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Metal-organic frameworks (MOFs)-derived nanomaterials offer several competencies as viable electrocatalysts
for converting notorious CO3 to value-added products with realistic electrochemical activity and stability without
additional CO5 emission. This study discussed recent advancements in MOF-derivative nanomaterials for CO2
reduction reaction (CO2RR) to value-added chemicals/fuels. The corresponding active sites, activities, and
selectivity for each MOF-derivative electrocatalysts for CO2RR were discussed. The synthetic techniques of MOF-
derivatives with their corresponding regulations of compositions, structures, performance and modification
strategies, and mechanistic aspects of COz-electroreduction were discussed. Confinement engineering of MOF-
derived nanomaterials and discussion on controlling the electrocatalytic performances via confinement engi-
neering were discussed. Insight into the structure-activity relationships of MOF-derived electrocatalysts for
CO2RR was explained. Detailed electrocatalytic performance towards forming different products on MOF-derived
isolated (single) metal atoms, MOF-derived heteroatom-doped carbon, MOF-derived transition metal nano-
particles, MOF-derived transition metal oxide, and MOF-derived transition metal phosphide electrocatalysts were
discussed. Distinct from the earlier reports, this study also discusses the key factors towards optimizing the ef-
ficiency of CO2RR electrocatalysts for promising performance. Various industrial prospects of CO2R on MOF-
electrocatalysts were unveiled to bridge the research gaps. Despite some remarkable progress, the subject is in
its infancy; several obstacles and shortfalls for future study still exist to advance this field into full-fledged
commercial applications.

1. Introduction including fuels and other hydrocarbons. Effective chemical conversion

of CO5 to some liquid fuels is of high importance to allow its recycling

Energy consumption worldwide has been projected to rise from 575
quads in 2015-736 quadrillion Btu (quads) in 2040, an increase of 28%
Currently, the atmospheric CO, concentration worldwide has risen from
7330 ppm in 1981 to ~ 418.94 ppm in June 2021, as shown in Fig. lais
expected to increase with a similar trend [1,2]. A steady increase in
yearly CO, emissions may ultimately lead to a synchronized rise in
global-mean air surface temperatures on both the earth and sea levels
between 1990 and 2100 [3-5]. Several systematic proofs of the
continuous rising CO2 levels have been associated with urbanization and
industrialization [6,7], which correspondingly pose adverse conse-
quences on the alarming increase in the average temperature and sea
level (Fig. 1b) [8].

Developing an innovative process for recycling captured CO; is
becoming an attractive prospect owing to its ability to allow CO, valo-
rization. In this way, CO, is converted to valuable or useful products,
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and the re-use of essential fuels. This approach is believed to offer a
feasible solution to the increasing environmental problem of atmo-
spheric CO3 and its associated global warming, while at the same time, it
renders renewable fuels environmentally carbon-neutral [9-14]. Such
an approach would be considered as a potential candidate having the
ability to offer solutions to the environmental crisis resulting from
increasing atmospheric CO5 and associated global warming.

Currently, renewable energy sources have been touted as a rapidly
expanding source of electricity. An electrochemical oxidation-reduction
process happens at the electrode interface when renewable energy [15,
16] is combined with it for a sustainable alternative energy cycle
(Fig. 2). Unlike chemical processes, the electrochemical system is
recognized for having a simple reaction rate controllability by adjusting
the applied bias and a more straightforward manner of isolating the
products from the half-reactions. Electrochemical reactions are
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characterized by interactions between electrolyte, electrode, and dis-
solved products or reactants by a series of conductive diffusion reactions
[12,17-22]. However, the high activation energy barrier between the
intermediates and dissolved reactants resulted in low efficiency and high
overpotential for electrochemical reactions, thereby necessitating a high
demand for ionic and electric conductivity and a large surface area to
ensure phase interactions [23]. To satisfy the practical/industrial ex-
pectations of the area, research into electrocatalyst development that
lowers the activating energy barrier and activates intermediates with
lower energy is presently a research hotspot.

The electrocatalysts used and the voltage applied is critical for COoR
selectivity and efficiency. Nevertheless, for a given set overpotential,
electrodes often create a wide range of products rather than a single
product, resulting in poor product selectivity. Furthermore, in a con-
ventional batch reactor, the pace of reaction is always faced with the
reduced solubility of CO in the reaction system, particularly at high
overpotential, resulting in low current density (j) or deterioration of
electrocatalytic activity [24-26]. The state-of-the-art technology is
currently unable to meet/address the criteria for large-scale industrial
applications due to the low stability and selectivity of existing electro-
catalysts. Therefore, new innovations and the simplicity of the existing
technology are required to design efficient materials for COsRR.

Metal organic frameworks (MOFs)-derived electrocatalysts are
organic-inorganic porous materials made of organic ligands and metal
centers with appealing crystalline morphologies [27-30]. They exhibit
following benefits: (i) higher porosity, tunable pore size, and larger
specific surface area, that facilitates molecule adsorption around the
reaction substrates, material transports, and active center activation
[31,32]. (ii) Organic linkers and metal nodes in MOF can catalyze
difficult reactions by transferring charge to active centers via coordi-
nation or n—x forces, hence enhancing the chemical microenvironment
of pore structures [33-37]. (iii) When compared to typical carbon-based
electrocatalysts, the MOF shells efficiently enclose the active centers and
prevent metal sites from agglomeration or leaching, thereby resulting in
high electrocatalytic process stability [38,39]. (iv) Transition metal
units in MOF materials are frequently employed as electrocatalytic
active sites. MOF electrocatalysts’ active sites could be equally distrib-
uted due to their periodic arrangements [40]. These associated benefits
among others have endowed MOF-derived electrocatalyst materials to
selectively confine metals of various size simply adjusting the synthetic
technique. As a result of optimizing synthesis methodologies, numerous
researchers apply MOF-derived materials in diverse electrocatalytic
activities [41-49].

Several techniques such as photoelectrochemical, thermochemical,
photochemical, and electrochemical [12,50-62] have been developed
for CO2R to fuels. The uniqueness of the electrochemical conversion
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method, including its operation at ambient pressure and room temper-
ature [23], as essential working conditions, thus increasing the practi-
cality of reducing atmospheric CO5 to valuable products of interest.
Furthermore, the electrochemical CO; conversion is recognized to have
a highly controlled feature as well as the potential for extremely high
conversion efficiencies. In addition, the electrochemical methodology
has various benefits over other technologies due to its industrial pros-
pects and practicability. For example, photochemical conversion pro-
duces only a few products, including carbon monoxide [63-66], formate
[67], formic acid [68], and methanol [68,69] whereas, electrochemical
produces a wide range of conversion products, including carbon mon-
oxide [70,71], formic acid esters [72], methane [73-75], methanol
[76-81], formic acid [25,82-85], dimethylcarbonate [86,87], aliphatic
polycarbonates[72], carbamic acid esters [72], alkylene carbonates
[88], lactones [72], formamides [88].

Till date, there is absence of comprehensive or combine information
on the recent advancement on MOF-derived nanomaterials for CO5RR to
value-added products, and also information on the confinement and
structure-activity relationships of MOF-derivative nanomaterials for
CO4 conversion is scarce. Thus, this study presents recent advances in
using MOF-derived nanomaterials for electrocatalytic CO2RR to value-
added chemicals/fuels. It discussed the corresponding electrocatalytic
performance of MOF-derived electrode materials for COoRR. This work
began by firstly exhibiting the extraordinary capabilities of MOF mate-
rials over other electrocatalysts as well as the superiority of MOF-
derivative materials to their pure counterparts. This was followed by
synthetic techniques of MOF derivatives with the corresponding regu-
lations of compositions, structures, performances, modification strate-
gies, and mechanistic aspects of electrocatalytic COoRR. Confinement
engineering of MOF-derived nanomaterials and discussion on control-
ling the electrocatalytic performances via confinement engineering were
discussed. In addition, the insight into the structure-activity relation-
ships of MOF-derived electrocatalysts for CORR was explained. A
detailed discussion on the advancement in the electrocatalytic perfor-
mance of MOF-derived electrocatalysts for COoRR towards the forma-
tion of various products was provided. The categories of MOF materials
discussed include the MOF-derived isolated (single) metal atom mate-
rials, MOF-derived heteroatom-doped carbon, MOFs-derived transition
metal nanoparticles, MOF-derived transition metal oxide electro-
catalysts, and MOF-derived transition metal phosphide electrocatalysts
covering the previous decade. Unlike earlier studies, the important pa-
rameters for enhancing the efficiency of CO2RR electrocatalysts for
promising performance (activity, stability, and selectivity) were also
explored. In addition, various industrial potential of CO;RR on MOF
electrocatalysts were discussed in order to fill the knowledge gaps in the
field. Conclusively, despite some amazing success in MOF-derived
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materials for COoRR, the subject is still very much in infant, and there
remain obstacles and shortfalls for future studies which are discussed in
the concluding remarks to stimulate more or better progression in the
area toward full-fledged practical implementations.

2. What is unique about MOFs electrocatalysts

MOFs have been regarded as promising emerging and smart mate-
rials due to their exceptional catalytic properties, attractive crystallinity,
and self-assembly organic-inorganic hybrid units with metal nodes or
polynuclear secondary building units (SBUs) that form porous with pe-
riodic frameworks [46,89-92]. Remarkable properties of MOFs as
multipurpose catalysts include the feasibility of tuning their structures,
diversified constituents (pores, linkers, and nodes), adjustable and
well-defined frameworks for a thorough understanding of the catalytic
mechanisms, abundant active sites, and uniform porosity; and tunable
environment, transport, and recognition of the substrates and products,
structural-functional relationships at the molecular level, and rigorous
electrocatalytic performance. Additionally, these materials as catalysts
have an appropriate band gap, valence and conduction bands, an
optimal structural architecture for charge transport, and a stronger
corrosion resistance towards light [89,93].

In recent decades, various techniques for synthesizing MOFs have
been intensively researched, including self-assembly approaches using
hydro- or solvothermal procedures with conventional or microwave-
induced heating, mechanochemical syntheses, ultrasonic methods, and
electrochemical techniques. Additionally, the precursors used and syn-
thetic processes may be tailored to control the resultant nanostructures,
including crystallite size, morphologies, surface areas, and pores, which
are critical for applying MOFs in energy conversion technologies [94].
Unfortunately, since MOFs continue to exhibit instability, particularly in
organic reactions involving extreme temperatures in organic/water
solvents and an acidic and basic environment, high electrocatalytic ac-
tivities and recyclability are usually difficult to accomplish. The pro-
duction of MOF-derived carbon-based nanomaterials and metal/metal
oxides is currently gaining attention due to its structural tunability [95].
These electrocatalyst materials usually display a higher tolerance for
difficult process conditions, so they are almost guaranteed reusability.

Generally, the composition and structure of MOF-derived materials
are determined mostly by incorporating the additional materials and the
pyrolysis processes (e.g., annealing temperature, atmosphere, heating
rate, and retention time). Direct pyrolysis of MOF precursors remains the
simple technique of derivatization. To produce metal-free carbon-based
electrocatalysts, high-temperature carbonization in an inert environ-
ment (e.g., Ar, No) results in the framework disintegration, from which
metal entities may be eliminated in-situ or through the following acidic
etching. After metals are removed, the pore volume and surface area
may be enhanced. Metal species from Zn-based MOFs (e.g., MOF-5 and
ZIF-8) and Co-based MOFs, in particular, may be readily evaporated
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(>700 °C) or etched by acid treatment [95-99]. MOFs are widely used
as precursors to build porous carbon nanostructures [47,100]. For
heteroatom-doped (e.g., N, S, or P) carbon electrocatalysts, the func-
tionality associated with organic linkers such as UiO-66-NH; or N-con-
taining additive are often involved [96,101]. ZIFs, a subtype of MOFs
with a zeolite-like structure, is composed of tetrahedral metal ions
coupled to imidazolate moiety. Due to the abundance of N species within
ZIFs offers excellent templates for derivatizing N-doped carbon
materials.

In complement to the single components, the hybrid structure of C-
supported metal/metal oxide electrocatalysts may be synthesized from
MOFs using a direct carbonization process in an inert environment at a
temperature suitable for metallic species preservation. Frequently used
ZIFs for the preparation of various M@N-doped C electrocatalysts are
Co- and Zn-based ZIF-67 and ZIF-8 [97,102]. MOF-derived heteroatoms,
metals, and metal oxides are incorporated within the pore of C-based
nanomaterials. Alternatively, the calcining MOF in air or Oy may elim-
inate the C to yield porous metal/metal oxide compounds [103]. Addi-
tionally, careful selection as well as mixing of MOF precursor
considerably increases the diversity; for example, synthesizing MOFs
using a mixed-metal approach might result in bimetallic electrocatalysts
after annealing [104,105].

Considering the necessity for variable compositional properties in a
variety of electrocatalytic processes, modifications of MOFs before the
pyrolysis may include encapsulating the guest species, combined with
another substrate to form composites and solution impregnation. For
instance, in-situ encapsulation and MOF pyrolysis have been employed
to produce Au-NPs encapsulated in N-doped porous C [106]. This
method for electrocatalyst production increases the metal loading active
site numbers and ensures that the guest species are distributed uniformly
inside the MOF-derived supports. Similarly, by using the mixed-linker
method, it is possible to concurrently incorporate a variety of species
or heteroatoms into the MOF-derived materials [90-92].

