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Metal-Organic Framework-Based Electrocatalysts for CO,

Reduction

Syed Shoaib Ahmad Shah, Tayyaba Najam, Ming Wen, Shuang-Quan Zang,

Amir Waseem, and Hai-Long Jiang*

The increasing concentration of CO; is alarming for modern society and the
reduction of CO, into valuable products is the unique solution. Metal-organic
frameworks (MOFs), constructed by organic linkers interconnected with metal
(oxide) nodes, with high porosity and large surface area, have become an
emerging class of electrocatalysts for reduction of CO,. Herein, the recent
advancements in MOF-based electrocatalysts for the reduction of CO,, abridged
the recent strategies to enhance the performance are summarized and the
structure-activity relationship is discussed to provide a comprehensive route for
the rational design of novel catalysts. Moreover, the specially focused aspect is to
summarize recent strategies of structure tuning, manipulating the electronic
structure and enhancing the active site density to well exposed single-atom active
sites. In addition, some demerits and proposed future perspectives are also

discussed.

1. Introduction

Rapid industrial, economic developments, and the extreme
depletion of fossil fuels have created a number of problems
for modern society. Among others, the alarming problem is
the high concentration of as-emitted CO, in the environment,
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which is now impossible to reduce by nat-
ural CO, cycle, i.e., photosynthesis in
plants.l"! The predicted future is worse con-
cerning global warming and even leading
to hypercapnia, which would have an
impact on every living species on the
planet. Furthermore, it is anticipated that
at the end of this century, the concentration
of atmospheric CO, would reach its peak of
850 ppm, resulting in a drastic change in
global atmospheric chemistry.>?!

To reduce CO, levels in the atmosphere
and the harmful effects associated with it, it
is necessary to isolate and capture carbon
dioxide from its sources such as industries
and power plants. Recently, some strategies
are being applied for the capture and stor-
age of extra CO,, including chemical/phys-
ical adsorption of CO, onto the porous
materials.[**! Nevertheless, most technologies contribute extraor-
dinary costs and/or consumptions of energy and usually applied
methods for the storage of CO, are based on marine or geologi-
cal, meanwhile, this approach is unlikely to affect soil and marine
biology. So, converting CO, into value-added goods is an emerg-
ing strategy to lower the CO, concentration in environment as
well as cost of methodology. Consequently, the research for facile
and convenient methods for CO, conversion is emerging in this
decade. In a review, Perathoner and coworkers explained leading
routes for converting CO, (as a carbon source) into valuable
chemicals using renewable energy.” Accordingly, carbon diox-
ide is being used for the synthesis of useable products such
as fuels and fine chemicals including CO, alcohols, formalde-
hyde and formates, etc. Currently, renewable energy, for example
solar, is being used as a source of energy directly (photocatalysis)
or indirectly (electrocatalysis) for conversion of CO,.>”¥
Subsequently, the demand of specific catalysts is ever-increasing
which can play according to the requirement of application.
Therefore, search of new materials for CO, conversion as well
as alternative clean energy for the proposed clean economy
has aroused wide interest."!

The electroreduction of CO, offers a compelling route to
energy conversion and/or high value chemical manufactur-
ing."** This electrochemical method for converting CO, into
fuels by using abundant renewable energy resources is an attrac-
tive platform to reduce the harmful effects of carbon dioxide as
well as a source of fine chemicals."*'>*) But the sluggish reac-
tion kinetics, which comprises several steps of electron and pro-
ton transfers, accompanied by competing hydrogen evolution
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reaction (HER) leads to poor productivity and efficacy. These are
the chief obstacles to the practical use of an electrocatalyst to
reduce CO, emissions.’”*! Consequently, it is urgent to fabri-
cate efficient and selective electrocatalysts for CO, reduction
reaction (CO,RR), which can perform at low potential with a
good yield of selective product, but this remains a major
challenge.

Metal-organic frameworks (MOFs) are emerging porous
structures, containing a strong coordination of metals with
ligands.* The MOFs are fascinating considerations because
of having diverse, tunable structural properties including
but not limited to highly porous surface area, strong organic
and inorganic catalytic sites and tunable postsynthetic
structure.*?*' This unique stuff marks these emerging
materials for widespread applications, such as catalysis (photo-,
electrocatalysis) energy storage, gas storage, adsorption of toxics,
and so on.>”?**! In 2012, MOFs were first time used as
electrocatalyst for CO,RR,**** and the copper rubeanate
MOF (CR-MOF) showed improved CO,RR performance./*”
Because the CO,RR takes place at a complex three-phase inter-
face of liquid electrolyte—gaseous CO,—solid catalyst. The electro-
catalytic processes mainly involve the following critical steps:
CO, activation, surface reaction, and product desorption pro-
cesses including 1) electron transfer, 2) mass diffusion, and
3) electrochemical reaction on the surface via three-phase inter-
face. The resultant catalytic activity is totally based on these three
factors which are summarized in the term “proficiency of active
sites.” MOFs provide a broad opportunity in manufacturing
diversified catalytic materials with several advantages: 1) ensuring
high mass transfer and availability of active sites, 2) controlling
the electronic structure by facile heteroatom doping, 3) inheriting
the pristine-MOFs’ characteristics after electrochemical/thermal
decomposition/pyrolysis. Therefore, MOF-based porous materi-
als, with the aforementioned characteristics features are very
promising candidates for CO, electrocatalysis. MOF-derived
materials, even after rational pyrolysis, retained their inherited
characteristics features, e.g., greater surface area, porosity and
uniform distribution of active sites with addition of electronic
conductivity due to insitu produced heteroatom-doped
graphitic carbon. There are several reviews published on the
characteristics features of MOF-based materials for several
applications.>721**4=47] Recently, our group has published a
prestigious review on applications of MOFs for carbon capture
and conversion, which summarizes the comprehensive and sig-
nificant developments in preparing MOFs and their composites/
derived materials for carbon capture and conversion including
CO, storage, photocatalytic and electrocatalytic CO, conversion
into value-added products.[*¥ Further, Wang and coauthors have
summarized recent developments on electrocatalytic CO,RR
with the main focus of heterogeneous immobilization of homo-
geneous molecular catalysts.*” However, the MOF-based/
derived catalysts for solely electrocatalytic CO,RR are rarely
reviewed, being an emerging concern, it is necessary to summa-
rize the recent developments and merits/demerits of MOFs for
electrocatalytic CO,RR, it will be helpful for the rational design of
new catalysts as well as commercialization of this technology.

Herein, we have combined two research hotlines (MOFs and
CO,RR) and summarized the developments of MOF-based/
derived electrocatalysts for CO,RR. We have abridged the recent
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strategies to enhance the performance and discussed the
structure—activity relationship to provide a comprehensive route
for the rational design of novel catalysts. Moreover, MOF-based/
derived electrocatalysts are especially focused on the aspects of
structure tuning, manipulating the electronic structure by het-
eroatom doping and enhancing the active site density to well
exposed single-atom active sites. In addition to these fundamen-
tal strategies applied for enhancing the performance of
MOF-based electrocatalysts, some demerits, and proposed future
perspectives are also discussed.

2. Thermodynamics, Kinetics, and Mechanism of
Electrocatalytic CO,RR

2.1. Thermodynamics of Electrocatalytic CO,RR

The C—O bond length in CO, shows a certain degree of triple
bond characteristic because of the small distance among oxygen—
carbon atoms. In this way, carbon dioxide behaves as a relatively
static and stable chemical; the energy is required in huge quan-
tities (bond energy = 750 k] mol ") and effective catalysts to effi-
ciently convert CO, into other products.>”

A demonstration of the molecular orbital map of CO, shows a
fully formed and interconnected orbit representing a very stable
molecule (Figure 1a).*! The first step in activating and convert-
ing a molecule is the transfer of electron (i.e., a reduction pro-
cess) that has the o* lowest unoccupied molecular orbital
(LUMO) to combat binding. The highest occupied molecular
orbital (HOMO) with its strongly localized electron density as
oxygen in-plane lone pairs is conducive to interactions with elec-
trophiles. This leads to an intensification between C—O dis-
tance/bond length and manifests itself in the first inclination
of the linear molecule. The electrophiles and nucleophiles can
be attached easily with this bent molecule via its charged local-
ized orbital boundaries. However, this electronic CO, reduction
to CO, " is a very endogenous pathway that occurs at high poten-
tial (Figure 1b).°? As there is a huge obstacle among curved
anion and linear molecules, the next steps, i.e., the proton-
coupled electron transfers are thermodynamically more favorable
than the initial reaction step.*

The electrochemical CO,RR can be allocated into various
main points: 1) CO, absorption on catalyst’s surface; 2) electrons
and/or proton transfer, cleavage of C—O bonds with the inter-
mediates formation; 3) removal of products from the surface of
catalysts. By considering these steps, CO,RR is a more complex
multilevel interface process that typically involves different inter-
action pathways with the transmission of 2, 4, 6, 8, or 12 elec-
trons,™! leading to the production of various molecules in the
electrochemical system (Section 2.2). The production of various
products, i.e., C1 and C2 or C2+, depends upon numerous fac-
tors, such as nature and density of active sites, strength of applied
potential and electrolyte, etc. As the theoretical potential for
CO,RR is a continuous value, many products are one of the pos-
sibilities in thermodynamic competition. Therefore, selective
production of target molecules is an important criterion for
the usefulness of the comeback to CO, reduction.
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Figure 1. a) Electron distributions in CO, molecule based on molecular orbital theory (MOT). Reproduced with permission." Copyright 2020, The Royal
Society of Chemistry. b) The activation and consequent reduction reaction including possible products in an electrochemical system. Reproduced under
the terms of the Creative Commons CC-BY license.*?! Copyright 2017, The Authors. Published by Wiley-VCH.

