure thermodynamic requirement. This is a major challenge
due to the complexity of developing pressurized electrochemical reactors, but there
are several examples of successful development of pressurized systems for electro-
chemical promotion in NH; synthesis and FT (CO hydrogenation) [35, 122].

FT process exhibits several similarities with CO, hydrogenation to hydrocarbons,
HAs and methanol [114]. It is also highly complexed with still not clarified reaction
mechanisms. Almost 20 years ago, the Lambert team in the UK exemplified EPOC
on FT [120-122]. The group investigated initially CO hydrogenation over Ru
catalyst deposited on p” alumina doped with Na. The study was performed at
~200 °C but at atmospheric pressure which does not favour the carbon chain growth
[120]. The authors showed that by supplying Na* to a Ru surface, a considerable
increase in the carbon chain growth probability and selectivity to olefins was
observed but at the expense of CO conversion. Similar findings were also reported
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when a Rh catalyst was used with K species as promoters, i.e. improved selectivity to
C,—C, hydrocarbons but lower reaction rates when K* was supplied to the catalyst
[121]. Urquhart et al. [122] continued these studies by developing a high-pressure
(14 bar) electrochemical reactor for EPOC. By employing the same Rh catalyst and
K promoting species, they detected 43 products, comprising paraffins, olefins and
HAs. Most notably, the electrochemical promotion by K influenced reversibly the
product distribution, and specifically, negative polarization (K* supply to the cata-
lyst) enhanced the olefin and HA formation rates and selectivity [122].

The studies of Lambert’s group on promoted CO hydrogenation offer a starting
point for exploring different CO,-to-X (X: hydrocarbons, HA, methanol) schemes
by employing EPOC for altering reaction rates and selectivity towards the desired
products and by understanding the promoter role in the reaction mechanism. This is
further corroborated by the recent works from the Vayenas and Katsaounis team (see
Chap. 6) who demonstrated the high sensitivity of CO, hydrogenation to the
electrochemical promoting species, which can dramatically alter the selectivity
between CO and CH,4 [117-119, 123, 124].

From a promotional viewpoint, propylene epoxidation is an extremely intriguing
and complex system, which requires the enhancement in the conversion of propylene
by sustaining the selectivity towards PO, offering space for EPOC activities. Possi-
ble future works in the field could explore the possibility of promoting this reaction
by using knowledge from the well-studied ethylene epoxidation for EPOC [30, 32,
33, 194]. For instance, the most common catalysts in both cases are Ag-based, and
therefore, the studies on EPOC could initiate from this catalyst [171]. Ethylene
epoxidation is also influenced by promoting species, such as O*~, which may have
both positive and negative effects on the catalyst performance. This offers an
opportunity for studies that explore the potential promotion effect caused by differ-
ent types of species, such as O>~, Na* and K* (Na and K are typical promoters in
propylene epoxidation) not only for altering selectivity and reaction rate, but also to
operando optimize their desired coverage through voltage.

Besides promoting species, it is of particular interest that, when propylene
epoxidation was performed in catalytic membrane reactors, a higher selectivity
was achieved due to the shortening of residence time over the catalyst which, in
turn, limited the side reaction of deep oxidation. Most likely, this effect could be
even more pronounced by employing EPOC electrochemical membrane reactors,
which can take advantage of the lesser catalytic surface of electrodes (lower resi-
dence time on the catalyst and, thus, lower chance for deep oxidation of PO), as well
as the operando control of the catalyst work function [116]. EPOC may also offer
some flexibility to the promotion of this reaction scheme by offering the capability to
explore the effect of both electron donor, i.e. Na* and K* in B-Al,O3, and acceptor,
i.e. O*  in YSZ, as well as the self-sustained EPOC mentioned in Sect. 9.2.1, to
modify the reported low yields for propylene epoxidation.
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9.5 Conclusions

The main achievements in the field of electrochemical promotion of catalysis have
been thoroughly reviewed from both scientific and technological aspects. However,
in view of the potential future commercial application of the EPOC phenomenon,
research efforts should concentrate on chemical processes with special industrial
interest. In this chapter, we reviewed some of the most promising EPOC applications
published to date, with some competitive advantages with respect to conventional
thermal-catalysis-based processes, beyond the “in situ” character of the EPOC
systems, i.e. providing interesting environmental, health or economic advantages.
Recent promising studies highlight that EPOC could contribute in the substitution of
platinum group metals by boosting the activity of transition metals.