Due to the preorganized structural properties of MOFs, which are
usually conserved in the MOF-derived materials, their structures have
the benefit of providing the platform for electroactive species with
higher metal loadings and good diffusion. A well MOF structure pro-
motes atom dispersal of metallic species and inhibits annealing
agglomeration. Such parameters are critical for increasing electro-
catalytic performance since microscopic particles provide higher spe-
cific surface areas for electrocatalytic processes. Due to higher porosity
and larger surface area, improved mass transfer facilitates both
adsorption and dispersion of reactants [93,107,108]. Additionally,
research of non-noble metal-based electrocatalyst including Cu, Co, Ni,
and Fe generated from ZIF-67, MIL-88B, and a Ni-bdc-based MOF is of
great interest, as their intrinsic magnetic characteristics might enable
recycling processes and extend the life of heterogeneous catalysis [102,
109,110].

The qualities and advantages outlined above offer MOF-derived
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Fig. 2. Schematic illustration of the carbon cycle in electrochemical CO2R.
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nanostructures very appealing as effective electrocatalysts for COoRR.
Nevertheless, adequate knowledge about how the MOF-derived nano-
structures are formed during high-temperature annealing remains un-
clear. Therefore, the basic knowledge of these process steps is necessary
to develop an effective and target-oriented electrocatalytic system(s). By
using these optimized electrocatalysts, an approach for employing MOF-
derived nanomaterials with high efficiency for the electrocatalytic sys-
tem for the organic transformation associated with the synthesis of
value-added chemicals from CO4R is a hotspot research area.

3. Why MOFs derivative electrocatalysts?

The increasing variety of MOFs with different structural properties
has offered numerous opportunities to develop innovative materials
with improved functionalities and numerous electroactive sites for
CO2RR. Pristine MOFs have been employed in a variety of significant
electrocatalytic reactions, including energy conversion technologies
such as HER, OER, CO2RR, and ORR [111,112]. However, pristine MOFs
usually show lower activity than conventional, heterogeneous inorganic
electrode materials based on the following issues: (i) low intrinsic con-
ductivity, and (ii) low electrochemical and structural stability/dur-
ability. Notably, addressing these difficulties requires using MOFs as a
sacrificial template to construct various conductive carbon-based ma-
terials such as N-doped graphitic porous carbon, metal/metal-oxide
doped carbon, and heteroatom doped carbon materials [113,114].

Nonetheless, several studies have shown that MOF-derived nano-
materials are offered with several competencies for use as efficient
electrocatalysts for CO2RR to value-added products with realistic elec-
trochemical activity and stability. In particular, the concept of using
MOFs as templates to build complex porous nanostructure is crucial,
which has resulted in several impressive advancements in MOF-derived
electrode materials in the last decade [115]. The transformation of
MOFs to alternative classes of materials that are easy to tune and convert
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to other related materials in controllable manners provides
well-dispersed active sites which are absent in the original MOFs. In this
way, the new material called MOF-derived nanostructures is formed,
thereby offering the materials a higher surface area for enhancing the
electrocatalytic performance and stability for CO3R to fuels. These
MOF-derivative materials have hierarchical porous architectures,
tunable morphologies, heteroatom doping, chemical/structural
strengths, improved electronic and ionic conductivities, and easy surface
modification (functionalization) compared to pristine MOF materials
[115-118].

The development of MOF-derived materials with high electro-
catalytic performance has been predicated on improving desirable at-
tributes such as conductivity, the number of active sites, and stability.
In-situ MOF assemblies on a conductive substrate, such as graphene,
carbon nanotubes, carbon paper, and Al,O3 nanorods, are often used
[119-125]. This method allows for a greater connection between the
substrates and the MOFs, which helps to expose the active sites and
facilitate the charge transfer from the electrodes to the electrocatalysts.
As a result, the composite shows greater CO2R electrocatalytic activity
and current densities. Pyrolysis of MOFs and MOF-based composites has
been proposed as another method for producing MOF-derived electro-
catalysts [121,126-130]. This method produces a uniform distribution
of metal nanoparticles and atoms on the framework, resulting in carbon
matrix defects that aid interaction between active sites and dissolved
CO, [103,126,129,131-133].

MOFs as precursors to generate MOF derivatives have been proposed
to overcome the drawbacks of weak conductivity and stability of
different MOFs during electrocatalytic COgR. Tables 1 and 2 show an
overview of CO2R electrocatalysis on several manufactured MOF de-
rivatives. MOFs-Transition metal Nanoparticles [128,134-136],
MOFs-Transition metal phosphide [137,138], and MOFs Transition
metal oxide electrocatalysts [139,140] are some of the other
MOF-derived metal-based electrocatalysts that are currently available.

Table 1
MOF-derived isolated (single) for electrocatalytic CO,RR to different products.
Electrocatalysts MOF precursors Metal configurations j (mA/cm?) Products FE (%) Potential (V) TOF Refs.
Bi SAs/NC Bi-MOF Bi-N4 — Cco > 97 - 5535h 1 [317]
C-AFCOZIF-8 AFCOZIF-8 Fe-N, - Cco 93 —0.43 - [326]
C-Fe30-N30/30 Fe-ZIF-7 Fe-N 17.8 Cco - - - [327]
C-FePc(CN)g/ZIF FePc/ZIF-8 Fe-N4 5 (¢0) 94 — 0.46 0.13s7! [328]
Co@NC ZIF-67 Co-N, 18.1 Cco 94 - 18200 h! [175]
Co1-Ny Co-ZIF-8 Co-Ny4 15.8 CO 82 - 1.0 1455 h~! [329]
Co-HNC Co-ZnO@ZIF Co-C3N, — CO 35 - 0.8 - [330]
CoPc©OFeNC Fe-CoPc Fe-N 275.6 + 27.0 Cco > 90 —0.84 - [331]
CuN4C/1100 Cu-Zn-MOF Cu-Ny - Cco 98 -09 1012h7! [332]
CuNC-900 Cu(BTC)(H20)sMOF Cu-N, 14.8 CHy4 38.6 —-1.6 — [333]
CuSAs/TCNFs Cu/ZIF-8 Cu-Ny4 93 CH30H/CO 44/56 - 09 - [334]
CZn,Ni, ZIF-8 Ni-ZIF-8 Ni-N4 71.5+29 CcO 92-98 —1.03 10087 + 216 h! [335]
Fe3*NC Fe-ZIF-8 Fe>*-N, 20 co >80 —0.47 - [336]
FeNC Fe-ZIF-8 Fe-Ny4 25 Cco > 90 - 0.8 — [337]
Fe-NCS Fe-ZIF-8-S Fe-N4 4 CcO 93 - 0.4 - [338]
InNC In-ZIF-8 In-N4 — HCOOH — —0.99 — [339]
In’i+—N4 In/ZIF-8 In-N4 8.87 HCOOH 96 —0.65 — [318]
Mngs/SNC Mn/Zn-MOF MnN3$,; - Cco 70 —0.45 — [340]
MOF-NS-Co Co-MOF-NS Co-Ny - Cco 98.7 - 0.6 - [341]
Ni SAs/NC Ni-ZIF-8 Ni-N3Cq 10.48 (¢0) 71.9 - 5273h°! [294]
Ni SAs/NCNTs ZIF-8/DCD/Ni** Ni-N, 41.5 co 97 -09 1176 h™! [342]
Ni/FeNC Ni/Fe-ZIF-8 Ni/Fe-NC 7.4 (¢0) 98 - 0.7 — [278]
Ni/N @ CNTs Niy(NDISA) Ni-N, — (¢0) > 96 —0.67 — [343]
Ni/NCTs ZnO@ZIF-NiZn Ni-NC 34.3 Cco 98 -1.0 9366 h! [344]
Ni;NC Ni-MTV-MOF Ni-N4 27 Cco 96.8 - 0.8 11315h7! [345]
Ni-N3C Ni-ZIF-8 Ni-N3C 6.64 Cco 95.6 — 0.65 1425h7! [114]
Ni-N4/C-NH, Ni-ZIF-8 Ni-N4 76.7 CcO 96.2 1.0 - [346]
Ni-N4-O/C Ni-Mn-MOFs Ni-N4-O 23 Cco 99.2 - 0.9 11187 h? [347]
Ni-NG NH,-Ni-MOF Ni-Ng4 27.2 Cco 97 0.79 - [348]
NiNPIC Ni-ZIF-8 Ni-N 10.2 CcO 95.1 - 1886 h! [295]
Niga—No-C MgNi-MOF-74 Ni-N-Cy - Cco 98 - 0.8 1622h! [349]
SE-Ni SAs@PNC Ni NPs@NC Ni-N, 18.3 CO 88 - 1.0 47805h ! [350]
ZIF-A-LD ZIF-8 Zn-Ng4 — (¢0) 90.57 -1.1 — [281]
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Table 2
Electrocatalytic CO2R on other MOF derivatives.

MOF Synthetic/preparation methods Electrolytes Products FE (%) and potential (RHE) Ref
electrocatalysts

AFC@ZIF-8 Pyrolyzed in Argon KHCO3 (1 M) CcO 93 at — 0.43V [326]
Ag/Co-MOFs Air pyrolysis KHCO3 (0.1 M) Cco 55.6 at —1.8 V vs. SCE [351]
BEN-Cu-BTC Pyrolyzed in Argon KHCO;3 (0.1 M) C;HsOH and CoHy 18.4 and 11.2 at —1.01 V [128]
Bi(btb) Cathodization KHCO3 (0.5 M) formate 95 at —0.97 V [134]
Bi-MOF Pyrolyzed in Argon NaHCO3(0.1 M) co 97 at —0.5V [317]
Co/Zn-ZIF High temperature decomposition in Nitrogen KHCO;3 (0.1 M) Cco 82at-0.8V [175]
Co/Zn-ZIF High temperature decomposition in Argon KHCOs3 (0.5 M) co 94 at —0.63V [175]
Co-doped ZIF-8 KHCO3 (0.1 M) co 45 at —0.58 V [296]
Cu(BTC)(H20)3 High temperature decomposition in Argon KHCO3 (0.1 M) CoHy 248 at -1.4V [333]
Cu"'/ade-MOFs Cathodization KHCOj3 (0.1 M) CHj, and 15,and 45 at —1.4V [135]

CoHy
Cu-MOF High temperature decomposition in Nitrogen KHCO3 (0.5 M) Cco 43.8 at —-0.76 V [352]
Fe doped ZIF-8 High temperature decomposition in Argon KHCO3 (0.1 M) co 93V [296]
Fe, Ni-doped ZIF-8 High temperature decomposition in Argon KHCO3 (0.5 M) co 98at-0.7V [278]
Fe-doped ZIF-8 High temperature decomposition in Nitrogen KHCO;3 (0.5 M) co 80at —0.2V [336]
Fe-ZIF@SiO, High temperature decomposition in Nitrogen KHCO3 (1 M) co 98.8 at —0.58 V [353]
Fe-ZIF-8 Pyrolyzed in Argon along with post-impregation ~ KOH (0.5 M) co >90 at-0.13to —0.87 V [322]
HKUST-1 Phosphorization in Argon KHCO3 (0.1 M) Cco 47 at —0.3V [137]
HKUST-1 Pyrolysis in Argon KHCO3 (0.1 M) C,HsOH and 24 and 24 at —0.1 Vvs. R.H. [136]
CH3;OH E
InCu-MOF Air pyrolysis KHCO3 (0.5 M) CcO 92.1 at —-0.8V [139]
MoO3, In-MOF Phosphorization in Hydrogen/Argon [Bmim]PFs /MeCN/H20 (30/65/5 wt  formate 96.5 at —2.2 V vs. Ag/Ag+ [138]
%)
Ni** @ZIF-8 High temperature decomposition in Argon KHCO;3 (0.5 M) Cco 71.9 at -0.9V [294]
Ni-doped ZIF-8 High temperature decomposition in Argon KHCO3 (0.5 M) Cco 95.1 at —0.65V [295]
PPy@MgNi-MOF-74  High temperature decomposition in Nitrogen KHCO3 (0.5 M) Cco 98 at 0.8V [204]
ZIF-8 High temperature decomposition in Argon NaHCO3 (0.1 M) co 100 at — 0.86 V [287]
ZIF-8 High temperature decomposition in Argon [Bmin]PFs/DMAC (0.15 M) CH30H at —2 V vs. Ag/Ag+ [354]
ZIF-8 Pyrolyzed in Nitrogen KHCO3 (0.1 M) Cco 78 at — 0.93V [286]
ZIF-8 Pyrolysis in Argon KHCO;3 (0.5 M) Cco 95.4at—-05V [127]
ZIF-Fe30 High temperature decomposition in NH3 and KHCO3 (1 M) co 85 at —0.43V [327]
Argon
ZnFe-ZIFs High temperature decomposition in Argon KHCO;3 (0.5 M) co 86.9 at —0.47 V [120]

3.1. Comparison of MOF-derived nanomaterials with state-of-art
materials

The recent years has witnessed extensive utilizations of MOF-derived
electrocatalyst materials for diverse electrocatalytic energy conversion
reactions. Currently, the state-of-the-art electrocatalysts rely heavily on
noble metals such as Pt, Pd, and Ru. However, the increased cost and
instability issues associated with noble/precious metals have hampered
their wider implementation. These disadvantages have prompted the
development of transition metal-based MOFs (e.g., Co-MOFs, Fe-MOFs,
Ni-MOFs, Zr-MOFs, etc.), which are commonly used in the preparation
of metal-based, carbon-based, and their hybrid materials for improving
catalytic performance [102,141-147].