2.2. Kinetics and Mechanism of Electrocatalytic CO,RR

Although electrochemical pathways are thermodynamically
favorite, the total barrier of energy (called overpotential) deter-
mines virtual selectivity between products. Increased selectivity
and intensity of current, as well as strong and stable long working
hours, are essential for the further alteration to commercial via-
bility.[54] The mechanistic studies of CO,RR are divided into two
step process: formation of intermediates and formation of final
products, it is varied from product to product. The C1 products
(CO, HCOOH) usually follow the decisive first step, CO, is acti-
vated (*CO, ") by absorbing one electron on the surface of cata-
lyst.5>58 The proton-coupled electron transfer process is
occurred by combining the C atom with (*CO, ) forming a
key intermediate (*COOH). The *COOH intermediate can be
converted into final products CO by second-step proton-coupled
electron transfer process. By the combination of O atom with
*CO, "~ and protonation of O atom produced *OCHO interme-
diate, which is converted to HCOOH or formate by proton-
coupled electron transfer reaction.’”) For the mechanism of
CO,RR to methane, methanol, and formaldehyde, theoretical
and experimental studies investigated that the first-step interme-
diate is *CO.”>%! The hydrogenation of *CO produced inter-
mediates *HCO, *H,CO, and *H;CO, which are converted
into CH4, HCHO, and CH;0H, respectively. However, two dif-
ferent arguments are standing for the conversion of *CO to CH,.
One proposed route is the reduction of *CO into *C via *COH
intermediate, which can be further expanded that *CH, *CH,,
and *CH; can also be reduced to *C and finally produce
CH,.[**%4 The most accepted route via experimental and theoret-
ical calculations is proposed: *CO — *CHO — *CH — *CH, —
*CHj; — *+CH,.[*)

Further, for the production of C2+ products, *CO intermedi-
ates pathway is usually followed and reduction of *CO determine
the final production accompanied with experimental condi-
tions.[** % For example, ethane is produced through *CH inter-
mediate by proton-coupled electron transfer reaction, following
the protonation of *CH to *CHj3. The dimerization of *CHj; pro-
duce final product (C,Hg). The insertion of CO into *CH, pro-
duced CH3COO~. The *CO—CO dimer produced the
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*CH,CHO intermediate via series of protonation and electron
transfer steps, serving as selectivity determining step to generate
the C,H, and C,HsOH.[**¢l

Some experimental works were carried out on the surface of
bulk metals for CO,RR, following those results, theoretical trends
have appeared,~?! and metal electrodes are classified into four
categories: 1) formic acid producing, e.g., T1, Sn, Cd, In, Hg, Bi, Pb
etc.; 2) production of carbon monoxide (Ag, Au, Pd, Ga, and
Zn); 3) hydrogen producing metals are Ni, Fe, Pt, and Tj
4) Cu is categorically placed for the production of different hydro-
carbons.”*~7% In addition to these categorized metallic active sites,
hydrogen bonding also plays a vital role and competing HER reac-
tion can reduce the efficiency/selectivity of the final product.
Consequently, Faradic efficiency (FE) is considered as a funda-
mental concern during the evaluation of CO,RR activity.
Recent studies have also explained that structural changes or
manipulations in native active sites cause variation in products
and selectivity, as well as FE. For example, Cu and Zn have similar
3d electronic configurations but with different catalytic perfor-
mance, i.e., 2e” reduction of CO, to CO is shown by Zn electrode
while Cu gives multiple hydrocarbons.”””® In other cases, Zn
doping in Cu electrode (Cu/Zn) leads to the selective product,
i.e., alcohol is produced.”®®% For instant, the Cu,Zn catalysts
are reported for the production of ethanol with 29.1% FE.”’
Similarly, the physical mixing of CuO and ZnO (1:0.5 wt%) pro-
duced methanol with 25.2% FE.®!) However, doping of Sn in Cu
could not give better results, which may be attributed to the rela-
tively strong bonding of intermediates (*CO) with Cu surface.*#’!
Therefore, the retention time of intermediates on the surface of
electrocatalysts is also considered as an important descriptor to
control the selectivity of product during CO,RR, and it is recom-
mended that designed catalysts with prolonged interaction with
intermediates may lead to the multicarbon (C2) products.B*°!
For example, Song and coworkers recently demonstrated the
adsorption state switching of CO,  intermediates and realized
an improvement in the selectivity of CO,RR to formate by doping
S to Cu-based catalysts.®”) It is observed that the reductive state of
Cu as the active site could be stabilized via S doping, the insitu
Raman spectroscopy results confirmed the CO,RR mechanism
involves the variation in adsorption state of CO,~ intermediates

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

o

from coexisting O*CO ™~ and OC*O"™ to the dominating OC*O" .
Density functional theory (DFT) calculations confirmed that inter-
mediate binding energy on S-doped Cu(111) surface is lower than
that on the undoped sample. The performance of this electroca-
talyst reaches 76.5% of the highest Faradaic efficiency and a maxi-
mum partial current density of 21.06 mA cm ™%,

Recently, textural properties of catalysts are also considered to
alter the reaction kinetics/mechanism toward the selectivity of
products and porous materials are getting specific attention
due to their properties such as improvement in surface-to-
volume ratio and active sites, tunability of pore structure for mass
transport of reactants/products, and controlled local pH.%*? For
example, He and coauthors used self-assembly of two polymers
to prepare hierarchically mesoporous—macroporous (320 and
20nm) Cu/Zn alloys and results showed that CusZng exhibits
the better performance for CO, reduction to ethanol (46.6% at
—0.8 V) with good stability for 11 h.”" The decrease in the pore
size from 300 to 30 nm enhanced the FE from 8%-38% with eth-
ylene as a key product. Further, the nanostructure of electroca-
talysts also has a significant effect on the CO,RR performance,
for example, Au and SnO, with similar morphologies showed
similar effects during CO,RR.®®°!! Yang et al. proposed the
morphology-dependent reaction kinetics for CO, conversion into
C2 products.®*! They used a Cu-based mesoporous catalyst with
precisely controlled size (morphology) and showed that morphol-
ogy has an effective role in accelerating the C—C coupling and
prolonging retention times by controlling the pH and flow field.[®*
Being highly tunable surface area and porosity with series of nano-
structures, MOFs are very attractive for CO, electrocatalysis and
widely studied. For example, 2D Bi-based MOF with accessible
porosity showed better performance for CO,RR with 92.2% FE
at —0.9 V versus reversible hydrogen electrode (RHE) and durabil-
ity of 30 h. The mass-specific HCOOH partial current density is up
to 41.0 mA mgg; ', exceeding four times higher than that of com-
mercial Bi,O3 and Bi sheets at —1.1V (vs RHE).’?

Therefore, MOF-based catalysts are summarized for improved
performance of CO,RR based on following parameters to

www.small-structures.com

monitor the efficiency of an electrocatalyst: 1) low fabrication cost
of materials; 2) large FE for a specific product; 3) durability of
catalysts for long-time operation; and 4) large current density
and low over-potential.

3. Pristine MOFs for CO,RR

MOF-based electrocatalysts, which combine the beneficial prop-
erties of homogeneous and heterogeneous materials,””* have
been studied as a new class of typical catalysts to understand
the reduction of electrochemical carbon dioxide. In 2012, the first
MOF-based electrocatalyst was prepared and applied for
CO,RR,***) and CR-MOF (copper rubeanate MOF) carried
out for CO, reduction into formic acid with 100% FE.*? In
the same year, Senthil Kumar et al.l**! used Cu-BTC (1,3,5-ben-
zenetricarboxylic acid [BTC]) thin film deposited on glassy carbon
electrode in N,N-dimethylformamide (DMF) for CO,RR and
oxalic acid was observed with 51% FE as a major product.
These two pioneer studies showed that two factors are important
1) density of active sites (metal center) and 2) electronic environ-
ment (ligand) for efficiency and product selectivity, respectively.
Recent approaches, such as increasing the thin layers of MOF
in porous 3D structures can be considered as more effective ways
to develop in situ electrocatalysts to reduce CO,. These porous
structures have actively created electrocatalytic centers on large
sites and along the edges of the material. The controlled adjust-
ment of the MOF structure is useful for the formation of den-
drites with higher catalytic activity to convert CO,. In the
latter case, the combination of Cu(II) and MOF porphyrin wheels
(Cu,(CuTCPP)) in nanosheets, which showed good performance
and selectivity for CO, conversion into formate and acetate
(Figure 2a,b).’Y The calculated FE for the formate production
was 68.4% at the —1.55V, whereas the C—C coupling at
—1.40 and —1.62V resulted in the formation of acetate with
38.8-85.2% FE. However, the spectroscopic results revealed that
Cu,(CuTCPP) was converted into CuyO3, Cu,0, and CuO, which
considerably catalyzed CO, to acetate and formate.
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Figure 2. a) Representation of Cu,(CuTCPP) crystalline nanosheets; b) Cu,(CuTCPP) nanosheets as the electrocatalyst for CO, electrochemical reduction
system. Reproduced with permission.** Copyright 2019, Royal Society of Chemistry.
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In addition to Cu, other inorganic active centers such as Co,
Ni, and Fe are also used to synthesize MOFs with potential
CO,RR performance. For example, the Fe—porphyrin incorpo-
rated in the thin MOF-525 membrane had a high performance
toward CO,RR, resulting in ~100% FE, which benefited the con-
version of CO, to CO.*!

With the reduction of carbon dioxide by MOFs, there has been
a constant growth in the area of MOF-based catalysts, however,
a number of challenging features, including the effective strategy
of new MOFs with high efficacy, many redox active sites, selec-
tivity and long-term stability, which still required to be constantly
discovered.l”® Preceding studies have confirmed that two factors
can be boosted 1) redox potential (E°) for electron transmission
and 2) a number of chemical reactions (conversion of CO, to
product) in homogeneous catalysts, through ligand design and
sensible selection of metal centers.””) Therefore, tuning of the
metal centers and ligands in MOFs are also proved approaches
for the enhancement of catalytic activity.