EPOC is the only technology able to supply oxygen anionic promoters to a
catalyst surface in an immediate and controlled manner, which is of particular
interest in the case of the ethylene epoxidation reaction (to produce ethylene
oxide) and CO, hydrogenation reactions. Besides, the supply/removal of alkaline
promoters (e.g. Na*, K*) by EPOC, alternating negative and positive voltage pulses,
can operate the NO, storage and reduction, under fixed lean conditions, or the H,
production/storage and release, under mild operation conditions. EPOC can also in
situ regenerate a catalyst surface that has been poisoned by coke deposition during
catalytic reforming reactions, and, what is most interesting, this phenomenon allows
to unprecedentedly in situ promote methane or alcohol transformation catalytic
reactions at the cathode of either high-temperature (SOE) or low-temperature
(PEM) electrolysers in their current technological development level, thus increasing
the hydrogen production in these systems and improving their energy efficiency.

There are other catalytic processes acquiring a growing interest, which should be
also focused in depth for a prospective EPOC application. We refer, for instance, to
CO, hydrogenation into high-value chemicals like olefins, formate, methanol or
higher alcohols, to ammonia synthesis and to the propylene epoxidation reaction.
Although the application of the EPOC approach is specially challenging in these
cases, mainly due to harsh operation conditions and complex reaction mechanisms,
there is still a significant know-how that can serve as starting point, obtained from
other catalytic reactions, such as reverse water-gas shift, methanation, Fischer-
Tropsch (FT) or ethylene epoxidation, as discussed herein. One of the main bottle-
necks is the need for high-pressure electrochemical membrane reactors in most of
these cases. For example, by operating the reactor at atmospheric pressure, CO,
hydrogenation (as CO hydrogenation in FT) cannot lead to significant rates of C,—C,
hydrocarbons and higher alcohols due to thermodynamic limitations (decrease in
reactants’ volume). Hence, the development and validation of high-pressure reactors
(> 10 bar) is essential for the proposed EPOC catalytic processes on CO, valoriza-
tion. The EPOC reactor design is also crucial for the utilization of dispersed
nanoparticles instead of continuous metal electrodes which required the develop-
ment of new modes of current collection suitable with catalytic applications.
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The centralized production of chemicals at large scale must also be considered.
The prospective processes involve commodity products that are routinely produced
at large quantities (kilo tonnes to million tonnes per year scales) in big centralized
units. Unfortunately, the electrochemical ceramic membranes’ production
manufacturing has not yet demonstrated such production. However, the ceramic
and energy industry have made huge steps, particularly with ZrO, materials used in
solid oxide electrolysers, and therefore, it could compass the direction in case of
outstanding outcomes with EPOC. In parallel, the development of more stable and
efficient low-temperature O®-conducting ceramics and H*/OH -conducting poly-
mers could be very useful for the upgrade of the EPOC technological development.
This latter must be accompanied with the understanding of the reaction and electro-
chemical promotion mechanisms that will take place. In this sense, operando
spectroscopy analysis such as X-ray absorption spectroscopy (XAS) and infrared
spectroscopies should be systematically carried out along with the catalytic studies
upon polarization. Despite recent EPOC studies that investigated catalyst modifica-
tions under voltage (e.g. in situ NAP-XPS) for elucidating the ion/metal diffusion
processes under cathodic or anodic polarizations, these are still scarce due to the
technical complexities on account of introducing electrical connections in the anal-
ysis chamber, and thus efforts should focus on this direction in order to elucidate the
possible mechanistic pathways.
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