Modulation of the physical and chemical characteristics of inorganic
functional material has been regarded as a useful microstructure strat-
egy. The design and composition of the material structures may be
altered by the fabrication strategy of the MOF-materials-derived nano-
materials, thereby improving the electrochemical performance [46,
142]. For example, the electrocatalytic activity of the MOF-derived
nanomaterials may be modulated and enhanced by the incorporation
of various constituents and tunable chemical compositions. The greater
active surface, mass transfer, facile charging, and effective strain ac-
commodation during the electrocatalytic process can be achieved by a
large surface area and higher porosity of these nanomaterials
[148-150]. Therefore, comparing MOF-derived nanomaterials to ma-
terials fabricated by conventional methods, the compositional and
structural properties provide MOF-derived nanomaterials a favorable
possibility for electrochemically CO2RR application.

The first study on MOF-derived nanomaterials has described the
thermal transition of MOF precursor to produce pristine carbons [151].
Since then, employing MOFs as a starting material has witnessed utili-
zation of different metal categories such as oxides, chalcogenides,

phosphides, carbides, and nanoparticles for producing efficient elec-
trocatalysts [152,153]. Earlier research also showed that MOF tends to
collapse and lose its original morphology when subjected to the severe
and elevated pyrolysis conditions [151,154], thereby resulting in a bulk
material with featureless morphology. It has been recently observed that
selection of appropriate MOF precursors and application of controlled
strategy has enabled the pyrolysis process possible to rationally create
MOF-derived nanomaterials with a variety of morphologies. There are
other several benefits of using MOF as a precursor to create electro-
catalysts, few of them include: (a) The variety of organic ligands and
metal nodes that can produce MOFs, because by judiciously selecting the
organic ligands and metal nodes of a MOF precursor, the composition
and structure of the resulting MOF-derived nanomaterials could be
adjusted. (b) The atomically homogeneity distribution of the organic
ligand and metal node in a MOF precursor could result in high dispersed
electroactive sites in the MOF-derived nanomaterials. Controlling the
MOF precursor and conversion process can enable the production of
clusters, single-atom sites, and nanoparticles, that are consistently
dispersed across MOF-derived nanomaterials [46,155]. The applications
of such as generated MOF-derived nanomaterials are currently hotspot
research areas in catalysis, gas storage and purification, sensing, and
energy conversion and storage [49,156-158]. These research areas are
mostly motivated by the realization of the significance of shape in
improving the performances of the MOF-derived materials in certain
applications [159,160].

Summarily, the main strengths of MOF-derived electrocatalyst ma-
terials are as follows: (a) Compared with original MOF catalysts, the
pyrolysis of MOFs generates carbon-based catalysts with hydrophobic-
ity, structural flexibility and enhanced conductivity that allow electron
transfer throughout the electrocatalytic processes. (b) The resultant
materials have higher porosities and inherited larger surface areas
which are favourable to the distribution and availability of high-density
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active sites. (c) compared to the MOF precursor, the prospect of
improving the stability of the generated porous materials in resulting in
an exceptional recyclability. Owing to these benefits, MOF-derived
nanomaterials are interesting materials for a variety of electro-
chemical energy conversion technologies especially in CO2RR.

Despite the benefits of MOF-derived electrocatalyst materials out-
lined above, an effective technique to precisely regulate and optimize
their structural-compositional properties for is still unavailable. This
difficulty results from inadequate knowledge about the relationship
between the structure and composition performances of the MOF-
derived electrocatalyst materials from atomic scale to device scale.
Also, insufficient control of the intricate processing methods (especially
thermal treatments). Numerous studies have been conducted to
consolidate reported activities in this field, and much effort has been put
into investigating effective methods to precisely tailor the structure and
composition of MOF-derived nanomaterials for energy electrocatalysis
[47,142,148,155,161-166]. The design and manufacturing of
MOF-derived electrocatalysts based on the structural-compositional

a Carbonization
Reduction

. -‘},..'@ Evaporation

b @j
I

wd x
"1 P 'F“T
F R |

- & -
ne MR 5.

&
)
L_-—\I.— -

Journal of CO2 Utilization 69 (2023) 102412

performance relationships from the multi-scaling viewpoint need an
in-depth investigation.

4. Synthetic techniques of MOF derivatives and the
corresponding regulations of compositions, structures, and
performances

In general, the synthetic method for MOF-derived materials is
divided into two stages: the design and manufacture of MOF-based
precursor(s) and the application of purposeful post-treatments to those
precursors. The MOF-based precursors used in this study include both
pristine (pure) MOFs and MOF composites [167,168]. The former is
primarily designed using a solvothermal method by selecting the
appropriate solvent, organic ligand, and metal source [169,170]. In
contrast, the latter are prepared through various methodologies such as
blending assembly, impregnating guest species, electrodeposition, sur-
face coating/growth, mechanical mixing, and electrospinning [166,
171]. Instead, the post-treatment technique and conditions of the

_Co._ ZnQC ON

Fig. 3. (a) The formation process of Co-N4 and Co-N,. (b) SEM and (c) TEM images of Co-N». (d) Examination of the corresponding EDS mapping reveals the
homogeneous distribution of Co and N on the carbon support. (e,f) Magnified HAADF-STEM images of Co-N, shows the atomic dispersion of Co atoms. (g)

Corresponding SAED pattern of Co-N5 [175].
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MOF-based precursor(s) nearly entirely dictate the resultant structure,
composition and morphology of the derivatives, and this eventually
affects the electrochemical properties [14,166,172,173]. Based on this,
numerous efforts have been dedicated to investigating and developing
novel conversion techniques. For instance, Zhao et al. created porous
carbon with atomically dispersed Ni sites through simple pyrolysis of
Zn-based MOF with Ni ions adsorbed within the pores for electro-
catalytic COoRR [174]. The electrocatalysis of the resulting single Ni
catalyst may reach a high CO current density of 7.37 mA/cm? and TOF
of 5273 h'! at an overpotential of 0.89 V, as well as a high Faradaic
efficiency for CO generation. The advantageous CO3RR performance
was related to the abundance of exposed active single Ni active sites,
enhanced electrical conductivity, and decreased CO adsorption energy
on single Ni sites. In other situation by Wang et al., porous carbon ma-
terials were generated from MOFs and doped with atomically scattered
Co or Fe sites (Fig. 3) were created for CO2RR to CO, achieving 94% FE
[175].

Considering the MOFs’ chemical and thermal fragility, two widely
used post-process methods include wet chemical reaction and pyrolysis
at high temperatures. These strategies could be classified into four cat-
egories depending on the various conversion mechanisms that occur
during the postprocessing: (i) gas-phase chemical reaction [176,177],
(ii) self-pyrolysis under inert atmosphere [178,179], (iii) chemical re-
action combined with heat treatment [180,181], and (iv) liquid-phase
chemical reaction [173,182,183]. Different dimensional MOFs ranging
from OD to 3D can be obtained by carefully controlling the sizes,
morphological characteristics, structural configuration, and composi-
tions of the MOF precursors, as well as manipulation of the conversion
processes, diverse compositions (carbons, metal compounds, metal/-
carbons, and metal compounds/carbons) as well as various structures
(porous, hollow, hierarchical, yolk-shell, frame, etc.) can be achieved in
the MOF derivatives,

To meet the specific requirements of some electrochemical systems,
other wide range of approaches, including surface/interfacial modula-
tions, such as support interactions [178], defects/doping [14,167,181,
184], heterostructure [167,168,179], surface modifications [185], etc,
have been established to stimulate novel physicochemical characteris-
tics and stronger synergistic influences to improve the electrochemical
behavior significantly. The chemical and structural characteristics of
these MOF-derived functional materials are fascinating, and they have
considerable potential for use in various electrochemical systems. As
shown in Fig. 4, a high-level overview of the synthetic technique,
compositions, structures, and enhanced performances can be obtained
using these approaches for MOF-derived functional materials for elec-
trochemical CO2R applications.

5. MOF modification strategies and confinement engineering

Based on the sequential perspective of MOF crystallization and
functionalization, the strategies for modifying MOF-nanomaterials can
be divided into post-synthetic and in-situ modification approaches. The
latter technique entails introducing molecules, polymers, or ions into the
pores of a MOF during crystallization. The interconnections, including
covalent, coordination, and electrostatic forces between the skeletal and
functional, confer high durability (stability) on produced MOF-derived/
hybrid nanomaterials. On the other hand, post-synthetic (Fig. 5) refers
to functional alterations made during the fabrication of MOFs [186,
187]. This strategy uses the hybrid characters of MOFs by applying
orientated modifications to the organic ligands, metal ions, or clusters
and micro-environment cavities, integrating crystal-to-crystal structural
alterations. This may result in the formation of new MOF materials,
which may be challenged with a larger energy barrier through the direct
growth nucleation method [188,189].

To improve the energy conversion performances of MOFs, modifi-
cation techniques should focus on constructing a system that narrows
confinement action spaces in cages, intensifies adsorption affinities, and
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Fig. 4. Synthetic technique of MOF derivatives and the corresponding regula-
tions of composition, structure, and performance [168].

removes non-selective intercrystallite defects [190,191]. A detailed
advancement in different post-synthetic modifications (such as chemical
function decoration, component replacement, defect sealing with flex-
ible coating, and in-situ modifications (such as in-situ hybridization and
encapsulation in the cages) have been reported previously [190,192].

5.1. Confinement engineering of MOF-derived nanomaterials

As a general rule, confinement engineering of MOF-derived nano-
materials is focused on synthesis and electrocatalysis. For synthesis,
confinement engineering plays a crucial role in controlling the size of
metal species. In addition to the various electrocatalytic properties of
metal species of different sizes (e.g., nanoclusters, NPs, and single
atoms), the metal-support contacts and metal-reactant interaction can
substantially impact the electrocatalytic performances of metal elec-
trocatalysts. Therefore, various metals can be fabricated by using the
right synthesis approach [193,194]. Due to their effective techniques,
MOF-derived materials offer special confinement effects when used in
diverse electrocatalytic processes. The two primary subtypes of this
confinement phenomenon are spatial confinement effects and coordi-
nation of the chemical environment. In addition to improving the elec-
trical structures of the active centers and stabilizing the active metal
center, they can also enhance the electrocatalyst performances.

In terms of confinement engineering on the synthesis strategies, the
interaction between multi-scale metal active centers (clusters, NPs and
single atoms) and reactant/support affects the activity and stability of an
electrocatalyst: (i) during the sintering process, metals of various sizes
can undergo varying Ostwald ripening speeds, resulting in varied
migration and agglomeration. [195-197], (ii) The size of the metal af-
fects the transport of electrons between supports and metals [198]. (iii)
Therefore, it is essential to note that when metals are employed as
electrocatalysts, their sizes impact how they interact with their reactants
and their electrical and geometric structures [199]. (iv) More active sites
may be found in the supports with a smaller metal cluster because they
are more equally distributed [199]. For instance, MOF-derived-based
materials that support metal species of varied sizes may be created by
varying the ratio of metal precursors in the MOF precursors. The effec-
tively synthesized MOF-derived-based materials, including clusters,
NPs, and single atoms by controlling the Zn/Co ratio, have been
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Fig. 5. General schematic representation of the concept of the post-synthetic modification of MOFs [186].

reported. This synthesis method enables the investigation of the elec-
trochemical behavior of single atoms and NPs [200]. In addition, a novel
method for stabilizing Co single atoms by predesigning the Zn/Co ratio
has been reported, demonstrating the possibility of decreasing Zn using
the carbonization process or selectively vaporizing Zn over 800 °C
during the pyrolysis processes. Although a rise in the ratio of Zn/Co did
not result in the accumulation of Co atom under identical pyrolysis
conditions, the ratio of Zn/Co decreasing to 0.75:1 is insufficient and led
to the Co-NPs formation [201]. The detail explanation about the
confinement effect of MOF-derived materials on electrocatalyzing
CO2RR has been reviewed extensively by another authors [194],
therefore, this section will only focused on the fundamental principle.

5.2. Controlling the electrocatalytic performances via confinement
engineering

MOF-derived carbon-based materials have a strong confinement ef-
fect when employed as electrocatalysts because of their ordered pore
size, higher surface area, higher porosity, and highly customizable
chemical compositions: To improve the electronic structures of the
active sites and increase the electrocatalytic activity and stability,
different metallic nodes, as well as changeable organic linkages, may
work together. Secondly, the crystal structure and distributions of
organic ligand and metallic nodes are positioned for further investiga-
tion of prospective electrocatalysts and their processes. MOF channel/
cavity confines the active sites (cluster, NPs, and single atom) to increase
electrocatalytic stability by preventing them from aggregating. In order
to fine-tune electrocatalytic selectivity through reaction kinetics, MOF
pores may selectively enrich distinct compounds. As a result, the active
sites of the MOF-derived nanomaterials are more stable because of the
confinement effects. Improved adsorption and desorption rates of re-
action intermediates, reduced energy barriers in the electrocatalytic
process, faster reaction time, and increased activity may be achieved by
altering the electronic structures and stabilities of the active sites [194,
202].