3.1. Role of Metal (Inorganic Moiety)

A typical CO,RR process is assumed that a simple cathodic volt-
age is mandatory and most probably, the metal center is an active
site to reduce carbon dioxide. The majority of electrocatalysts
used so far, actually act as precatalytic converters, in electrochem-
ical CO, reduction. Active metal sites are usually either oxidized
or reduced during the catalytic process, so the actual active sites
differ from those detected before the catalytic process.”®! For
instance, among various metals, copper oxide-derived copper
is widely studied due to its inherent selectivity towards
CO3RR. Similarly, in MOF, Senthil Kumar et al.*3 testified
Cu-BTC thin films on glassy carbon electrodes by cyclic voltam-
metry in 0.1 M KCI and distinct Cu(II)/Cu(1) and Cu(I)/Cu(0)
reversible redox response was detected. Chen and coworkers®®!
described the phase transitions of Cu-electrode using in situ X-
ray absorption spectroscopy (XAS), and also explored the
dynamic oxidation state and the local structure. The formation
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hydrocarbons/alcohols instead of Cu(I) and the competing oxida-
tion reaction of Cu(0) governed the chemical state of CO,RR
active sites. Furthermore, the Raman spectroscopy (in situ) veri-
fied the reoxidation reaction which is dominating in the chemical
state of copper (Figure 3a). Furthermore, Sargent and cow-
orkers!®” studied the overtime of Cu reduction and examined
the ratio of Cu species at varying potentials using in situ XAS
(Figure 3b), and therefore suggested the significant relationship
between the surface state of Cu and the product profile, and
found that the presence of Cu'-stabilized ethylene intermedi-
ates. To further explore active sites in other metal-based
MOFs, Yaghi and coworkers studied cobalt oxidation states in
Co-MOF thin films using in situ spectroelectrochemical meas-
urements during the CO,RR."* The study showed that most
centers are redox available and Co(Il) is reduced to Co(I) during
the CO,RR, which disclosed that Co reduction is the first step
toward reaction mechanism. If Co is reduced to Co(l), then
CO will be formed because of CO, adsorption on the central
metal atom. However, MOF-derived catalysts with metallic active
sites did not show this type of transition during the catalytic pro-
cess. Recently, Hu and coworkers®! reported an excellent
Faradaic efficiency toward CO with extremely low overpotential
exhibited by Fe-based single-atom catalyst (SAC). Further, in situ
XAS analysis exposed the active species as isolated Fe’" ions
coordinated with pyrrolic-N atoms, and capable of maintaining
their +3 state during electrocatalysis. In addition, the role of
metal center was also determined experimentally over Co-, Ni-
, and Zn-impregnated MOF-74 and Zn-center carried out the
electrochemical CO, reduction 78.3% at —0.91V versus RHE
and selective H; production by Co- and Ni-MOF-74 with no car-
bon product.!'” Further, inorganic modifications have also been
shown to affect the selectivity and activity of CO,RR on the Zn—
MOF catalyst. Wang et al. fabricated a number of Zn-based nano-
materials (ZIF-8) via introducing different sources of zinc as a
reactant and examined the different effects of zinc to reduce car-
bon dioxide into CO."**! Results showed that ZIF-8 synthesized
using ZnSO, produces better catalytic performance to reduce

of metallic Cu(0) is an important step to produce CO,, with a high FE to CO (FEco) 65% and total current density
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Figure 3. a) Identification of chemical states of copper attained through in situ XAS as a function of applied potential. Reproduced with permission.®®!
Copyright 2019, American Chemical Society. b) In situ Cu L3-edges, XAS spectrum of electro-redeposited (ERD) copper at varying applied potentials (solid

lines). Reproduced with permission.®®! Copyright 2018, Springer Nature.
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(j) 3 mA cm 2, creating a link between CO, activity and Zn pre-

cursor, and claiming that the key active species are distinct Zn
nodes in ZIF-8. High and selective ZIF-8 activity with SO,*~ can
be attributed to smaller interactions between SO,%” and Zn
nodes, which assist the anionic exchange of charge balance when
the oxidation state of Zn node is being altered. In contrast, some
studies reported that due to the completely filled 3 d orbital of
Zn(Il) in Zn-based complexes or MOFs, the metal centers are
not active sites for the CO,RR process.[lo‘HO” For instance,
Jiang et al.l'%! recognized using in situ XAS and DFT that imid-
azole coordinated with Zn(II) center in zeolitic imidazole frame-
work (ZIF) act as catalytic sites for CO,RR.

Hence, the identification of actual active centers in MOFs is
still debatable and requires more deep studies to solve this puz-
zle. The insitu or operando analysis has played a vital part in
pursuing dynamic progression during electrocatalysis, recogniz-
ing the actual active sites and helps in understanding the mech-
anism. However, great efforts are still highly desired for
developing next-generation electrocatalysts with the guide of
powerful in situ techniques.

3.2. Role of Linker (Organic Moiety)

Ligands have strength to alter the catalytic performance of MOFs,
for instance, a ligand with electron donating capability can
enhance the activity of MOF via encouraging the movement of
electrons from the active sites toward the antibonding orbitals
of CO,, which results in generating *COOH via proton
coupling."*”) Keeping this point of view, various studies have been
carried out to test the effect of surrounding ligands in MOFs for
CO,RR. In this section, we have discussed the ligand effect on
catalytic performance categorically, i.e., micro- and macroligands.

The influence of ligands on the CO, reduction product was
observed in the pioneering work of MOF-based catalysts.
Noticeably, the Cu center is active for CO,RR but two Cu-
MOFs reduced CO, to various products, due to the presence
of different ligands attached with the same metal (Cu) cen-
ter.*>*}] When the ligand having O donor atoms was used by
Senthil Kumar et al.**! the CO, conversion product was oxalates,
whereas Hinogami et al.*?) reported N- and S-containing donor
atoms and the formic acid as the reaction product. This differ-
ence in ligands could modify the electronic configuration of
the metallic active center leading to different conversion
products. This factor was also further studied for CO,RR by
synthesizing four Cu-based MOFs, i.e., 1) Cu-BTC (HKUST-
1); 2) Cu-Adeace; 3) Cu-dithiooxamidate (DTA) mesoporous
metal-organic aerogel (MOA), and 4) CuZn-DTA, MOA sup-
ported on gas diffusion electrode."®® The cumulative maximum
FE (15.9%) for the CO,RR was measured with Cu-BTC-based
electrodes with a current density of 10 mA cm ™2 The MOFs with
unsaturated (USA) metal sites have been shown to contribute for
CO, reduction into alcohol. In addition, the Cu-BTC catalyst
showed stable electrical output for 17h. In this decade, ZIF
has proven to be a flexible catalyst and is particularly known
for high adsorption properties for CO,, which is an attractive fea-
ture of carbon dioxide catalysis as this suggests that the diffusion
of carbon dioxide is enhanced leading to more interaction with
active sites. ZIF-8, a typical MOF prepared by Jiang et al."**) and
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confirmed with XAS measurement and DFT calculations that
coordination of imidazole ligand with Zn(II) in ZIFs are actually
the active catalytic sites for CO,RR. Further they examine a group
of ZIFs with the same sodalite topologies but various organic
ligands such as ZIF-8, ZIF-108, ZIF-7, and SIM-1 for CO,RR
in aqueous electrolyte, interestingly, ZIF-8 had a higher FEco
81.0% at —1.1V versus RHE among all catalysts, however,
12.8 mAcm ™2 of current density at —1.3V versus RHE was
achieved over ZIF-108. The Fe-based porphyrin catalysts belong
to the highly efficient class of homogeneous catalysts, first estab-
lished by Savéant and coworkers,!"® and have been widely used
in CO,RR.MO 12 1 view of homogeneous use of Fe—porphyrin,
a porphyrin-based component considered to be transmitted
within the structure of MOF for two scientific aims: 1) the poten-
tial use of MOFs for electrocatalysis with developed electron-
transfer abilities are essential for CO,RR; 2) modifying the cata-
lytic structure by the insertion of the active molecule with char-
acteristics including surface control, tunable porosity, and access
to active sites, as well as chemical stability.'"*! Furthermore, the
immobilization of MOFs on conductive support can also
enhance the electronic conductivity, which is the utmost neces-
sary part of electrocatalysis. For example, Hod et al.”®! incorpo-
rated Fe—porphyrin into the MOF-525 and used as a catalyst for
CO,RR, the incorporated structure was confirmed by the X-ray
diffraction (XRD) (Figure 4a,b). The method produced a mixture
of CO and H, (FEco = 50%) and this catalytic activity is accred-
ited to the electrochemical surface area of Fe—porphyrins, these
results showed that Fe—porphyrins incorporated on the surface of
MOF are accessible for CO,RR (Figure 4c,d).

Furthermore, Co atoms, coordinated in the porphyrin ring,
are also observed as catalytic active sites for CO,RR. For example,
Yaghi and coworkers synthesized a porphyrin-based MOF with
Co as metallic center and named as Al,(OH),TCPP-Co, whereas
H,TCPP =4,4',4"',4"""-(porphyrin-5,10,15,20-tetrayl)-tetraben-
zoic acid and tested its performance for CO,RR.["% The catalytic
performance with enhanced current density and FE o, (76%
at —0.7 V vs RHE) confirmed that Co is the active site, whereas
the aluminum is directly linked with oxygen atoms in the
carboxylate moiety. In addition, authors claimed that Co(II)
metal centers are not actually active sites but Co(I) are respon-
sible for CO, reduction into CO."°” These primary experiments
revealed that the CO,RR performance of MOF-based electroca-
talysts can be tuned by changing the ligands.

3.3. Role of Metal-Linker Bonding Strength

Further, the ability of MOFs for long-standing resistance against
chemical environments, “chemical stability” is also important for
electrocatalytic applications, which is dependent on the strength
of metal-linker bond in the MOF’s network. The thermal stability
and mechanical stability of MOFs usually correlate with the abil-
ity of MOFs to preserve their structural integrity upon exposure
to heat, vacuum, or pressure treatment.*") As the MOFs are
largely used in electrolytes during electrocatalysis with varying
pH, fixing the MOFs’ stability with wide range of pH is signifi-
cant. For example, highly stable Bi-MOF was reported as an effi-
cient electrocatalyst for CO,RR to produce formic acid with
92.2% FE at —0.9V versus RHE and high stability of 30h.
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Figure 4. a) The chemical structure of metal node and the crystal structure of MOF-525; b) The PXRD results of MOF-525 and Fe—-MOF-525 film;
c) current density versus time at varying conditions; d) Faradaic efficiency over about 4 h of electrolysis. Reproduced with permission.®®! Copyright

2015, American Chemical Society.