To modulate the electrocatalytic performance modulation via
chemical coordination confinement, the MOF precursor can be con-
tained in the abundance of ligands and metallic nodes, which are elec-
trochemically conducive to the single metallic atom confinements.
Target metal atoms may be included in MOFs by replacing some original
metal nodes. Beneficially, the interactions between the ligands and the
confined metallic atom(s) on the MOF precursors can stabilize the active
sites of the confined metals [203]. In addition, the MOF precursors have
several additional coordination atoms (N, O, etc.) that may be employed
to stabilize metallic atoms. Other coordination structures can be
employed to confine the metallic atoms in the MOFs. For instance, the
recent year has recorded the Ni@NyCy coordination environment in the
CO9RR. By pyrolyzing MgNiMOF-74, Gong et al. created Nigp-Nx-C
(x = 2-4) which demonstrated h FE of 98% for CO formation on
Niga-N2-C electrocatalysts. Though, the tuning of the N-coordination
number could be achieved from 2 to 4, the structure of Niga-N1-C elec-
trocatalysts is still not cleared. Additionally, the MgNiMOF-74 electro-
catalysts is expensive and the loss of Mg?* during pyrolysis prevent their

large scale applications [204].

Recently, Yang et al. [205] used a inexpensive carbon substrate to
prepare atomically dispersed Ni-based MOF electrocatalysts with
different N/C coordination numbers denoted as Ni@NxCy (Fig. 6).
Increased pyrolysis temperature from 800° to 1100°C, reduced the N
coordination number in Ni@NCy electrocatalyst from 4 to 1, evidencing
from EXAFS fitting analysis, but the C coordination number exhibited
the reverse trend. At — 0.7 V vs RHE, the Ni@NxCy-1000 electrocatalyst
with the optimal coordination numbers of two N and two C atoms
produced the greatest FE= 98.7% for CO formation (Fig. 6). According
to the DFT calculation, Ni-N,C; active site was advantageous for pro-
ducing more unoccupied Ni 3d orbitals, which would lower the
rate-determining step of the free energy (to +0.80 eV) and significantly
boost CO2RR electrocatalytic performance (Fig. 6) [205].

6. Mechanistic aspects of CO; electroreduction

Despite the fact that electrochemical paths are thermodynamically
preferred, the overall energy barrier referred to as overpotential affects
actual selectivity between the products. Higher current intensity and
selectivity as well as robust and steady and extended operating period,
are requisites for considering electrocatalysts for industrial practica-
bility [206]. The mechanistic investigations of CO conversion can be
separated into two steps, namely intermediate formation and final
product generations, which varies depending on the products. The C;
products such as formic acid (HCCOH) and carbon monoxide (CO)
normally come after the important initial process, in which COy is
stimulated that is *COs, through the adsorption of an electron on an
electrocatalyst’s surface [12, 207-210]. The proton-coupled-electron
transfer (PCET) mechanism is then initiated by reacting the atomic
carbon with (*COy), resulting in the formation of a crucial intermediate
(*COOH). By using a second-step PCET process, the *COOH intermedi-
ate may be transformed into the end (final) product CO. The interaction
of oxygen with the *CO; and the protonated oxygen atoms produces
intermediate *OCHO, that can be transformed to HCOO/HCOOH
through PCET [211]. According to the experimental and theoretical
investigations, the first-step intermediary in the COoRR to CH4, CH30H
and HCHO is *CO [207,212]. The hydrogenation of *CO results in the
formation of intermediate *HCO, *H,CO, and *H3CO, followed by their
transformation into CH4, HCHO, and CH3OH. Nevertheless, there are
two opposing justifications for converting *CO to CH4. One suggested
strategy is to convert *CO into *C through a *COH intermediate, which
could then be extended to include the reduction of *CH, *CH,, and *CHgs
to *C and eventually produce CHy [213,214]. The other route, which is
the most widely recognized pathway, as determined by experimental
and theoretical calculations [215], involves:

*CO—-*CHO—*CH*CH,—*CH3;—* + CH;

Furthermore, for the generation of Cy + product(s), the *CO inter-
mediate route is often used, and the *CO reduction determines the ul-
timate product(s) along with experimental condition(s) [216,217].
Typically, ethane is generated by a proton-coupled electron transfer
process after protonating *CH to *CHs. The *CHg dimerization results in
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Fig. 6. Synthesis strategy of Ni single atoms were loaded on N-doped C substrate pyrolyzed at 1000 °C to prepare the Ni@N,C,-1000 electrocatalyst. (b) Stability test
of CO2RR over the Ni@N,C,-1000 catalyst at — 0.7 V vs RHE. The solid line and dots show the FEco and corresponding current density of different samples,
respectively DFT calculations of CO2RR over different electrocatalysts. (c) Free energy diagram for CO2RR to CO over Ni sites in Ni-Ny4, Ni-N3C;, Ni-N3Cy, Ni-N;Cs,
and Ni-C, active sites. (d) Potential differences in the limiting steps of CO,RR (UL(CO5)) and HER (U(H,)) on Ni sites in the Ni-Ny4, Ni-N3C;, Ni-N,Cy, Ni-N;C3, and
Ni-C,4 active sites. (e) Schematics of CO>RR on Ni sites in the Ni-N,C, active sites. (C, gray; N, blue; O, red; H, white; Ni, green). (f) Projected density of states (PDOS)

of Ni single atoms in different electrocatalysts [205].

CoHg. The addition of CO to *CHj, resulted in the formation of OOCCH3.
The dimer of *CO-CO generated the intermediate *CH,CHO by a
sequence of electron/protonation transfer processes, which served as the
selectivity’s deciding steps in the generation of CoHsOH and CyH4 [216,
218].

Some experimental studies on the bulk metal surfaces for CO2RR, in
addition to the theoretical patterns, have been reported [219-227], and
metal electrodes have been divided into four types: (i) carbon monoxide
producing metals (e.g. silver, palladium, gold, gallium, and zinc); ( ii)
formic acid creating metals, such as thallium, tin, cadmium, indium,
mercury, bismuth, lead, and so on; (iii) Hy-generating metals, such as
nickel, titanium, iron, and platinum; (iv) copper is commonly consid-
ered as for the manufacturing of various hydrocarbon products
[228-230].

Along with the classified metal active sites, H- bond is important,
because competing HER reactions may limit the efficiency and selec-
tivities of the end products. Therefore, Faradaic efficiency (FE) is

regarded as a critical issue in assessing CO2R activities. Research has
shown that structure modification or manipulation of a natural active
site generate variations in the products, selectivity, and FE. For instance,
Zn and Cu exhibit identical 3d electronic structures but distinct elec-
trocatalytic performances, i.e., Zn electrode shows two electron CO2
reduction to produce CO, whereas Cu yields numerous hydrocarbons
[231,232]. However, a Zn doped onto Cu (denoted as Cu/Zn) selectively
produces alcohol product [233,234]. Additionally, a physical mixture of
ZnO and CuO (0.5:1 wt%) yielded CH3OH with a FE = 25.2% [235].
On the other hand, the S-doping in Cu has been observed not to
provide superior performance and was ascribed to the comparatively
stronger attachment of the intermediate (*CO) and the Cu-surfaces [236,
237]. As a result, the retention time of intermediate on the electro-
catalyst surfaces is regarded a vital descriptor for controlling the product
selectivities during COsRR. Therefore, the construction of electro-
catalysts with extended interactions with intermediates can result in the
formation of multicarbon (Cy) products [238-243]. Benefitting from
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this, Song et al. showed the switching of adsorption states of CO2 in-
termediate and improved the selectivity of formate formation during
CO2RR using an S-doping onto Cu-electrocatalysts [243]. The in-situ
Raman spectroscopy findings indicated the CO2R mechanisms includes
changing the adsorption states of CO5 intermediates from coexisting
OC*O* or O*CO to the dominant OC*O* . The density functional theory
(DFT) indicated lower intermediates were binding energy on the
S-doped Cu(111) surfaces than that of the undoped electrocatalyst. This
electrocatalyst achieved 76.5% FE and a maximal partial
j=~21.1 mA/cm?

Physicochemical characteristics of electrocatalysts have recently
been considered to modify the reaction kinetics/mechanism toward
product selectivity, and porous electrocatalyst materials are currently
receiving remarkable attention. This is due to their attractive properties,
including an improved surface-to-volume ratio, active site, tunable pore
structures for mass transfer of reactant/product, and controllable local
pH [240,244].
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The employment of self-assembly involving two polymers to
construct hierarchical macroporous-mesoporous (20 and 320 nm) Cu/
Zn alloy, and the findings indicated that CusZng had the best perfor-
mances for CO3RR to CoHs0H with FE = ~47% at 0.8 V) with high
stabilities up to 11 h [71,223]. The study noted that decreasing the
porosity with the sizes ranging from 300 nm to 30 nm led to concerted
production of ethylene as a major product, thereby increasing the FE
from 8% to 38%.

Furthermore, electrocatalyst nanostructuring has been observed as a
major influence on COsRR performance. For instance, SnO5 and Au,
which share identical morphologies, demonstrated comparable effects
during CO2RR [242,245]. Yang et al. [246] hypothesized
morphology-dependent reaction kinetics for COsRR to C, product on the
Cu-based mesoporous electrocatalyst by carefully regulating the size and
morphology. This demonstrated that morphology might be used to
accelerate C-C coupled and lengthen retention time by regulating the
flow field and pH [246]. Currently, MOFs are especially appealing as

e O(S,\- ’
_? e [Hcoo

co

%5 i
:(8)10 Los (b)1°°' 922 914 917 1914 ggq : 91.3 : @-0.9 V (vs. RHE) 2 :
1 | 1
I T M Mswww
b S @-0.9V (vs. RHE) -
i g -10- § §4o< —: ‘-: : L0 £ i
: S 850 2 (e ’ 1 1R 24 1 S'
: o) T Tf |g- : :H* = _‘I, Q- -a--2--@ |[s lxi
1 }
H , r r r . 80 0 : : S ey . T 5 0 H
0 5 10 15 20 25 30 0> 3 O 9 S N ) 20
E Timelh e e G e ~“:_\\a“‘§@@i&o°i’6 \@cps‘"g @3 0 i
] 1
i () Rectangular (d) 30 i
) Pore i
i 25 | |
I Triangular H
I = 2.0 I
I Pore 3 !
! <15 | i
P : |
- £10 | -
! Hexagonal é !
! Rectangular Pore Q05 | i
i Pore 0.0 :
] . i 1
i : % - CO,+H I
: ‘BI ©C CH ®©0 0.5 C02+2H + 2e 2 2 i
1 " 1
1 1
i X s
e non -
i (e) o, - c ¢ Multicarbon | |
i C “_’ products i
1 1
1
i = ;
[co, | ¢ N 0 ’
1 1
! B o\c /OH ::, o§ H ]
1 ) ) . i
i L Hite —— el — SLLLIN PV
] 1
] 1
i H,0 i
1 1
1 1
] 1
] 1
1 1
1 1
d :

Fig. 7. (a) Current density and HCOOH FE of Bi-MOF during long-time electrolysis at ~ —0.9 V. (b) HCOOH FEs (column) and HCOOH partial current densities (grey
ball) of Bi-MOF in various electrolytes with different concentrations (c) Simulated cluster representing Bi-MOF catalytic sites. Blue arrows show the binding sites of
adsorbates. (d) Free energy diagram of HER and formic acid formation. The ~energy value indicates the average energy of the three binding sites. (e) Suggested
reaction pathway. Each arrow indicates a reaction with an addition of an electron. [247,248].
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catalysts for CO2R due to of their highly variable surface area and
porosity with a sequence of nanostructures. Typically, a 2D Bi-based
MOF with abundant porosities that outperformed the reversible
hydrogen electrode (RHE) has been reported for CO2RR. This produced
HCOOH with 92.2% at 0.9 V and 30-hour durability (Fig. 7a-b). The
specific mass of formic acid (HCOOH) with partial j reached
41.0 mA/mg, four folds higher than the industrial Bi or BiyO3 sheet at
1.1 V. (vs RHE) [247]. The DFT studies demonstrated that an abundant
Bi active site with a crystallographic channel in the MOF structures
favoured the *HCOO formation and suppressed the side reaction, e.g.,
HER, thereby resulting in higher selectivity toward HCOOH (Fig. 7c-e).

Previous research has shown that advanced instrumental approaches
play an important role in discovering electrocatalytically active sites and
facilitating the identification of detailed mechanistic information for
CO2RR. Due to the significant complexity of electrochemical CO2RR
processes, a single in-situ/operando characterization approach is
generally insufficient for understanding and resolving all the chemical
intermediates and routes involved in product generation. Therefore,
combining in-situ/operando approaches is extremely desired for gaining
detailed quantitative insights into the electrocatalytic COoRR mecha-
nism. Currently, the available progress in this direction in past years is
insufficient.

Electrochemical shell-isolated nanoparticle enhanced Raman spec-
troscopy and tip-enhanced Raman spectroscopy have been shown to be
strong methods for revealing activity and structural relationship under
catalytic environments with nanoscale spatial precision, however, their
applicability in the electrochemical COoRR domain remains limited
[249]. Additionally, the application of spectroscopic methods for in-situ
product identification is beneficial since it reduces sample contamina-
tion, which may easily result in false positive results. Control studies
using 3CO, are strongly recommended for validating the carbon source
in the liquid products, particularly when the amount is minimal. Isotope
tests can also give information on the mechanisms involved in the syn-
thesis of Cy and C3 products [250,251]. Till date most of the available
instrumental analytical methods have primarily been used qualitatively,
which means that essential information on the lifespan of CO2R in-
termediates is still quite limited. Because several of these approaches
allow access to extremely high time resolution, for example, time
resolved XAS provides picoseconds to microseconds time resolution
[249,252,253], therefore, future quantitative kinetic investigations
should be investigated.