The highest partial current density (14.0 mA cm™?) for HCOOH
was observed at low overpotential (0.61 V) in 1 M KOH. The in situ
and exsitu X-ray absorption fine structure spectroscopy further
revealed a structural feature associated with Bi-MOF to preserve
Bi (3+) during and after long-term CO,RR, indicating the electro-
chemical stability of Bi-MOF.? In another study, Bi-BTC-D
MOF was synthesized using conventional hydrothermal method
for CO,RR. The Bi-BTCD was found to be effective and stable cat-
alysts for formate production with 90-95.5% FE over a wide range
of potential windows with an average FE of 93%. After the contin-
uous operation of 12 h, the FE was observed 90%, which may be
attributed to the high electrochemical stability of MOF struc-
ture.'™ A cobalt-porphyrin MOF was used for CO,RR with better
initial performance (76% at —0.7 V), however, the reported stability
was only 7 h.'% Similarly, Zr-based MOF-525 with Fe—porphyrin
units was used for CO,RR, the activity of this Fe-MOF decreased
during the 4 h of reaction, pointing that stability is still a key chal-
lenge for this type of catalysts.”>! Despite the considerable efforts
have been devoted to the synthesis of new MOFs with high stability
using different methods. There is still need to expand further
research for enhancing the stability of MOFs as well as the system-
atic elucidation of catalytic degradation. For this purpose, more
postanalysis characterization is required to check the structural fea-
tures such as composition, electronic structure, and morphology.

4. Functionalization of MOFs for CO,RR

In MOF chemistry, functionalization permits structural modifi-
cations in materials to incorporate the new functions without
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rescinding or altering the structure.l''>''% These functionalities
can be incorporated in situ during the synthesis of MOFs and/or
some postsynthetic procedures are used to enhance the func-
tions.”] The postsynthetic strategies are involved incorporation
or exchange of targeted metal ions and organic linker-based func-
tional groups or metal nanoparticles (NPs) in the pores of
MOFs M5 1181200 11y addition, MOFs are notorious for their
low electric conductivity, therefore, to enhance the conductivity
of MOFs, several strategies such as donor—accepter interaction,
redox matching, mixed valences and some others, have been
applied. In addition to the improvement in intrinsic conductivity,
the MOFs in contact with electron collecting substrates for exam-
ple glassy carbon (GC), metallic (Au, Cu, Ni, and Ag) foils/foams,
fluorine-doped tin oxide (FTO) and/or indium tin oxide (ITO)
glass, are also widely used.

4.1. Linker Functionalization

Metal centers are usually considered as active sites for CO,RR in
MOFs, the modification or addition of coordinated ligands can
tune the electronic structures of metal centers and enhance the
catalytic performance. For example, porphyrin-based molecular
electrocatalysts have been extensively utilized in CO,RR.M%*2
Thus a porphyrin like a ligand can be considered within the con-
sensus group (MOF) for scientifically two main causes: 1) manip-
ulating the potential of MOFs for electron transmissions; 2) the
introduction of an active molecule into the catalyst structure which
acts as a front electrode with surface control properties such as
balanced pores and active sites availability, as well as permanent
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porosity and chemical stability."**! In addition, electroactive por-
phyrins as ligands are also utilized for the formation of MOF.
Dong et al™! presented a Fe-TCPP porphyrin to prepare
PCN-222(Fe) as CO,RR electrocatalyst. The PCN-222(Fe)/C
(1:2 of mass ratio of MOF and carbon) revealed better catalytic per-
formance in aqueous electrolyte with 91% FE following the
current density of 1.2 mA cm™2 with only 494 mV overpotential,
attaining 0.336 site™'s ™" of TOF. The Cu-MOF-based porphyrinic
nanosheets were used by Wu et al.® for CO,RR and results were
interesting due to the production of formate and acetate. The
major product was formate at —1.55V with 68.4% FE while
the acetate was prepared at 1.40-1.65 V with 38.8-85.2% FE.

The increasing charge density on the active sites is an effective
approach for boosting the CO,RR performance. In this aspect, an
approach has been proposed via post-treatment step to induce
more electron density on the ligand sites of MOFs. During
the doping of new ligand, a robust electron-donating ability gen-
erated on the MOFs which induces supplementary charge den-
sity on the neighboring original ligand sites results in boosted
CO,RR activity. Although, functionalization or ligand doping
of MOF-based materials have exhibited enhanced performance
for photocatalytic reduction of CO,,"*?! however, the research
work on designing the charge density of active sites by ligand
modification is still at an initial stage.

Further than the tuning of the electronic structure of catalysts,
the incorporated ligands may also act as a coactive site for
CO,RR. The activated linear CO, molecule by adsorbing electron
is considered as rate-determining step,!*** and the introduction
of "OH in MOF structure is helpful for linear molecule activa-
tion. This step may be easily activated because “OH can coordi-
nate with an electropositive metallic center of MOF and the "OH
captured on the surface of MOF activates the CO, in the form of
HCO; ™ chelated with a metal center. The coordinated “OH is
responsible for the transformation of single crystal to single

(a) O-adsorbed , (c)
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crystal-CO, (NNU-15 to NNU-15-CO,), as shown in
Figure 5a,b, and produces HCO3™ as an intermediate product
during CO,RR. The DFT calculations further confirmed that
O- and C-adsorbed showed inclined geometries toward
HCO;™ formation because of "OH as presented in the antici-
pated mechanism (Figure 5c).'**

Further to these structural effects, the organic ligands in MOFs
have also been functionalized for enhancing the CO,RR perfor-
mance. Generally, the poor conductivity of MOFs is considered
a major obstacle for catalytic applications, so, Dou et al.l’®”!
enhanced the charge transfer ability of MOFs using ligand-doping
method, thus enhancing the performance of catalyst to CO,RR.
During this study, 1,10-phenanthroline molecule with the robust
ability of donating electrons is used to introduce in the ZIF-8
framework for CO,RR electrocatalysts. The ligand-doped ZIF-8
showed a remarkable enhancement in CO,RR performance with
90% production of CO. This outstanding performance was
attributed to the electron-donating ability of doped ligand (phenan-
throline), which facilitates the transfer of charge and assists the
formation of *COOH intermediate, finally the resultant catalyst
acts much better than pristine ZIF-8. Similarly, Xia and
coworkers!"?*! also reported the dual Cu-adenine MOF with acetic
acid doping (s-Cu-ade MOF), adenine and acetic acid ligands were
directly coordinated with Cu metallic nodes. The CO,RR on the
prepared catalysts showed better performance with methane
and ethane as major products with 73% FE at —1.6V versus
RHE.'?) These studies provide an evidence that linker function-
alization can alter the CO,RR performance by acting as active site
or changing the electronic structure of central metal.

4.2. Metal Cluster Functionalization

In electrocatalysis, the “active sites” are termed as the surface
where three-phase interaction is taking place, thus active sites
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Figure 5. The proposed mechanism of CO,RR, calculated by DFT calculations, a) CO, adsorption. b) free energies during CO,RR in NNU-15.
c) anticipated mechanism of CO,RR on the surface of NNU-15. Reproduced with permission.'*] Copyright 2019, Elsevier.
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are playing an important part during electrocatalysis of
CO,RR."*I By improving the performance of these active sites,
the overall activity of catalysts can be increased and vice versa. As
the catalytic process occurs at the surface of the catalyst, there-
fore, the surficial exposed active sites are considered more reli-
able. There are several methods reported to explore/enhance the
active sites of MOFs, we have summarized these strategies by
considering in two main categories, i.e., enhancing the number
of active sites and intrinsic activity. In MOFs, the coordinated
unsaturated sites (CUSs) are considered as more active sites
for catalytic reaction, however, the coordination number (CN)
of metals fully saturated with ligands limits the catalytic perfor-
mance of MOFs."®27) Accordingly, building geometry with suf-
ficient CUSs is instantly required for the enhancement of
electrocatalytic performance of MOFs.**®! Further, constructing
the ultrathin MOFs having larger surface exposure along with
producing dangling bonds by eliminating the ligand’s portion
via ligand engineering on the MOFs, could be a favorable
approach for boosting the catalytic active sites on MOFs.
To improve MOF’s catalytic activity, it is therefore imperative
to create geometry with many CUSs. During the catalytic pro-
cess, the reduced CN or CUSs are accessible for reactants and
act as active sites. Though these active sites are available in less
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density, it is still an emerging method to increase the catalytic
activity of MOFs. As compared with single-metal-site, multime-
tal-site catalysts are more encouraging for CO,RR. For example,
Li and coworkers!"?! reported a diatomic paired Cu;°~Cu;*" cat-
alysts and the presence of Cu—Cu bond was confirmed by
EXAFS analysis. Speculative findings proposed that the Cu,° site
motivates the CO, adsorption and the adjacent Cu;*" favors
H,0. These atomic pairs work collectively for CO, reduction,
with improved FE than single Cu sites (Figure 6a,b). In addition,
heteropaired multimetallic-based electrocatalysts also displayed
enhanced catalytic performance similar to homopaired multime-
tallic-based electrocatalysts. Furthermore, Zhao and cow-
orkers?”) described the effect of synergism in the isolated
Ni-Fe diatomic pairs on NC supports, which reduced the reac-
tion barrier for converting CO, to CO. Zhu et al.B3% also inves-
tigated the electronic effect between two neighboring metal
atoms, the Zn atom of diatomic Zn-Co displayed the low energy
in both *COOH adsorption and *CO desorption than Co or Zn
dimer (Co/Co or Zn/Zn atoms). Therefore, the Co atoms could
act as the active sites for *COOH adsorption and *CO formation,
in the meantime, the neighboring Zn atoms adsorbed *CO and
finally desorbed CO."*%

Cu metal
(" 70,,,,, H \H\
0==C =0
0
Q\w“ ~\\\@/
Cu@Cu,O
NN O & )
\ -
\ 0.13 0=g |
T— / P38
0 .
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Chemisorbed CO,

Figure 6. Free energy profiles for CO, activation mode. Reproduced with permission.l'?®! Copyright 2019, Springer Nature.
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The incorporation of various metal centers into MOFs with
synergism can also confirm a greater selectivity to certain
CO,RR products. Recently, Feng et al.'*! presented an efficient
electrocatalyst for CO, reduction using 2D MOF containing
copper-phthalocyanine and zinc-bis(dihydroxy) complex as
ligand and nodes (Figure 7a,b). Operando XAS following the the-
oretical calculations confirmed that ZnO, are the main active
sites for CO,RR and CuN, works as a support to enhance the
mass transport (transfer of electrons and protons), thus synergis-
tic effect between two species controls the ratio of products and
produces syngas (Figure 7c,d).l"*"]

The metal atom has a prominent role in the catalytic perfor-
mance and introduction of secondary metal synergistically
enhanced the catalytic performance. Today, the physical effect
between dual metallic sites is highly desirable but rarely reported,
which possibly offers great opportunities for further research.