The retention period of intermediates on the electrocatalyst surface
is also regarded as a crucial descriptor for controlling product selectivity
in CO2RR, and it is suggested that designed electrocatalysts with longer
contact with intermediates may result in multicarbon products [240,
243,246,254]. Furthermore, many more complicated electrocatalytic
processes need not just high activity but also careful control of product
selectivity. (4) The more complex and possibly more controllable ligand
environments surrounding the metal centers in MOFs (such as period-
icity, coordination numbers, topology, and open sites) may provide
more possibilities to rationally construct the efficient electrocatalytic
center to control product selectivity by adhering to the design principles
such as established in the molecular homogeneous catalysts. Such cat-
alytic processes, although while presumably more complicated than
those simpler electrocatalytic reactions typically investigated, might
highlight, and increase the benefits of MOF materials in electrocatalysis
and the overall outlooks can be employed as a strong starting point for
constructing of efficient electrocatalysts.

7. DFT calculations

Electrocatalysts with distinct atomic-level electrocatalytic sites could
be studied using the DFT-based theoretical calculation technique to
obtain new and detailed perspective in the examination of the electronic
configuration of the MOF-derived electrocatalysts. Adsorption energy
and reaction mechanism on transition metal surfaces have been
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regularly calculated using DFT calculations [255-257], which are
nowadays irreplaceable in exploring electrode materials. This provides
an opportunity to understand the effects of certain important structural
factors such as charge distributions, adsorption energy, electronic
structures, and defect states on electrocatalytic performances
[258-260]. Appropriate insights from the DFT calculations could aid an
improved understanding of the link between surface structure modifi-
cations and electrocatalytic activity and selectivity. In this regard, DFT
approaches can supplement experimental data for the electrodes,
thereby developing comprehensive structural-activity relations. For
instance, the DFT technique has been used on core-shell Pt alloy NPs on
a FeNC substrate with an atomic dispersed single Fe atom. The study
revealed that electrocatalytic performances, electronic structures, and
adsorption-desorption processes could be significantly enhanced by the
exceptional structures of the electrocatalysts as well as the interactions
between the neighboring atom and isolated metal atom [261]. On the
other hand, designing and building metal sites that can be easily
adjustable in their coordination modes and definitively linked to their
electrocatalytic characteristics is still a major hurdle for an unsaturated
coordinated metal site.

Wu et al. [262] first show that the crystal plane of Sn(101) is ener-
getically more advantageous for CO2RR using DFT calculations
(Fig. 8a-c). Thereafter, by using Sn-MOF (Sn30(1,4-BDC)) as a carbon
source, they developed a variety of Sn/SnOy/C composite electro-
catalysts with exposed facets Sn(101) via carbonization at various
temperatures in an argon environment. Sn(101)/Sn0O3/C-500 (carbon-
ization of Sn-MOF at 500 °C) electrocatalyst accomplished a higher
selectivity of CO; electroreduction to formate when compared with
others. The XRD analysis and electrochemical studies (Fig. 8d-e)
confirmed that the intensity of the Sn(101) diffraction peak is signifi-
cantly important to the electrocatalytic activity and selectivity, which
could be further improved by optimizing the acid etching and carbon-
ization time [262].

The mechanistic aspect of MOF derived bimetallic CuBi has been
reported for electroreduction of CO5 to formate (Fig. 8f-g) [263]. Here,
the CuBi-MOF precursor was carbonized and oxidized to a create the
rod-shaped CuBi bimetallic electrocatalyst. The activity and selectivity
of the bimetallic CuBi electrocatalyst was significantly improved due to
the synthesis of BioCuO4 at the electrocatalytic interface, displaying an
alluring higher FE of 100% for formate production at — 0.77 V vs. RHE,
an extremely broad potential window of 900 mV, and good durability in
H-cell. The HCOO* route was evidently dominating based on the results
of the in-situ FTIR and DFT calculations. The activity and formate
selectivity of BioCuO4 for CO2RR are improved by its ability to increase
the adsorption capacity of the CO2 molecules and improve the capacity
for charge transport. This research provides suggestions for enhancing
the CO2RR electrocatalytic performance of bimetallic materials.

8. Structure-activity relationships

MOF-derived electrocatalysts have shown promising results for the
CO2RR, as demonstrated in this study. However, the structure-activity
relationship is still a mystery. Therefore, additional research into the
effect of structural characteristics such as metal type, coordination en-
vironments, and linker electrical properties is required. Several studies
on active sites of MOFs (*H, *COOH, *CO, and *CHO) could preferably
be complemented with computational methods/simulations to deter-
mine the binding energy of the intermediates that function as a
descriptor for predicting the activity and selectivity of the electro-
catalytic process [115,264-266]. The combination of theoretical with
experimental has demonstrated that the MNC electrocatalyst selectivity
has been proven to be depending on the type of metals included in the
carbon matrices due to the differential in binding energies between the
reaction intermediates and active metals [267-272]. Analogous to metal
electrocatalysts, the binding energy of *COOH could be employed to
describe CO2RR onset potential, while the greater strength of H
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trode [263].

adsorption led to increased H-induced HER activity and decreased CO
selectivity [272].

To date, the combined experimental and theoretical investigations to
understand the roles of the metal centers in MOF electrocatalysts are
currently limited. Notably, the application of DFT calculation to
describe the discrepancy in electrocatalytic activity between Ni and Co
2D MOFs consisting of metal-phthalocyanine (MPc) linker and Cu node
has been reported [273]. Low activation energy for carboxyl in-
termediates (*CHOO) production in CoPc-based MOFs is consistent with
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both the high CO activity and selectivity. Many groups have also
employed computational screening to predict the activities of various
MOF electrocatalysts for COoRR. The activities and selectivity of the
products of electrocatalysts could be determined using the binding en-
ergies of the intermediates and the computed Gibbs energy of every
stage in the reaction pathway. According to Xing et al., the 2D metal
hexahydroxybenzene frameworks (M3(HHB), (M = Rh, Ru, Cr, and Mo))
have shown to be promising for CO2RR electrocatalysis by using the
binding energies between reaction intermediates and the metal centers
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to establish the rate-determining step [272]. Based on their predictions,
the predominant product depended on the metal centers, and CH4 was
identified as the major product case of Mo and Cr, whereas CH3OH in the
case of Rh and Ru. Another study looked at the electrocatalytic activities
of the 2D conducting MOFs ((M3(HITP),, M = Co, Fe, Ni, Pd, Rh, and Ru)
[274]. Each electrocatalyst determined the adsorption energy of *CO
intermediate using the predicted value and then estimated the free en-
ergy profiles for reduction mechanisms. Their findings showed that
MOFs with M = Co, Fe, or Rh catalyzed the CO2R and produced CH;0H
as a product, while only Rug(HITP), was projected to exhibit a prefer-
ence for CH4 generation.

The employment of the p-band center as a descriptor for intermediate
has been demonstrated [275], and they examined another series of
materials involving the M3(HITP), MOF series, M is from Ti to Cu. It was
shown that FeN, demonstrated the highest active site for selective
electroreduction of CO3 into CHy4. [276]. Theories predict that highly
desirable reduced products such as CH30H and CHy4 could be formed
from COoron MOF electrocatalysts. However, just a few empirically
proven MOFs could practically achieve this. There are also in-
consistencies in some of the predicted reaction product and selectivity
between the two experiments on Mg(HITP); MOFs that have been
described previously; therefore, it is imperative that researchers test
these predictions and gain more insight into what structural character-
istics are responsible for CO2R selectivity.

Additionally, the importance of metals allows the employment of
multi-metal MOFs to improve their electrocatalytic performances.
Incorporating two different active sites could form tandem electro-
catalysts, where the earliest reaction phases occur on one site and
completion of the reaction occur on the other. After converting CO3 to
hydrocarbon on a Cu nanoparticle, Choukroun et al. used this method
for an effective CO2R to CO on a Ni single site [272]. In addition, it is
also possible that the two metals are working together to speed up the
electrocatalytic reactions. For instance, Zhong et al. employed the
bimetallic MOFs with a Cu-phthalocyanine ligand (CuN4) and Zn
complex (Zn0O4), which acted as a linkage. It was hypothesized that a
synergistic electrocatalytic mechanism where the ZnO4 node operated as
a CO2RR electrocatalytic site while the CuN4 center enhanced the
CO2RR [277].

Intriguingly, the two metals may be participating in the same active
sites and modulatory influence its electrical structure. With this tech-
nique, the adsorption of the reaction intermediate can be optimized to
promote the target reaction rate. Heterometallic active site MOFs have
exhibited promising performance in various electrocatalytic processes
[13-15], but they are currently not tested for COsRR. A dual isolated
metal site on MNC material has been proven as a highly effective elec-
trocatalyst for COoRR [278]. In addition, the development of new
electrocatalysts for the formation of multi carbon compounds presents
an opportunity for developing multi-metal sites since a neighboring
active site for binding the *CO intermediate is required to facilitate their
production.

Although several researchers have concentrated on the significance
of the metal centers in determining the activities of single atom elec-
trocatalytic systems, their coordination environments are critical. The
CO electrocatalytic activity of CO2RR has been shown to be greater on
graphene-containing carbon-nitride-coordinated metal sites than on
phosphorus and sulfur-coordinated metal sites [279]. Similarly, the
intrinsic activities of metals in MOFs can be controlled by the nature of
linkers, which affects the density of electronic charges on the metal sites
[280]. The doping of Zn-ZIF-8 MOFs with the more electron-donating
species such as 1,10-phenanthroline led to an increase FE towards CO
production. [281]. Another possibility for ligand involvement in the
electrocatalytic processes has been reported to involve a series of Zn-ZIF
electrocatalysts with similar topologies but distinct organic linkers
(imidazoles) [282]. It was discovered that the electrocatalysts’ selec-
tivity might be improved by using a different linker. Since the sp? C atom
in the imidazolate ligand operated as the electrocatalyst active site, this
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finding and subsequent DFT calculations revealed the system’s
complexity as multiple active sites could be present. For this reason, it is
necessary to engage in a holistic perspective to figure out how MOF
electrocatalytic performances are affected by various factors.

In order to boost the capacity of MOF-545-Co to transfer electrons,
Xin et al. introduced the electron-conductive polypyrrole (PPy) mole-
cule into the MOF channels using in-situ polymerization of pyrrole in the
pore (Fig. 9) [283]. The resulting hybrid materials exhibit outstanding
electrocatalytic COoRR performance (Fig. 9), translating to high FE of
98% for CO formation on a PPy@MOF-545-Co that was about two times
greater than that of bare MOF-545-Co at — 0.8 V. Incorporating PPy
acted as electric cables in the MOF channels to assist electron transport
during the CO2RR, thereby responsible for its excellent performance.
This initiative offers unique perspectives enhancing the MOFs’ electro-
catalytic efficiency for CO2RR.

Recently, 2D MOF clearly have been reported to outperform 3D bulk
MOFs in terms of their chemical and structural characteristics. Partic-
ularly, the enormous porosity and ultrathin structure of the 2D materials
have been noticed to contribute to unusual characteristics like improved
electrical conductivity and quick mass transfer during electrocatalytic
CO2RR [284].

9. Electrocatalytic COoRR on MOF-derivative nanomaterials
9.1. MOF-derived heteroatom-doped carbon materials for CO2RR

The usage of heteroatom to dope virgin carbon helps to distribute the
carbon atom charge next to the heteroatom or generates active areas to
include structural flaws for electrocatalytic CO2R. N-doping is the most
prevalent kind of MOF-derived carbon-heteroatom doping [127,
285-287]. For example, the use of N-rich organic linker and ZIF-8 as
critical sacrificial templates has been reported, resulting in a synthesized
N-doped carbon catalyst where the quaternary-N and pyridinic-N spe-
cies unambiguously demonstrated essential roles in the selective pro-
duction of both CO and Hjy by-products. Furthermore, calcination effects
and the CO5R mechanism were given a lot of attention [127]. The
N-doped carbon catalyst’s remarkable electrocatalytic performance was
reportedly better (Fig. 10) at higher temperatures, with the highest CO
production with FE reaching 95.4% and an overpotential of about
—0.5V vs. RHE (Fig. 10a-e). However, an increase in pyrolysis tem-
perature reduced the pyridinic N content. The DFT calculation demon-
strated that the N4 (fourfold pyridinic N), showed less activity when
compared with that of N3 (triple pyridinic N), N2 (twofold pyridinic N),
and N1 (single pyridinic N) as presented in Fig. 10 f [127].

Additionally, thermal synthesis of MWCNTs (multi-walled carbon
nanotubes) aided ZIF-8 in the preparation of ZIF-CNT-FA-p (hybrid N-
doped porous carbon), which is selective in the catalytic reduction
process of CO; to CO in an aqueous solution. The current density was
determined to be 7.7 mA/cm? with an estimated overpotential of
740 mV. This feat was attributed to the efficient flow of CO5 molecules
in MWCNTs’ mesoporous structure, which facilitated the electron
transport on the MWCNTSs network [287].

Since the main problems with MOF electrocatalytic materials are
poor conductivity and sluggish electron transport. One viable technique
for addressing this issue is controlling interfacial gas adsorption - a
process where carbon defects can induce a reversible carbon-carbon (C-
C) interface with the CO, gas molecule, thereby facilitating further
strengthening under applied bias [288]. In such process a hierarchical
porous carbon electrocatalysts with defects (DHPC) by carbon thermal
reaction can be formed thereby providing good CO2RR selectivity and
stability [288]. Metal-free electrocatalyst can be more effective if
carbon-based material interfacial gas adsorption features can be
controlled. For instance, DHPC have been synthesized via a carbonized
thermal process (Fig. 11a-d) and observed to demonstrate excellent
CO2RR selectivity with long-term durability [288]. A defective carbon
was noted to be an electroactive center for effective CO2RR since it
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Fig. 10. (a) Schematic illustration of the synthesis of NC samples. Electrocatalytic performance of NC samples for electroreduction of CO5 to CO. (b) CV curves of
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energy diagram of electrochemical reduction of CO, to CO on NC samples. The most stable structures of COOH adsorbed on NC samples are also displayed. [127].

served as a Lewis-base center, thereby providing suitable CO,-chemi-
sorption energies. The Lewis base sites on DHPC might result in a C-CO,
interface that is advantageous for the CO2R reaction [288]. However,
the performance of the CO2RR is usually greatly influenced by the
competitive relationship between the characteristics of proton adsorp-
tion and CO; adsorption on the electrocatalyst surfaces [289]. In addi-
tion, according to the X-ray absorption spectroscopy (XAS), carbon
defects have been shown to generate C-C- interfaces with gaseous CO5
molecules that are further enhanced under the influence of applied bias.
The higher performance of DHPC was further explained through its
inherent defective sites, as demonstrated by the 1>CO, isotope labeling
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experiments and DFT calculations. In addition, the desorption studies of
the electroreduction reaction *CO intermediate on DHPC electrocatalyst
were exothermic in nature (Fig. 11e-f). This study indicates an electro-
catalytic mechanism based on carbon defects and opens up new devel-
opment avenues for electrocatalytic COsRR.

Another study involving heating the porous carbon materials to a
temperature exceeding 750 degrees Celsius with annealing in an NH3
environment for removing pyridinic-N and pyrrolic-N has been reported
for effective introduction of topological defects into the carbon materials
(Fig. 11g) [290]. It was found that when sintering temperature
increased, pyrrolic-N and pyridinic-N contents decreased in the carbon
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skeletons. NEXAFS studies showed that the topological density defect
increased steadily, improving the electrocatalytic performance
(Fig. 11h-i). According to DFT calculations, the defective carbon mate-
rials possessed appropriate free energy for absorbing and desorbing the
chemical intermediate(s).

Several more recent research based on conductive MOFs has been
conducted to address conductivity concerns and increase the electro-
catalytic performance of these materials for COoRR [291-293].

In order to create superior CO2RR electrocatalysts, many techniques
such as doping various elements, developing multidimensional struc-
tures, and constructing hierarchical pores have been frequently used.
The production of heteroatom-doped MOF-derived electrode materials
often have the benefits of moderate reaction conditions, an easy oper-
ating procedure, and low cost. In addition, the obtained electrode ma-
terials have hierarchical pore’s structure, ultrahigh specific surface area,
high-density active sites with a good dispersion, which will provide fast
mass and proton transfers as well as the improved electrocatalytic ac-
tivity. This is made possible by the distinctive and adaptable structure of
MOF precursors. The main method for producing non-metal heteroat-
om-doped carbon electrocatalysts from MOFs involves either adding
guest molecules or directly carbonating the heteroatom-containing MOF
precursors. However, they could have some metal residues, which
would lead to unclear electrocatalytic mechanism for metal-free carbon-
based electrocatalysts. It has been shown that adding more carbon to
host MOFs’ carbonation process not only helps to completely remove
any remaining metals or their compounds, but also increases the degree
to which final carbon-based materials graphitize. However, this process
is still in its early stages. To address the problem of metal residues and
investigate the electrocatalytic mechanism of pure metal-free carbon
MOF-derived electrocatalysts, further research efforts for non-metal
heteroatom-doped carbon electrocatalysts should be encouraged.

9.2. MOF-derivative isolated (single) metal-atom materials for CO2RR

The isolated metal systems are single-atom-level coordinative
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unsaturated transition metal-nitrogen sites enclosed in a carbon matrix
(M-N-C) derived from MOFs. They have unique electronic structures and
a unique coordination environment, which significantly impacts the
selectivity and activity of electrocatalytic COoR [204,294-296]. Fig. 12
presents the historical insight into the development of MOF-derived
single-atom electrocatalysts for COoRR, while different electrocatalytic
performances of recent MOF-derivative isolated electrocatalysts are
presented in Table 1. They offer certain impressive advantages such as
(a) maximum atom usages, exceptional electronic features and unsatu-
rated coordinated environments, (b) a straightforward coordination
atmosphere, distinctive in-situ synthesis mechanism, and adjustable
topological structures that allow possible adjustable the type and
quantity of metal and ligand (c) chemically stable characteristics and a
clear porous structures that can tremendously enhance the mass trans-
port and electrocatalytic efficiency [46,297-301].

Based on the exceptional higher surface energy of the isolated metal
atom can stimulate the aggregation onto the NPs or clusters even during
the synthetic or electrocatalytic process. Currently, one of the leading
research hotspots lies in the isolated metal atom electrocatalysts is the
development of stable, appropriate single (isolated) atom materials to
inhibit the agglomeration of active metal atoms. To date, three impor-
tant sample ways including metal node, coordination capture, and space
restriction strategies have been discussed recently by Zhou et al. as
veritable additional useful strategies for synthesizing MOF-derived iso-
lated atoms with homogenous and stable atom sites as indicated in
Fig. 13 [302-313].

For the electrocatalytic COsR, one example is the creation of M-N-C
(M = Co or Fe) electrocatalysts using Fe- or Co-doped ZIF-8 [296]. When
compared to Co in the M-N4 coordination for an electrocatalytic CO2RR,
it was hypothesized that Fe is naturally more active. Similarly, the
dispersed Fe-Nx active sites in a system of bimetallic ZnFe-ZIFs for the
electrocatalytic reduction of COy to CO (Fig. 14) exhibited significant
electrocatalytic performance and selectivity towards the reduction of
CO; to CO with 86.9% FE for CO at —0.47 V vs. RHE (Fig. 14) [120].
Changing the pyrolytic temperature produced atomic dispersion of Co

Ind*— 2020, Cu-SA/NPC electrocatalysis

CO,RR to CH;COCH,.

Zn-MOFs for

2015,
for CO,RR to CO.

AL(OH),TCPP-Co

Fig. 12. A brief history of the development and the latest progress of MOF and MOF-derived carbon-based single-atom catalysts for the electroreduction of CO,
[302]. Until 2021, the booming MOF and MOF-derived carbon-based single-atom catalysts have been vigorously developed for CO,RR, and the catalytic performance
including Faraday efficiency and stability have been greatly improved. 2011, Pt;FeO, [314]. 2012, CR-MOF [315]. 2015, Al,(OH),TCPP-Co[122]; 2016, Zn MOFs
[123]; 2017, Ni SAs/N-C [294]; 2018, HKUST-1 [316]; 2019, Bi-N, [317]; 2020, In®'—N, [318]; 2021, Cu-SA/NPC [319].

16



K.A. Adegoke and N.W. Maxakato Journal of CO2 Utilization 69 (2023) 102412

<7
Metal Node

.

Target Metal

&

Ligands
(a) (b) (c)
Metal Node Strategy Coordination Capture Space Restriction
Strategy Strategy

Fig. 13. Schematic illustration of three main synthesis strategies of MOF-derived single-atom catalysts, including (a) metal node, (b) coordination capture and (c)
space restriction strategies[302].
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Fig. 14. (a) Schematic illustration of the formation of FeSAs/CNF-900. Evaluation of CO2R electrocatalytic performance for the catalysts. (b) LSV curves of FeSAs/
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electrocatalyst on bimetallic Co/Zn ZIF with varied nitrogen coordina-
tion numbers. The study demonstrated an improved electrocatalytic
CO5R on Co-Nj, sites, with 94% FE for CO at 18.1 mA/cm? at —0.63 V vs.
RHE. According to the results, this was much higher than the almost
inert electrocatalyst mostly covering Co-N4 sites (Wang et al., 2018b).

In general, ZIF MOF-derived electrocatalysts have been reported to
exhibit strong selectivity for CO2RR toward CO production when
compared to other electrode materials. Recently, an electrocatalyst
created from ZIF-8 MOF and anchored on a CNT substrate was observed
to offer a conductive channel for electroactive sites of Fe-N incorporated
in a ZIF-8 MOF with an N-doped carbon-derived from ZIF-8. This was
created using a two-step modification procedure that included chemical
treatment subsequent to a pyrolytic process (Fig. 15a). This translated to
an exception CO; electroreduction performance with about 100% effi-
ciency for CO generation (Fig. 15b-c) [287]. Also, a MOF-derived aer-
ogel has been constructed by Albo and co-workers for CO2RR to CoHsOH
and CH3OH with a lesser efficiency of around 10% [320]. However, the
formation of low CoHsOH yields on ZIF-8 NPs placed on Ti/TiO nano-
tubes was observed when the NPs were deposited on the nanotubes

Journal of CO2 Utilization 69 (2023) 102412

[321].

In order to stabilize Ni single-atom active site for selective a CO
production, N-doped carbon from ZIF-8 has been investigated [294].
This resulted in a greater turnover rate, outstanding electroactivity, and
good stability (Fig. 15d-g). The reaction route revealed that the
MOF-derived electrocatalysts exhibited a large number of a low coor-
dinated surface site with a stronger binding to COge—, which enabled a
good CO2RR performance on the electrocatalyst (Fig. 15 h). Similarly,
ZIF-67 was reportedly used to improve the stability and electrocatalytic
performance of single Co-atom electrocatalysts for selective conversion
of CO, to CO [175].

A distribution of Ni atoms in an N-doped porous C (Ni SAs/N-C) for
the CO4R through an ionic exchange process between adsorbed Ni ions
and Zn nodes located in the ZIF-8 cavities has been reported [294].
Fig. 15g-j depicts the outstanding electrocatalytic capabilities of this
electrocatalyst. Compared to Ni NPs and Ni foam, the Ni SAs/N-C
showed a 71.9% FE for CO generation and a current density (j) of
10.48 mA/cm? ata — 0.9 V vs. RHE (Fig. 15d-g) and stability up to 60 h
(Fig. 15 g). A greater COqe bonding accounted for the effective CO2R
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Fig. 15. (a) Illustration depicting how the MWCNT support improves the interparticle conductivity and mass transfer of pyrolyzed ZIFs for CO2RR. (b) different
Faradaic efficiencies for CO, plotted against the electrolysis potential for various electrocatalysts (c) partial current densities for COoRR to CO, plotted against the
electrolysis potential [287]. (d) LSV plots under the Nj-saturated (dotted line) and CO»-saturated (solid line) in 0.5 M KHCO3 electrolyte (scan rate =10 mV/s). (e)
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with lower coordinated Ni SAs/N-C abundant surface sites (Fig. 15 h)
[294]. However, a cooperative protective host-guest approach managed
the coordination environments of single-atom Ni electrocatalysts [204].
This resulted in the NiSA-Nx-C system having Ni-N coordinating num-
ber varying from 2 to 4 [204]. When compared to other equivalents, the
NiSA-Nx-C had the best CO activity and selectivity at 98% FE and —0.8 V
vs. RHE for CO5R to CO.

Despite significant progress in single atom MNC electrocatalysts,
owing to the straightforwardness of the single atomic core, problems
such as poor kinetics in the initial PCET resulting in higher overpotential
persist. Isolated diatom MNC electrocatalyst systems have been estab-
lished to overcome this hurdle. The isolation of diatomic Ni-Fe sites
attached to nitrogenated carbon (Ni/Fe-NC) has allegedly shown a
strong selectivity for CO of 98% FE at —0.7 V vs. RHE [278]. DFT cal-
culations indicated the structural evolution system into a CO-adsorbed
moiety based on CO; adsorption and a reduction in the reaction bar-
rier to synthesize *COOH coupled with CO desorption [278]. A syner-
getic electrocatalyst has been described by affixing FeN site with a
Co-phthalocyanine (CoPcFe-NC). The projected gap of FE for CO is
now 0.71 V on a CoPcFe-NC, although the starting potential of the
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electrocatalysts were 0.13 V vs. RHE [322].

Summarily, although single-atom electrocatalysts show remarkable
benefits for electrocatalytic COoRR and attract numerous research in-
terests, certain significant constraints make their practical imple-
mentation challenging. For instance, their preparation typically
necessitates a complex synthetic method which is challenging to
implement to commercial operations at the mass-production level. In
addition, many superior single-atom electrocatalysts are premised on
precious metal atoms, which restricts their potential for future extensive
commercial applications [323]. Despite several relevant studies
regarding highly mass-loaded single-atom electrocatalyst materials,
their synthesis with higher metal loading in supports remains a signifi-
cant difficulty [324]. Additionally, single-atom electrocatalyst support
materials have a significant impact on their electrocatalytic activity,
stability and selectivity. Single metal atoms could be tightly contained
on the surfaces of the supports because of the stronger bond that exists
between them and the surfaces of the support materials. For the devel-
opment of advanced single-atom electrocatalyst, adequate support ma-
terials with the requisite characteristics are also essential. To stabilize,
trap, and protect more single metal atoms, ideal supports should

Fig. 16. (a) Synthetic route of oxide-derived Cu/C MOF electrocatalysts (b) Proposed reaction pathways for COoR on OD Cu/C-1000, for formation of HCOOH,

CH3O0H, and C;HsOH [136].
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typically have larger surface areas and porous structures with numerous
anchoring sites. In addition, the support materials may offer extra active
sites for electrocatalytic COoRR processes and may affect the conduc-
tivity of single-atom electrocatalysts [325].