4.3. MOF Composites
As the pristine MOFs are notorious for their low electrical con-

ductivity, various MOF-composites with conductive materials
(carbon black, graphene oxides) are widely used for CO,RR.

@) 25

(b)

*COOH+H"'+e”
2.0 +
1.5 +

”
"
'n \
]
]

1.0 v

AG (eV)
/

0.5 + ;

0.0 et

*+CO,+2H"+2¢"

-0.5

Reaction coordinates

(c) 120
I co H,
100 1

80 1

60 4

FE (%)

40 4
20 4

F PcZn-0,-Cu/CNT

8
3
%
7
3
0! ]

www.small-structures.com

MOFs can also be used as a support for several species
(guest-host interaction) that can be inserted or connected to a
frame, such as metal complex/NPs or even biomolecules such
as enzymes. In these cases, MOF serves as a means of providing
great stability and porosity to deliver scaffolding with limited
spaces, resulting in size-selective catalysis.

4.3.1. MOF Composites with Polyoxometalates

The structural tenability of MOFs provides more possibilities to
enhance the characteristics properties. The combination of vari-
ous MOFs with crystalline porous materials has more construc-
tion diversity. Therefore, recent researches offer high potentials
for such materials for a wide range of applications. For example,
MOF@MOF assembled from MOFs with different apertures can
serve as molecular sieves for selective adsorption and separation,
in which core MOFs with large pores perform as a cargo trans-
port highway and shell MOFs with small pores act as a filter and
also enhanced the catalytic performance.!'*? Thus, the intrinsic
diversity of MOFs is considered, the combination of MOFs and
MOFs displays an excessive improvement panorama no matter
in synthesis, design of structure, or application. The large pores of
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Figure 7. a,b) Representation of energy profiles for CO,RR and HER on M-Ny sites in PcM-O8-M1 at U=0.0V, respectively. Inset in a): atomistic
structure of PcM-Og—M1. c) Faradaic efficiency of CO and H, for PcCu-Og—Zn/CNT, PcCu-Og—Cu/CNT, PcZn-0g—Zn/CNT, and PcZn-Og—Cu/CNT
at —0.7V versus RHE. d) Molar H,/CO ratio at different applied potentials of PcCu-Os—Zn/CNT. Reproduced under the terms of the Creative

Commons CC BY license.*" Copyright 2020, Springer Nature.
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UiO-66-NH, (0.6 nm) were used to overlap with the pores of
ZIF-8 (0.4nm) to produce an incommensurate combination
(MOF@MOF) produced smaller pores at the interface by improv-
ing the molecular sieve performance.'**! Using crystalline porous
materials such as covalent organic framework (COF), the following
properties are precisely controlled on the basis of principle designs
in reticular chemistry: 1) active molecular building block can be
prearranged for connecting structures; 2) the post-treatment route
would be used for functionalization without altering the topological
framework; and 3) availability of resources such as pores, influenc-
ing the mass transfer mechanism can be adjusted electronically.
These aforementioned features of the catalyst-based reticular coor-
dination offer the possibility of realizing a multifactorial nature,
which can exceed the sum of the individual molecular parts.!'*?
Postsynthetic modifications are generally considered superior
and easily applicable as compared with the preassembly or in situ
synthetic strategies. The postsynthetic modifications, especially
composite materials are famous for the wide range of reactions
involving electron-donating entities. Polyoxometalates (POMs)
are a well-known class of nanomaterials, containing metal-
oxygen clusters and electron-rich aggregates also called electro
sponges. The transportation of electrons can be facilitated by
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incorporating POMs into MOFs channels and finally the perfor-
mance of the active site can be improved. For example, Lan and
coworkers™** reported POM@PCN-222(Co) composite by com-
bining the electron rich structure of POM and high surface area
of MOF (Figure 8). As expected, the electron transfer property of
composite material was considerably improved and a particular
composite named H-POM @PCN-222(Co) showed better CO,RR
performance with 96.2% FEco at —0.8 V versus RHE and stabil-
ity of 10 h. Further, DFT calculations revealed that Co single sites
in PCN-222(Co) were improved by directional electron transfer
in the composite and reduced the energy barrier for the rate-
determining step.

4.3.2. MOFs on Conductive Supports

MOFs are limited in electrochemical application due to their
inherited low conductivity. Incorporating MOFs on conductive
support can also yield materials with improved CO,RR activity.
For example, an aluminum porphyrin MOF-55 was synthesized
containing co-porphyrin as an active site for CO, reduction to
CO. The atomic layer deposition (ALD) method was adopted
to form a conductive aluminum oxide thin film, which also

DIRECTIONAL ELECTRON
TRANSFER

-

Suamur

-]

Figure 8. Synthetic and detailed structure of composite including electron transfer from POM to MOF structure. Reproduced with permission.!**l

Copyright 2021, Wiley-VCH.
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served as metal precursor, following successive MOF formation
via reacting coated alumina with a linker."®” The precursor’s
thickness can be simply controlled by the number of ALD cycles,
which regulate the thickness of the catalyst layer. The activity of
resultant MOF catalyst was primarily enriched by maximizing
the thickness of film to 2.8 mA cm™2 thus a higher power
showed the exchange between electrons and mass transporta-
tion. The optimized thickness of catalyst (5 nm) presented the
CO production of FE up to 76% for 7h test. Further, Wu
et al® used FTO glasses as conductive support and
Cu,F(CuTCPP) nanosheets were cathodized, the catalyst showed
better performance for CO,RR, resulting formate as product at
—1.55 V versus Ag/AgCl with 68.4 % of FE. The layered structure
of Re-SURMOF was also deposited on the FTO surface via
layer-by-layer growth using high-throughput automated spray
system (Figure 9a,b). The high FEco (93-98%) was attributed
to the well-oriented layered sheets of MOF which can facilitate
charge transport (Figure 9c,d). However, the degradation of
Re(CO);Cl complex is considered as the major cause of expected
low stability of catalysts (Figure 9e). Therefore, it is urgent to
improve the stability of catalysts for further practical
applications. ')

4.3.3. MOF-Supported Active Catalysts

It was observed that the highly porous MOFs offered much
needed surface area for the high distribution of active sites,
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which allowed the increased transport of CO, and charge trans-
fer, leading to greater reduction activity. Recently, Buonsanti and
coworkers!'*>) revealed that colloidal crystals can be combined
with the MOF (Al-PMOF) to create a hybrid platform (Ag@Al-
PMOF) for the active conversion of CO, into CO. The authors
claimed that this hybrid has more capability to suppress the
HER but helping the CO,RR at the same time as compared with
Ag nanocrystals alone. Furthermore, the synergistic effect
between the silver nanocrystals and Al-PMOF resulted in high
electronic properties by partial removal of native MOF ligands.
Lan and coworkers also reported that the synergistic effect of
POMs to Co-porphyrin also enhanced the catalytic performance
with 99% FE of CO production in 0.5 M KHCOj electrolyte.[*%)
The adsorbed free energies were found to be less for *CO and
*COOH (intermediates) by DFT calculations, which further ver-
ified that Co-PMOF is a better choice for CO,RR (Figure 10a,b).
Following by the previous concept, this study again confirmed
that Co atoms in the Co-porphyrin are the major active sites while
POMs having electron-rich aggregates are helping to enhance the
electronic transport. (Figure 10c,d).

In another study, Wang and coworkers'**' presented a MOF-
supported catalyst with two different active sites, the pyridine and
Co-porphyrin (termed as CoPP) were supported on ultrathin
MOF nanosheets. These catalysts with dual active sites showed
better performance as compared with pyridine-free CoPP-based
catalysts and insitu spectroscopic and DFT studies further
revealed that pyridine and CoPP supportively stimulate carbon

[137]

0.1 0.2 0.3 0.4 0.5
Time/h

Figure 9. a) Synthetic methodology of Re-SURMOF assembled by Zn-oxo cluster and ReL(CO);Cl (L = 2,2'-bipyridine-5,5'-dicarboxylic acid) linker on the
FTO, b) representation of preferred charge transfer mechanism, c) Cyclic voltammetry (CV) performance, d) FE, and e) current density at —1.6 V versus
RHE for first half hour. Reproduced with permission."” Copyright 2016, Royal Society of Chemistry.
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Figure 10. a) The free-energy calculations of different catalysts for the reduction of CO, to CO, * symbolizes active sites on the surface, b) the free-
energies for the formation of *COOH (AG,), *CO (AGj), and CO desorption (AG;) in CO,RR, ¢,d) The anticipated CO,RR mechanism for Co-PMOF
catalysts. Reproduced under the terms of the Creative Commons CC BY license.l"*® Copyright 2018, Springer Nature.

dioxide to produce key pyH - 0,C-CoPP intermediates,
backing better CO,RR activity. Similarly, Hod et al.®® used
Fe-porphyrin merged into MOF-525 as a structural and
functional element for CO, reduction. This approach led to a
high electrochemically surface area of Fe-porphyrin (1015 sites
cm™?), resulting in the production of syngas (FEco = 50%).
Despite the CO,RR with low efficiency, results showed that
molecular catalysts incorporated in the MOF structures are acces-
sible for CO,RR. Consequently, it can be anticipated that the
addition of molecular catalysts into MOF may be more beneficial
to design advanced CO,RR catalysts.

4.3.4. MOF-Supported Metal NPs

So, important metal NPs have been investigated as electrocata-
lysts to reduce CO,. But, the agglomeration of these small par-
ticles into large moieties always remains a big problem during
the catalytic process. Several approaches have been implemented
to overcome this problem and enhanced the availability of more
catalytic active sites, including the modification of the size and
shape of metal NPs.*>**¥ In addition to molecular catalysts,
MOFs as porous structures having higher special surface area,
provide an improved ground for the production of functional
materials. Which not only serve as supporting materials for
molecular immobilizers of metals but also as a model that

Small Struct. 2022, 3, 2100090

2100090 (13 of 36)

encourages the even distribution of small NPs formation to
reduce CO,. For example, Jiang et al.*”! synthesized Ag,0/
ZIF composite via combining AgNO; and aqueous ZIF-7, fol-
lowed by refluxing at 100 °C (Figure 11a). The as-prepared cata-
lysts (Ag,O/ZIF-7) showed better CO,RR performance
(FE = 80%) than that of Ag/C and ZIF-7. The increase in perfor-
mance was accredited to the synergistic effect between Ag,O NPs
and ZIF-7 multilayers and facilitated mass transfer via a specific
surface area. It turned out that the small Ag,0 NPs were homo-
geneously distributed throughout the ZIF layer. Further, it was
observed that the Ag,0/ZIF-7 has a more positive starting poten-
tial of —0.6 V versus RHE for CO, reduction from Ag,0/ZIF-8 in
0.25M K,SO,. As compared with ZIF-8 or Ag/C alone, Ag,0/
ZIF-8 showed a greater co-Faradic yield of 80.6% at —1.2V ver-
sus RHE. This outstanding activity is attributed to the synergism
between the greater surface area of ZIF and the small size of NPs
(Figure 11b,c).

Further, Hupp and coworkers reported the catalysts for
CO,RR by incorporating the Cu NPs on the surface of stable
MOF(NU-1000).1"* The as-prepared catalyst showed the catalytic
performance to a two-phase product: a liquid (HCOO™) and a gas
phase (CO and H,). However, the formate (FE = 31%) was deter-
mined as the major product at —0.82V versus RHE.

These studies illustrate that the incorporation of metal NPs
on/in the MOF’s surface is a prestigious methodology for
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Figure 11. a) The synthetic scheme for Ag,0/ZIF-7, b) FE (%), c) j values for different catalysts at varying potentials for CO production. Reproduced with

permission.l"*% Copyright 2017, Royal Society of Chemistry.

improved electrocatalytic performance. The studies also showed
that the high surface area and porosity of MOFs not only facilitate
the mass transportation and inhibits the NPs agglomeration but
also facilitate the activation of CO, molecule via the synergistic
effect between the surface area and NPs.

5. MOF-Derived Electrocatalysts for CO,RR

MOFs have been rapidly developed in the past 10years, their
powerful pore chemistry, high surface area, and well-tuned
organic—inorganic hybrid structures are attractive in material
chemistry for various applications.?*#3#1*1=149 In terms of
assembly, pristine MOFs are a type of crystalline nanomaterials
containing flexible metal ions or clusters and organic ligands,
with the basic benefit of higher surface area and porosity.
Though, the inadequate conductivity and lack of structural stabil-
ity of MOFs hindered the development and use of electrocatalytic
CO, reduction. Although several MOF-based CO,-catalysis have
been reported, some work with MOF directly as electrocatalysts
in the CO,RR claimed that MOF electrocatalysts displayed long-
term durability during the test, but many did not perform
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postreaction analysis to justify these claims.">” In this aspect,
MOF consumption as a precursor to produce more stable cata-
lysts can be a useful way to efficient CO,RR. The recent develop-
ments in electrocatalysis coupling the MOF-derived
nanomaterials are incessantly growing for the application of
energy-related problems.?**'>171%4 Consequently, these mate-
rials are also being developed for CO,RR, preceding the draw-
backs of pristine MOFs, these are being synthesized from
MOFs either via high-temperature pyrolysis or electrochemical
conversion. Categorized by MOFs’ inherited porosity and surface
area with addition of enhanced stability and conductivity, MOF-
derived materials are being more attractive for catalytic applica-
tions including CO,RR.1**3>1>51%7] From the past decade, many
researchers have reported efficient CO,RR catalysts synthesized
via calcination/pyrolysis of MOFs at various temperatures. The
studies showed that the performance of the catalysts derived
from MOF could be altered through controlling three factors;
1) annealing temperature; 2) time duration of pyrolysis; and
3) atmosphere of pyrolysis (air/inert).>’"*°! Moreover, the
MOFs with guest species may lead to more functionalities such
as heteroatom doping, metal NPs incorporation.'**¢? These
materials derived from MOF, comprising metal NPs, single-
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metal atom coordinated N-doped graphitic carbon materials and/
or metal-free catalysts, represented clear benefits for the reduc-
tion of CO, with abundant properties, e.g., respectable electronic
conductivity, larger surface area, evenly dispersed NPs or single-
atom active sites. In addition, MOFs are also being used as a
basis of highly dispersed metal sources, following by the addition
of external heteroatom (N source) to stabilize the SACs with high-
performance CO,RR.["*1%* In the following sections, we have
categorically summarized the MOF-derived catalysts for electro-
reduction of CO,.

5.1. Electrochemical Conversion of MOFs

The rigid porous structure that makes MOFs as fascinating mate-
rials in a range of applications also hinders their electrocatalytic
stability and activity. Factors like the 3D geometry impeding
the long-range charge movement, the poor overlap of O atoms
and metal d orbitals, and the redox-inactive nature of many
carboxylate-based organic linkers determine the poor conductiv-
ity of MOFs. To enhance the CO,RR performance, Kim et al.l'*”!
decomposed MOF using electrochemical reduction method to
produce an efficient catalyst for CO,RR, the obtained catalysts
produce methane with FE of >50% at —1.3V versus RHE.
Retaining the advantages of MOF-74, low-dimensional structure
prevents the agglomeration of reduced Cu cluster and the derived
Cu NPs also showed 2.3-fold higher current density than com-
mercial Cu NPs and high performance was attributed to the
MOF-precursor for the production of isolated Cu NPs with
higher surface area. Similarly, Kung et al.**% reported the Cu
NPs incorporated into NU-1000 thin films, first, Cu single sites
were introduced into MOF-based thin film and then electrore-
duction method was applied to convert Cu(Il) into Cu(0). The
as-prepared Cu NPs are not only accessible active sites but also
showed better performance for the formate production with 28%
FE at —0.82'V versus RHE. It is here worth mentioning that the
crystallinity and nanostructures (morphology) are not affected by
electrochemical reduction, however, the pore size of MOF gen-
erally affects the size of metal NPs. By tuning the pore size of
MOFs, the NPs size can be tuned which has a direct effect on
the catalytic performance.

Recently, Xu et al.*®! utilized Bi~-MOFs for insitu electro-
chemical transformation process to produce atomically thin bis-
muthene (Bi-ene) with 1.28-1.45 nm thickness. The high-active
sites exposure improves the intrinsic activity of Bi-ene for CO,RR
having ~100% FE in a wide range of the potential window. In
addition, 72.0mAcm™> of high partial current density and
strong stability for electrochemical reduction of CO, to formate
was also achieved. Further, first-principle DFT measurements
were used to investigate the CO,RR mechanism over Bi-ene
and the generation of *HCOOH from *OCHO was considered
to be the RDS. Though, in situ attenuated total reflection infrared
spectroscopy (ATR-IR) analysis specified that adsorption of
HCO;™ ions contribute during CO,RR route (Figure 12b-d), thus
anew CO,RR mechanism with contributing HCO; ™ for formate
production is put forward, which could further support in under-
standing the process of CO,RR (Figure 12e, f).

Lamagni et al."®! synthesized a bismuth-based MOF bi(1,3,5-
tris(4-carboxyphenyl)benzene), namely Bi(btb). The Bi(btb)
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material assists as a precatalyst and endures some rearrange-
ments in the structure of the MOF at low potentials and
converted into Bi-based NPs distributed in a porous carbon mate-
rial, the Bi NPs work efficiently as active sites for high selectivity
during CO,RR. The consequences exposed the high selectivity of
as-synthesized MOF over a wide potential range during CO,RR
toward formate generation with 95% of FE and 261A g ' of
current density. The improved performance was ascribed to
the highly distributed Bi NPs with well exposure of active sites.
The electrochemical conversion of MOFs into highly active
catalysts proposed an innovative methodology for synthesizing
metal-based catalysts with enhanced selectivity, activity, and elec-
tronic conductivity for CO,RR application. However, this nascent
approach requires further attentions to explore the salient features.

5.2. Thermal Conversion of MOFs

The controlled thermal decomposition environment of MOFs
typically leads to the highly active and stable catalysts with metal
constituents into smaller NPs. For example, Zhao et al."®”) pre-
pared 0D Cu/C (oxide-derived Cu/carbon) electrocatalysts via
pyrolysis of Cu—-BTC MOF (HKUST-1). In addition to metal
NPs, the MOF-mediated pyrolysis can also serve as a process
for the production of metal oxides, metal carbides, and/or metal
coordinated N-doped carbons with highly disclosed active sites
for effective catalysis of CO,RR. Instead of metal catalysts, the
carbon-rich organic ligands, coordinated metals having low
boiling points such as Zn, is an auspicious precursor to the fab-
rication of carbon-based electrocatalysts.'®*!  Furthermore,
MOF-derived SACs are also studied for CO,RR, various
approaches are being applied to improve the catalytic activity
of these catalysts. For example, adding iron into the structure
of ZIF, not only lowered the overpotential of reaction but also
affect the selectivity of product.'*”! Further addition of conduc-
tive carbon support such as multiwalled carbon nanotubes
(MWCNTSs), is also critical for attaining higher efficacy, the
MWCNTs facilitate the electron transport resulting in the
enhancement of catalytic performance during electroreduction
of CO,." In the following paragraphs, the MOF-derived cata-
lysts are categorically summarized followed by the various strat-
egies applied to enhance the CO,RR performance.