9.3. MOFs-derived transition metal nanoparticles

To obtain higher electrocatalytic activity and selectivity for CO2RR,
the active transition metal NPs such as Cu, may be generated from
MOFs. For example, the fabrication of an oxide-derived Cu/C (OD Cu/C)
electrocatalyst through the facile carbonized HKUST-1 has been re-
ported (Fig. 16a). The as-obtained electrocatalyst demonstrated elec-
troactivity for CO2R to CH3OH and CoHsOH leading to a combined FE of
approximately 45.2-71.2% at —0.1 V to —0.7 V vs. RHE [136]. The
electrochemical performance was explained by a synergistic interaction
amongst the high distributed Cu and porous carbon matrices. An in-situ
IR spectroscopy and theoretical calculation suggested that the adsorp-
tion of *CO intermediates onto the OD Cu/C surfaces and the porous C
support promoted the coupling of C-C coupling, which is necessary for
the generation of C2 species (Fig. 16b). Similarly, other interesting
finding were reported including Nam et al. for CO5 to CoH4 on HKUST-1
(MOF)-regulated Cu cluster [316].

Similarly, the synergistic impact among Cu and N-doped carbon for
CO2R on a MOF-derivative Cu@N-doped C(Cu/NC) has been reported.
The as-synthesized electrocatalyst was generated by a calcination pro-
cess involving the modified Cu-BTC MOFs with N-containing benz-
imidazole at various temperatures (Fig. 17) [128]. A high concentration
of pyrrolic-N and Cu-N species on the surface of the copper was
observed to promote the formation of ethanol and ethylene, whereas a
high concentration of N-graphitic and N-oxidized on the copper surfaces
caused higher ratio of hydrogen evolutions and a quickly reduced the
electroactivity for COgR. Aside from higher-pyrolytic temperature, the
rebuilding of cathodized MOFs may also result in the formation of
electroactive Cu NPs.

Another authors have reported the cathodization of cu"/adeninato/
carboxylate meal-biomolecular framework (Cu"/ade-MOFs) nanosheet
for COoR into methane and ethylene [135]. Rebuilding of cathodic
Cu'l/ade-MOF electrocatalyst produced Cu NPs modified with the
N-comprising ligand capable of producing ethylene with a FE = 45% at
—1.4V vs. RHE and CH4 ( with FE= 50%) at —1.6 V vs. RHE. The
fabrication of Bi(1,3,5-tris(4-carboxyphenyl)benzene, abbreviated Bi
(btb) that operated as a precatalyst, has been reported. It underwent
structural rearrangements at a reducing potential to generate highly
active and selective Bi-based NPs distributed in the porous organic
matrices. This electrocatalyst exhibited an impressive higher selectivity
for formate formation (FE= 95(3) % and a huge current density of about
261(13) Ag™l, thereby outperforming most other Bi nanostructural ma-
terials [134].

Although typical electrochemical characterization techniques such
as cyclic voltammetry and electrochemical impedance spectroscopy may
be used to understand electrode behaviour, detecting the intrinsic
properties of the electrode materials during cycling is challenging.
Therefore, sophisticated in situ/ operando characterization methods
including as in-situ/ operando XRD, SEM, TEM, XPS and EIS, have been
used to investigate structural evolution, morphological and component
modifications during cycling. Although in-situ characterization ap-
proaches can provide more reliable and important information, the
design of detection equipment is complex, the measuring environment is
too stringent, and there is currently no standard for correlating the in-
formation with material attributes and performance. Recently, simula-
tions based on DFT, and others have been investigated to better
understand the relationship between composition/nanostructure and
electrocatalytic behaviors.

In conclusion, while MOFs-derived transition metal nanoparticle
materials with complex structure and diverse composition have received
increasing interest, their commercialization and industrialization are
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still not realized.
9.4. MOF-derived transition metal oxide electrocatalysts

Due to their exception higher stability and relatively lower cost,
transition metal oxides have been frequently employed for various
electrocatalytic processes. For example, MOF-derived metal oxides have
been demonstrated to inherit porous architectures of MOF, which could
also enhance the number of accessible electroactive sites, thereby pro-
moting mass transfer. Recently, a simple MOF-derived approach has
been reported for creating the porous In-Cu bimetallic oxide electro-
catalyst (InCuO) with varying Cu/In ratios and employed for CO,RR into
CO (Fig. 18a-g) [139]. Regulating the ratio of In/Cu in the MOF pre-
cursor translated to a remarkable FE of 92.1% for CO formation and a
j=11.2 mA/cm? at —0.8 V vs. RHE. This was ascribed to a stronger CO
uptake, large electroactive surface areas, and lower charged transfer
resistance (Fig. 18a-g). Moreover, electrocatalytically reduction of CO,
to acetated and formate on a cathodized Cu (II) paddle wheel
cluster-based porphyrinic MOF (Cu-MOF) has been reported (Fig. 18h-i).
It was discovered that the nodes of Cu (I) carboxylate might have been
converted to CuyOs, Cuy0, and CuO, which noticeably electrocatalyzed
CO3, to acetated and HCOO™ with synergistic improvement from the Cu
(ID)-porphyrin complexes [140].

Currently, different strategies have resulted in diverse structures and
morphologies of MOF-derived transition metal oxide electrocatalysts
using annealing, microwave-assisted procedures, and solvothermal
techniques, ultimately resolving the issue of energy conversion. Despite
significant advancements in the study of MOF-derived transition metal
oxide electrocatalysts, several problems still prevent the widespread
utilization of these materials, including the following: (a) The cost of
some organic linkers is too high, and the synthetic processes are diffi-
cult. As a result, it is essential to develop quick, cheap, and environ-
mentally friendly synthesis techniques. (b) Due to the lower quality
yields, mass manufacturing of target materials starting with MOF pre-
cursors is challenging.

However, due to their benefits of controlled structure, composition,
and morphology, MOF-derived metal oxides continue to maintain the
position of significant potential templates in the electrocatalytic energy
conversion. Advanced instrumentation techniques should be employed
to gain deeper understanding of their working mechanisms.

9.5. MOF-derived transition metal phosphide electrocatalysts

Currently, the most common electrocatalyst for CO2RR are transition
metal phosphides. Han et al. described the use of MoP NPs supported by
In-doped porous carbon (MoP@In-PC) electrocatalyst COoRR (Fig. 19a-
b) [138]. As a carbon precursor, In-MOF (MIL-68) was chosen, and
vaporized MoO3 was collected by porous an In-MOF-derivative In-PC
forming a Mo-based type. The as-obtained MoP@In-PC was reported to
possess a higher FE of 96.5% for formic acid production with a current
density of = 43.8 mA/cm? at 2.2 V vs. Ag/Ag+ . In addition, the per-
formance in an ionic liquid 1-butyl-3-methylimidazolium hexa-
fluorophosphate as electrolyte support was due to the extensively
distributed MoP active NPs, thereby promoting the effective CO5 uptake
and electrolyte dispersion, and also the synergy impact of In-PC and
MoP. In addition, the construction of CuzP/C nanocomposite using a
one-step phosphating HKUST-1 and the CusP/C has been reported for its
effective electrocatalytic COoRR. This resulted in the generation of CO
with FE of 47% at —0.3 V vs. RHE [137]. Similarly, as presented in
Fig. 19c-e, with an asymmetrically electrolyte, the Zn-CO5 battery with
the CusP/C electrocatalyst demonstrated moderate electrochemical
performance achieving a power density= 2.6 mW/cm? at 10 mA/cm?,
and an open-circuit voltage of 1.5 V.

In summary, it has not yet been possible to create ultrafine MOF-
derived transition metal phosphide nanocrystals with a size of less
than 2.0 nm. Since ultrafine nanocrystals smaller than 2.0 nm contain a



K.A. Adegoke and N.W. Maxakato Journal of CO2 Utilization 69 (2023) 102412

(@
H;BTC
\ R Pyrolysis

Cu NPs-NC

) CO & CH, & CHOH

- —
aEfe < - J

0.18 nm
Cu (200)

.
: & «Wg
15 20 25 30 35 40 45

e

Diameter / nm

I(1)100 55 10
90 =c ; Cu-NC400 e
1 2M4 =
80 - ‘ L8
70 ST Hp Applied potential = -1.0 V vs RHE

Fig. 17. (a) Schematic fabrication process for the Cu NPs-NC composite. (b and c) the SEM and TEM images of BEN-Cu-BTC; (d) SEM image, (e¢) TEM image, (f and g)
HRTEM images, (h) HAADF-STEM and corresponding EDS elemental mapping images of Cu-NC400 (the inset in (e) and (g) are high-magnification TEM images,
particle size distribution of Cu NPs and FFT images of Cu—NC400). (i) h) chronoamperometry result at — 1.0 V vs. RHE with the corresponding FEs for gas products of
Cu-NC400 [128].

21



K.A. Adegoke and N.W. Maxakato Journal of CO2 Utilization 69 (2023) 102412

(a) precursors In-Cu MOF

120°C 400 °C
o $ilv e — —
. stirring Calcining
B) 4] 4h in air

®in ®Cu ®C
® 0 H In20: ® Cu0O m Cu:0

/ ~_ 50 100
ze1()0 g?&-.—m;o: ( ) £ ©000%0,0%0,%000,000000,
3. 801 C al < o] N 80
g g :
S 60 nl = bl S 30f (d) 60 m
[*] b = @ 3
s [ c c =
o 401 c 5 d 8 20 40 ¢
2 dl © e -
S 20 e| E (] §10 20
u ] s
g0 1 3 o S . 0
05 06 07 08 09 10 05 06 0.7 08 09 -1.0 4 8 12 16 20 4
Potential / V vs. RHE Potential / V vs. RHE Time/h
1.0 "-a 1000 - | = In20
(e) ] o —#—InCu0-0.92 (g) L_‘. ~ « | o lnéouo.ms
vmswae] E_[ThntE O oo WL |iEEEE
08 d 1363 mV dec” ) + 60 + incuo-0.37 ,-'a " s,  InCu0.0.72
22 5 +-InCu0-0.15 ey b o0 Nl < InCu0.0.92
> 961f 1466 mv cec” g 2 + In0: e §
-~k ate2mvdec| © O o
. € 131.4 mV dec’ 8 20 - ._.-;;o,ﬁ.‘." v &
€ 140.3 mV dec” o~
.21 L i o
02 § ::'%‘00““ 444444444444444 f
- ‘,4444444144‘
W3 1 § %.o 0.4 0.8 1.2 0 200 400 600 800 100
log( ljco] / mA °m-2) < Relative pressure / P/P, Z'/ ohm

h e —
(h) @ ]
Membrane ¢
CO | i
Cathodized
atho. tze\ 2 H,0
- \
HCOO-
E=68.4% 0,
CH,;COO- H*
FE=16.8% |g+
b —

Fig. 18. (a) Schematic illustration of the preparation process of InCuO. Electrolysis results in COy-saturated 0.5 M KHCO3 aqueous solution (pH = 7.2). (b) FE of CO
for different electrocatalysts at the applied potentials. (c) Total current density for different catalysts at the applied potentials. (d) The long-term stability of InCuO-
0.92 at — 0.8 V vs. RHE during 24 h electrolysis. (e) Tafel plot for CO production over different catalysts. These data were obtained at ambient temperature and
pressure with a CO, stream of 2 sccm. (f) CO, adsorption isotherms on different catalysts at 25 °C. (g) Nyquist plots for different catalysts in CO,-saturated 0.5 M
KHCO;3 [139]. (h) Crystal structure of Cua(CuTCPP) nanosheets along the ¢ axis. Red is O, blue is N, grey is C and cyan is Cu; (i) CO, electrochemical reduction system
with Cuy(CuTCPP) nanosheets as the catalyst [140].

22



K.A. Adegoke and N.W. Maxakato

v" Adsorption
v’ Stabilization
v" Reduction

0+ _ =

— 54
o~
g -10] — =HKUST-1 (N,)
o —(CO,)
<« 157 — =CuPIC (N,
£ -201 —(co)
™ 25]

30

35 T T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04
E (V vs. RHE)

Journal of CO2 Utilization 69 (2023) 102412

___________________________ -

1

%« 120F __mor@in-Pc i

g 100 —MoP@ca-Pc (b) 1

E [ ——MoP@PC-1 :
—— MoP@PC-2

E‘ 80_‘ ——Bulk MoP :

‘s 60f I

c S 1

S 40f 1

= I !

o 204 1

= ! 1

g 0 - : . P I

08 1.2 1.6 -20 2.4 |

Potential / V vs. Ag/Ag’ :

(c) 1.0 31

) 1

0.8 (e) .