5.2.1. MOF-Derived Metal-NPs on Carbon Support

Metal NPs usually exhibit unique catalytic performance; various
metallic NPs are widely used for CO,RR, such as Pd NPs sup-
ported on Vulcan XC72R carbon black,"”® Bi NPs decorated on
multiwall carbon nanotubes!"”" and entrenched in N-doped car-
bons,'’?)  Cu/carbon (0D Cu/C) catalysts!*®” and some
others.>'”3I Due to inherited properties of MOFs, MOF-derived
metal NPs thoroughly distributed in carbon matrix are consid-
ered more efficient for CO,RR. For instance, Zhao et al.**”! pre-
pared Cu/carbon (Cu/C) from Cu-BTC MOF (HKUST-1), which
showed a very selective reduction in CO, into alcohols at —0.7 V
versus RHE with an overall 71.2% of FE (Figure 13a-c). Further,
the effect of carbonization temperature was also elaborated
and Cu/C-1000 gave high methanol and ethanol yields with the
highest production rates of 124mg L 'h™' at —0.3V and
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Reproduced with permission."®! Copyright 2020, Wiley-VCH.

13.4mg L~ 'h™" at —0.7 V. In situ infrared (IR) spectroscopy and
theoretical measurements showed that intermediate (*CO) was
absorbed on the surface of Cu/C electrocatalyst, and then porous
carbon encourages C—C coupling, which is a critical pathway for
C2 species formation.

The performance and selectivity of the MOF-derived catalysts
toward a specific product attributed to the synergism between the
significantly distributed metal sites and the porous carbon
matrix. However, the selectivity toward one product is, one of
the main problems of CO,RR, particularly when using Cu-based
catalysts. Nam et al.'*”} described a MOF-regulated Cu cluster
strategy that shifted CO, reduction to multicarbon products.
The controlled temperature was used to distort the symmetrical
paddle-wheel Cu dimer secondary building blocks of HKUST-1
by separating the adjacent tricarboxylate moieties. The results
suggested that the Cu moieties with low-CNs are highly active
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for the CO,RR with 45% FE toward ethylene. In addition, N dop-
ing in carbon plays a certain effect in the electrocatalytic CO,RR
performance of metal/carbon catalysts. The presence of pyrrolic-
N doped carbon supports the adsorption of carbon dioxide and
also assists the C—C coupling reaction on the metal surface,
resulting in selective C2 products. For example, Cheng
et al."”* reported the Cu NPs supported on N-doped carbon
(Cu-NC) derived from Cu-BTC modified with benzimidazole
(N source) by simple carbonization. The electrocatalytic perfor-
mance showed that the high atomic percentage of pyrrolic-N
(calcined at 400°C) assists the production of ethylene and
ethanol with a high FE of 11.2% and 18.4% at —1.01V versus
RHE, correspondingly.!'”*]

MOF-derived porous carbon materials exhibited practical
viability because of their high electronic conductivity, greater
surface area, and robust chemical stability. Importantly, this
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N-doped porous carbon (NPC) derived from MOFs is widely
used, as the ideal support of catalysts that not only limit the metal
NPs agglomeration but also assure good contact between NPC
and catalysts.””'7?! For example, Zhang et al."”? reported bis-
muth NPs incorporated in MOF-derived NPC (Bi@NPC) as a
capable catalyst for converting CO, into valuable products.
The unique microstructure and NPC support of Bi@NPC cata-
lyst develop greater adsorption of CO, and faster CO,RR kinetics,
generating formate as a major product with 92% FE and stability
of 20 h."”? Conversely, among all types of N doping, pyrrolic-N is
subjected to active for CO,RR, whereas graphitic- and oxidized-N
are active for HER. Consequently, optimization of the N struc-
ture is essential for establishing the constructive effect of syner-
gism between metal NPs and supportive N-doped carbon
materials.

5.2.2. MOF-Derived Metal Oxides on Carbon Support

The cracking of MOFs has become an encouraging strategy that
allows to adapt metal oxide configurations via different methods
that help extensively for producing industrial necessities. Thanks
to MOF assembly, which consists of the coordinated central
metal atom with organic ligands, and the controlled pyrolysis
under different conditions tend to produce unique morphologies
tailored to the inherited porosity of MOFs. MOF-based metal
oxides (MOs) also have these inherited advantages as compared
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with the MOs synthesized by conventional methods. For exam-
ple, Deng et all'®! used bismuth-based MOFs to prepare
Bi,O;@C electrocatalyst for enhanced performance during
CO,RR pathway (Figure 14a-c). The Bi-BTC (MOF) nanorods
pyrolyzed at 800 °C in an Ar atmosphere, further an oxidation
treatment proceeded at 200 °C for the synthesis of Bi,O;@C.
The Bi,O; @C-800 exhibited —0.28 V versus RHE of onset poten-
tial, 93% of FE stability, and 200 mA cm™2 of high partial current
density at —1.1 V versus RHE in a flow cell configuration for the
fast production of formate (Figure 14d,e). These findings dem-
onstrated the Bi,O;@C hybrid synergistically stimulates the
selective and fast reduction of CO,, and the supporting carbon
framework enriched the performance and boosted the current
density, whereas oxide species are favorable for refining the
selectivity and reaction kinetics. He and coworkers synthesized
ZIF-67-derived ultrasmall Co;04 NPs encapsulated in the carbon
nanotubes named Co/CNT.'® The electrochemical CO, was
observed with 90% FE at only —0.7 V versus RHE. The efficient
FE was also retained for 40 h of stability test and this perfor-
mance was attributed to the hybrid nanostructures formed in situ
during the pyrolysis process.

MOs derived from MOFs offer additional distinctive features
in the production of materials, having multiple types of metals in
the same framework. Miscellaneous MOs (common type AB,0,)
have recently gained great interest due to their complex chemical
composition, developed electrochemical and magnetic properties
due to the synergy effect of different types of metals and the

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

(a) o_» o.
e L 1g )
.\, - « - s‘ ®
& é ¢e
)
H,BTC  Bi(NO,);'5H,0
(0) o, —
__ 501
(3 - = =H-type cell
© 100+ —Flow cell
<
E
= 150-
200+
1.0 -08 -06 -04 -02 0.0
Potential (V vs. RHE)
(R 100
&
" i J 80 m
T 50 g
(8]
< 1004 60 3
E 3
2 1504 L40 B
E =
= 2004 2033
250 Lo

-1.1-1.0-0.9-0.8-0.7-0.6-0.5-0.4-0.3
Potential (V vs. RHE)

www.small-structures.com

&
Ar

<

Ve
L
oi v <

Air

BiBTC Bi@C Bi,0,@C
(c)10
19 A H-type cell
os @ Flowcell
84
.Gol A
X e A
o v2llow * 3
N 44 5 = W
24
0o{ ®
0 5 10 15 20 25 30
Z' ()
e
©) o, ~ - - -100
504 Los +80 1
< e
§100- 60 =
o
< -
E 1504 st 4 3
- ) e
200+ £20 58
250+ - . : 0
0 900 1800 2700 3600
Time (s)

Figure 14. a) Schematic illustrations of a synthetic method of Bi,O;@C-800 and CO,RR performance. b) Linear sweep voltammetry (LSV) curves at a
scanrate of 10mV's™ (inset is the schematic flow cell), c) Nyquist plots (inset is the enlarged flow cell result), d) FE and partial current density of formate,
e) stability at 0.9V versus RHE in the flow cell. Reproduced with permission.l'”*! Copyright 2020, Wiley-VCH.

presence of variable valances of several contributing metals, but
the controlled composition of these materials remains a major
challenge. Recently, MOF-based bimetallic oxide catalysts are
optimized CO,RR performance.’’””) These bimetallic oxides
(In—Cu) were produced by the cracking of Cu-In-bimetallic
MOF. By regulating the ratios of In and Cu, the CO,RR perfor-
mance was increased to 92.1% FE toward the production of CO

having a high current density of 11.2mA cm™ ..

5.2.3. MOF-Derived Metal-Free Electrocatalysts

Metal-free carbon materials have recently attracted intensive
attention due to their low cost, high surface area, and tunable
conductivity,[178’179] which are among the most promising alter-
natives to the expensive noble metals for CO,RR."*% Up to now,
various kinds of heteroatom-doped carbon nanostructures, such
as N-doped carbon, chlorine-doped carbon,*®"! fluorine-doped
carbon, "8 Se-doped carbon,’®¥! N-, B- codoped porous car-
bon, 818! nitrogen and phosphorus codoped carbon,*®”) and
graphene™®® have been explored for CO,RR.*®¥! In addition,
the capacity to suppress the competing H, evolution reaction
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makes the N-doped carbon materials much more appealing
for selective CO, conversion.!*****Y However, the low productiv-
ity and selectivity remain the major challenges yet to be tackled.

MOFs are being considered as tremendous sacrificial agents
for the synthesis of porous materials using metal with a low boil-
ing point in MOF such as Zn or Cd. By the pyrolysis of these
MOF precursors metal-free carbon catalysts can be produced
at high temperatures. For example, Wang et al.'*% synthesized
N-doped carbon, via the pyrolysis of a famous MOF named ZIF-
8. The resultant NC-based CO,RR electrocatalyst exhibited high
FEco (78%) and the temperature of pyrolysis determined the
amount of N in the carbon, where the pyridinic-N and quater-
nary-N have a significant role in the selectivity and activity of cat-
alyst. The catalysts prepared from Zn-based MOFs especially
ZIF-8 are usually no less than other nitrogen containing carbo-
naceous materials and are active without any additional metal.
Therefore, one should not forget that it compares their perfor-
mance with materials developed from other routes."”*! Zheng
et al.™®” studied the effect of pyrolysis temperature and the
mechanism in the ZIF-8-derived N-doped carbon (NC) and
results showed that an increase in pyrolysis temperature caused
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better CO,RR activity, and the highest catalytic activity and selec-
tivity was observed with 95.4% FEco at 0.5V versus RHE and
also sustained its 90% performance after 20h of operation.
DFT calculations showed that the increase in activity can be
attributed to the formation of pyridinic-N, which offered more
effective active sites. Thus, the ability to reduce carbon dioxide
(CO,) by N-doped carbon (NC) depends to a large extent on
N doping and its nature, as well as on the porosity of catalysts.