- 1

?go.s- 2%

=1

8 0.4 21

S 121

> 0.24 $ :

0.04 0% |

21

0.2 v v v v a1

5 10 15 20 25 1

Current density (mA cm?) :

Fig. 19. (a) MoP and In-doped carbon support synergistic effect for promoting CO,RR. (b) LSV curves for CO,RR in CO,-saturated [Bmim]PF¢ (30 wt%)/MeCN/H;0
(5 wt%) electrolyte [138]. (c) LSV curves of HKUST-1 and CusP/C in Ny- or CO, -saturated solution with a scan rate of 50 mV/s (a) Schematic diagram of Zn-CO4
battery with CugP/C cathode (c) polarization and power density curves of the as-proposed Zn-CO, battery with CusP/C cathode [137].

higher concentration of exposed electrocatalytically active sites, there-
fore, they often have outstanding electrocatalytic performance. At the
moment, transition metal phosphide nanocrystals are often bigger than
5.0 nm in size, hence, developing ultrafine yet stable metal phosphide
nanocrystals at the cluster level remains a significant difficulty. In
addition, the absence of highly active transition metal phosphide elec-
trocatalysts promote total hydrolysis at higher current densities. The
employment of lower overpotentials to generate high current density is a
fundamental need for the commercialization of electrocatalysts. Lastly,
the precise electrocatalytic mechanism and active sites of MOF-derived
transition metal phosphide electrocatalysts for CO;RR should be
established.

10. Key factors towards optimizing the efficiency of COoRR
electrocatalysts

The three important parameters for an effective electrode material
are (a) higher electrical conductivity, (b) favorable electrocatalytic ac-
tivities, and (c) extended durability or stability at extremely high tem-
peratures or over a wider pH range. The first factor is essential for
decreasing Ohmic loss and enhancing electrochemical efficiency. To
prevent a decline (deterioration) in overall performance, the electro-
catalysts’ relatively high conductivity must not inhibit electron trans-
port while increasing the active surface area. The distinctive qualities of
electrocatalysts for effective performance and stability under electro-
chemical circumstances have been ascribed to the rapid and effective
charge transfer produced by the carbon matrix’s conductivity and the
micropores for accessing the active surface area. In an aqueous envi-
ronment, e.g., a family of transition metals (Co, Fe, and Ni) N-doped
porous carbon electrocatalyst for CO conversion systems exhibited an
improved activity and selectivity [355].

Tripkovic et al. [356] offered a hypothesis indicating the influence of
the metal-core. The author showed that a incorporating porphyrin-like
metal hybridized with graphene might be active in the CO2RR process,
thereby permitting the transformation of intermediates to more impor-
tant products. Several electrocatalysts with several metal centres have
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proposed the unique functionalities of metal centers [239,355,
357-366].

Boosting intrinsic activity and increasing the number of accessible
active sites in MOF-derivatives, for example, by enhancing electro-
catalyst loadings and modifying the electrocatalyst nanostructure, are
other important approaches for improving electrochemical perfor-
mance. It is vital to determine the practical limitation of electrocatalyst
loadings without interfering with other crucial parameters (mass/charge
transportation). It should be noted that the performance increases only
when the mass loading approaches the monodisperse surfaces. If the
electrocatalyst mass loading(s) surpassed this amount, agglomeration
and sintering become inevitable, thereby serving as potential harm to
the MOF-derivative electrocatalyst distribution and performances. The
influence of material percentages on electrochemical performances has
established previously [367-369], demonstrating that material contents
and architectures are important in developing an effective electro-
catalytic CO2RR.

To increase electrocatalyst efficiency of MOF-derivatives, process
parameters (such as pH and temperature) must be investigated [367,
370-375]. Heat treatment (temperature) should really be evaluated for
its effect on the structural characteristics (properties) of the electro-
catalyst activity and selectivity towards CO2 conversion. pH and local
pH have significant effects on the FE and product selectivity [216,376,
3771]. Electrochemical reactions at different pH values may influence the
pH on the selectivity for CO2RR, thereby revealing the importance of
proton concentrations [378].

Furthermore, the effect of metal precursors on CO; uptakes into the
active centres on the overall electrochemical performances should not
be underestimated. This is due to the fact that the increased metal-
carrier interactions (contacts) amongst a well-distributed metal mon-
oatomic and carbon substrate may change the geometric configuration
and electronic structures of the electrocatalytically active sites, as well
as inhibit metal atom aggregations/associations [379-383]. It should be
noted that a multitude of characteristics impacts electrocatalyst per-
formance for CO2RR; nonetheless, electrocatalyst designs, compositions,
and process conditions remain common concerns.
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Due to expanding worldwide demand and sufficient electrocatalysts
delivering the affordable and sustainable energy, electrocatalysts for
CO9RR are rapidly emerging research issues. The production of elec-
trocatalysts and their use in CO2RR has surged in recent decades. Many
electrocatalysts have been observed to be long-lasting, selective, and
efficient, necessitating the attention of businesses, expecting to benefit
from the expanding renewable energy marketplaces. Consequently, the
current study recommends that pushing the boundaries of electro-
catalyst materials for CO2RR capabilities is the greatest way to achieve a
significant breakthrough on the horizon in the industry.

To incorporate electrochemical CO2RR setups for homogeneous and
heterogeneous processes, viable intelligent/smart adaptations of
convectional analysis and spectroscopic approaches are required. These
are expected to give a thorough and clear grasp of the chemical prop-
erties of the process intermediates. The oprando study may be utilized to
investigate the mechanistic aspects that might be leveraged to allow
major customizable fabrication changes/design. Although it is
acknowledged that such a technique might take some time for its full-
fledge, it has a higher chance of success than the usual random trials
and errors. Therefore, despite great achievement in CO2RR electro-
catalysts over the years, the route ahead requires invention or creation
of such a unique interrogation- and interception-based technology.

Microscopic kinds of MOF electrode materials are often ignored in
order to produce accurate and effective CO2RR applications on an in-
dustrial scale. Several academic investigations on these electrocatalysts
have mostly focused on powdered forms, which are seldom suitable for
commercial usage. This is due to the dustiness of dynamic fluid opera-
tions and the unavoidable pressure drops. Based on this, palletization is
likely one of the finest and most straightforward techniques. However,
additional pressure is necessary during the palletization procedures,
which may deteriorate or change the electrocatalyst porosity. Therefore,
choosing an appropriate mechanical condition and binder are crucial for
an effective CO, conversion technology. Madden et al. [384] proposed
using a monolithic shape for CO, separation. In contrast to
higher-pressure palletization requirements, the self-shaping technique
may lower the expense and danger of MOF collapse. As a result,
monolithic MOFs were shown to have better CO5 adsorption capability
than packed powdered materials while preserving identical reaction
kinetics [384].

11. Industrial prospects of MOF electrocatalysts

The science of MOF materials is presently transitioning from a sci-
entific to a commercial phase. MOF materials have sparked widespread
interest owing to excellent material designability and extensive appli-
cations in energy conversion and storage, separation, gas storage, water
harvesting, water purification, and so on [385,386]. Currently, there are
24 start-ups linked to MOF materials that were established interna-
tionally [387].

From an industrial standpoint, manufacturing costs continue to be
critical factor. The entire estimate of industrial-scale MOF
manufacturing is now associated with the development of the econom-
ical greener and ton-scale fabrication of a prototype MOF MIL-160(Al)
[386]. This involves a thorough financial study that takes into account
the investments in the manufacturing plants. It has been stated that the
scale of production has a significant impact on the production cost,
which falls as the manufacturing scale increases. Yao et al. revealed that
MOFs might perhaps achieve acceptable competitive pricing, indicating
their potential to join the market for a relatively large application [385,
386].

In addition, when it comes to industrial scaling-up, using a green
synthesis technique is critical. The synthesis technique for MOFs often
involves non-negligible health and environmental concerns. The sol-
vothermal technique, for example, is the most often used synthetic
technique for MOFs, and it frequently entails the use of non-renewable
and hazardous solvents. As a result, greater emphasis is required to
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develop green and sustainable synthetic standard operating procedures
that are safe and industrially acceptable. Typically, such a procedure
should employ sustainable metal ions, safer reaction media or solvent (e.
g., water), biocompatible organic linkers, and reduce environmentally
harmful by-products [385,388-390]. Consequently, a better knowledge
of the greener synthetic process involved in MOF manufacturing might
increase electrocatalytic CO2RR.

12. Concluding remarks/research gaps

The study of MOF-derived electrocatalysts as the platform for the
application of sustainable energy is clearly one of the most active topics
in the material science community. In recent years, significant ad-
vancements have been recorded in the production of MOF-derived ma-
terials for solar CO2RR to value-added products. However, this has been
followed by both opportunities and obstacles in terms of putting them
into practice:

Preliminary research findings corroborate the notion that MOFs
exhibit the same ion diffusion-limited electron transport, evidencing
from other nanoconfined systems. For instance, ion diffusion problem
has been established as the primary causes of low conductivity in Zr-
based MOFs [391,392]. Even though, increasing the pore sizes MOFs
of enhances ion movement and overall apparent conductivities, but it
poses a detrimental effect on electron transport. Therefore, future
research should concentrate on the precise pore engineering and coun-
terion sizes and shapes, or by incorporating functional groups within the
pores to assist ion transport, create MOF cavities that would allow ion
transport while still retaining high electron hopping rates. Additionally,
understanding the solvent characteristics within the MOF pores could
help towards attaining better conductivities. The future research would
undoubtedly benefit redox-hopping MOF devices.

The MOFs’ aptitude in COy conversion is influenced by their
changeable compositions, porous architectures, and tunable crystalline
nature. The unrestricted integration of functional elements such as
metal/metal oxide NPs, graphene, and carbons in MOFs provides a
foundation of confinement and the synergistic impact that boosts MOF
electrochemical activities in COy conversion technology. Despite this,
the low structural stability of most MOFs has limited their use in long-
term and dreadful environments such as high temperature, alkalinity,
and acidity. Similarly, poor electron transfer rates and reaction kinetics
in electrochemical processes have been linked to a majority of MOFs’
low electrical conductivity. As a result, MOF conductivity and stability
should be improved.

By comparison, MOF-derived materials prepared via high-
temperature pyrolysis have a large number of exposed and active cen-
ters, as well as tremendous structural durability and electrical conduc-
tivity, and have thus been widely employed as electrocatalysts or
electrocatalyst supports for high performance in a variety of electro-
catalysis processes. However, the high cost of the MOF precursor and the
complicated synthesis process limit the economic viability of MOF-
derived materials. It worth mentioning that there are certain obstacles
in the synthesis and uses of MOF-derived carbons which require inves-
tigating further in the future. For example yield is low (about 13-21%
depending on carbonization temperature), therefore, this challenge
should be resolved to ensure large-scale manufacturing of MOF-derived
carbons.

Furthermore, when MOF-derived materials are created via high-
temperature pyrolysis, accurate control of their microstructures is
challenging. Nonetheless, precise microstructure control in MOF-
derived materials such as metal-cluster, single-atom, and di-atom cata-
lysts has progressed significantly. Although carbonization of MOFs as
well as other sources might significantly increase carbon production, the
presence of other sources would influence the microstructures and
active sites of these carbons. As a result, further optimization in these
areas has opened the possibility of developing MOFs that solve or
circumvent the aforementioned challenges.
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Future research in this subject should focus on reducing the draw-
backs of already produced MOFs and their derivatives and generating
novel materials based on MOFs that are free of existing flaws. Further-
more, sophisticated instrumentation methods are anticipated to give a
comprehensive knowledge of the processes involved in creating MOF-
derivatives. It is believed that the present study serves as a wake-up
call to the research community for designing/developing MOF-derived
materials for better CO2R performances for the benefit of global eco-
nomic growth, reduction of CO, emissions, and energy security.

Despite some understanding of the electrocatalytic mechanism of
conventional electrocatalyst behavior, this mechanism is yet to be found
in MOFs, thereby restricting searching for efficient MOFs in CO2RR.
Therefore, in order to overcome this constraint, more studies involving
accurate tests and computational calculations must be designed and
performed. Although the confinement effects have been recognized to
study the mechanistic aspects due to its ability to improve not only the
electrocatalytic performance of the MOF electrocatalyst materials but
also facilitate exhibition of multifunctional electrocatalytic effects,
however, it is still unclear how this confinement effect impacts the re-
action intermediates in order to effectively enhance the performance of
a specific electrocatalytic reaction. This could be mostly due to the
complicated electrocatalytic mechanism and several competing reaction
routes, particularly the complex CO3RR pathway. Thus, certain
routinely used characterization methods including HAADF-STEM, XAFS,
and IR spectroscopy are not able to meet the expected demands.
Therefore, in-situ characterization methods such as Raman spectros-
copy, X-ray absorption spectroscopy, Fourier transform infrared spec-
troelectrochemical, and transmission electron microscopy are extremely
effective for capturing the reaction intermediates, transition states, and
electrocatalyst reconstructions. Even the steadily evolved operando
technology, such as cutting-edge operando Synchrotron radiation-based
Fourier transform infrared (SR-FTIR), opens up the black box of the
limited catalytic process. These advanced characterization techniques
combined with theoretical simulation studies should therefore provide
clear mechanistic information and pathways of confined electrocatalytic
reactions. This in turn establishes a corresponding electrocatalytic re-
action descriptor, provide guiding design procedure, fabricating and
optimizing MOF-derived electrocatalytic materials for early commercial
operation of these electrocatalysts.
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