Recently, Kuang et al.*®! developed a postdevelopment strat-
egy to facilitate electrochemical CO,RR by regulating N-doping
configurations and N contents by treating with DMF as solvent.
The catalysts have a clear mesoporous structure with abundant
defects, compared with graphene or nanotubes, which promotes
the production of pyridinic-N doping at the edge sites. The result-
ing mesoporous N-doped carbon (MNC-D) was used as an effec-
tive electrocatalyst to reduce the CO, into CO with high efficiency
(92%) at —0.58V versus RHE. Electrochemical analyses also
showed that the active positions in N-doped carbon catalysts were
pyridinic-N and defects produced by DMF therapy, which
improved the activation and adsorption of CO, molecules.!®"

Furthermore, Ye et al.'®Y demonstrated the effect of various
types of N doping on CO,RR, highly porous (pore size =10 nm)
metal-free N-doped carbon was synthesized from Zn-MOF-74 as
a precursor. This catalyst showed better performance toward
CO,RR with 98.4% FEco at —0.55V, this high performance
was attributed to the pyridinic-/graphitic-N (68.31%) and highly
porous structure which facilitates the easier transportation of
reactants and products to and from active sites.!"**

To reduce the limit of electron transmission associated with
MOF-intervened strategy, Guo et al. prepared a conductive
material via cocalcination of ZIF-8 grown on MWCNTs.['%!
This catalyst has enhanced the selective CO,RR performance
with ~100% FE and 7.7 mA cm ™ ? of current density at an over-
potential of 740 mV, comparatively 50% higher FE from ZIF-8
derived catalysts in the same conditions. These results showed
that MOF-derived metal-free carbon-based catalysts also have a
great potential for CO,RR, however, it requires some efforts
to explore the synthetic strategies as well as active sites for the
rational design of new materials.

5.2.4. MOF-Derived Metal-Coordinated N-Doped Carbons
(M-N—-C)

Thermal treatment of nitrogenous compounds mixed with indi-
vidual metal salt with one or more carbon precursors is a com-
mon strategy for integrating catalytically active M—N,, sites into
heterogeneous catalysis. In these materials, nitrogen is processed
into a carbon structure and produces various doping of N sites
such as pyrrolic-, pyridinic-, and graphitic-N. Metal atoms coor-
dinate with these N functions and produce similar active sites to
metal-N macrocycles in conductive catalysts. M—N-C-based cat-
alysts have been widely established as a cost-effective Pt alternate
to cathode catalyst in fuel cell operation due to their better per-
formance for the oxygen reduction reaction.*30:32735.39.195]
Recently, these M—N—C-based catalysts have been considered
as CO,RR catalysts because the synthetic approach is a more cost
effective alternative to producing a heterogeneous catalyst that
contains M-N, functions. But working with this category of
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materials, it is significant to note that there are several possible
active sites. The first question to be answered is whether this per-
formance can actually be ascribed to metal-based sites coordi-
nated with N, other N functions, or certain carbon-based
supports. That's why Huan et al.'®® explored a number of
iron-based catalysts with isolated Fe-N, sites and Fe NPs.
Catalysts with the lower Fe—N, contents have a higher potential,
whereas controlled electrolysis showed that CO selectivity is asso-
ciated with concentrations of Fe-N, active sites. In contrast,
materials consisting of Fe particles or Fe—C primarily showed
HER performance, endorsing that CO,RR performance is asso-
ciated with iron, which is incorporated into the carbon assembly
through N configuration, and that other Fe-forms possibly con-
tribute to the competitive process, i.e., HER. The significance of
Fe-N, catalysts was further proved by Genovese et al.’*”! and
showed that iron coordinated with O- and N-doped (Fe/O-C
or/and Fe/N-C) has an impact on the selective CO, electrolysis.
Fe/O-C was mainly responsible for H, production, whereas
CO,RR was the prime practice by replacing Fe oxyhydroxide
in the NC matrix. It was further interesting because the reduction
products in Fe/N-C were HCOOH and CH3;COOH, the latter of
which was the product of choice. The authors also found that
HER was associated with metallic Fe NPs formation, whereas
acetic acid production was associated with the formation of nitro-
gen of coordinated iron species. In this study, N atoms showed
twofold influence on the performance as; 1) N atoms stabilize
intermediates of CO,RR; 2) N also stabilized the Fe(Il) type,
which prevents the formation of Fe(0). It is worth noting in cata-
lysts studied by Genovese et al.,'*”! that Fe/N-C Fe(Il) coordi-
nated with N and O atoms, may be considered as the intense
reason for selective production of carboxylic acids. However,
M-N, are designed as active sites in M-coordinated N-doped car-
bon (M-N-C) materials for CO,RR in various theoretical stud-
ies.'81% For example, Bagger et al.'®”! mentioned the main
advantage of these catalysts (M—N—C) over metals in the presence
of M—N,, isolated active sites, which limit the competitive process
of HER, emphasizing the structural advantage of catalytic mate-
rials with Fe-N, active sites.'®% This inhibition of HER is based
on two effects: first, individual locations in the porphyrin-like
structure need axial-free space for H, at the top of the bond
in relation to the cavity on the surface of the metal catalyst.
Conferring their calculations, on the porphyrin structure the
upper *H-link is generally weaker than the hollow bond, result-
ing in a higher barrier of energy for HER. Second, HER should
follow the Heyrovsky mechanism instead of the preferred Tafel
mechanism for each M-N-C single site. These factors prevent
HER, which gives a minimum advantage of 0.3 eV to CO,RR
(*COOH vs *H) in M-N-C materials over metal surfaces, mak-
ing them more discerning catalysts for CO,RR.

Further, reducing CO, to CO, the theoretical study shows that
CO can be further reduced to CH4 or MeOH depending on the
metal center. For example, it was predicted that Fe centers would
convert CO to CH,, confirmed by Varela et al.?°! however, CH,
selectivity on Fe-N-C was less than 1%. It was interesting that
Rh-functionalized porphyrin-like graphene would effectively pro-
duce methanol from CO at significantly lower overpotential
(0.22 V) than that perceived on stretched metallic surfaces.
However, this calculation has not been verified experimentally
in this study. Further, Ju et al.”®" investigated the significance
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of the central metal atom’s nature for CO,RR activity and selec-
tivity and reported an experimental work supported by the theo-
retical calculations of CO,RR using M-N-C catalysts with five
various central metal atoms (Figure 15a-d) such as Ni, Co, Cu,
Mn, and Fe.”®! Similar to Varela et al.,°” this study also revealed
the CO selectivity for Fe and Mn catalysts at —0.55 V versus RHE,
HER was the dominant process, if the potential was more nega-
tive (Figure 15a). However, the selectivity in the comparison was
markedly different, as Fe-N-C reduced CO, with FE 65%,
whereas that in Mn—N-C was only 40% (Figure 15b). The produc-
tion of CH, in the trace amount indicated that CO, can be directly
converted to hydrocarbons via Fe-/Mn-N-C centers (Figure 15c).
In contrast, CO selectivity persisted at its low by using Cu—/Co—
N-C catalysts throughout the entire range of tested potentials
(—0.4 to —0.85V vs RHE) and H, was clearly the major product.
The highest current density and FE were observed by Ni-N-C as
compared with the other metal centers tested, resulting in 85% FE
at —0.78 V versus RHE, suggesting Ni-based materials as worthy
applicants in a wide range of M—N-C materials for selective CO
production from CO, (Figure 15b,d).

Simulations showed that the original potential of CO,RR
relates with *COOH free energy, but the possible increase in
overpotential, there are other possible aspects to be considered.
In the case of average overpotential, the intermediate overpoten-
tial rate determining is moved from *COOH to *CO. The growth
of *CO chemisorption is now increasing with the production
of CO. The increment in overpotential reduced the Fe-N-C
performance for CO production, indicating a speed limit due
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to the non-Faradaic water adsorption process and similarly,
Co—N-C has also proven to be the most effective catalyst for this
production of H, with the highest FE.

In contrast, nickel-based active sites have fragile binding
energy to *H, which leads to the thermodynamically unfavorable
at —0.8V (RHE) leading to observed low H, production and
greater selectivity of CO. In addition, CH, coexistence in CO cor-
relates with earlier findings by Varela et al.?°”! high-performance
reduction of CO related with a strong binding energy of *CO.
Among the metal centers studied, higher CH, production is
observed in Fe-N-C, where CO is expected to bind more strongly
to promote the reduction process. In contrast, in Ni- and
Cu-based catalysts, *CO stripped strongly favors to prevent its
conversion. Traces of CH, have also been observed as CO,RR
products in gels containing nitrogen and sulfur, suggesting that
production of CH, increased due to the existence of Fe centers
and also in the presence of other heteroatoms.**>2%* However, it
cannot be generalized to all Fe~N-C-based catalysts, Ye et al.**]
produced isolated active sites of iron and nitrogen, situated in
carbon framework, by cracking iron salt of citric acid and ZIF-
8 (AFC/ZIF-8) composite. Moreover, the well-exposed areas of
Fe and N sites showed the enhanced performance to CO produc-
tion with a maximum FE of 93% and partial current density
(jco = 9.5 mA cm™?). Similarly, carbon material from ZIF-8 con-
taining Fe-N, active sites can convert CO, to CO with significant
FE in the wide potential range (—0.33 to —0.83 V vs RHE). The
second pyrolysis in NH; further improved CO,RR activity with
higher CO efficacy and current density. Physical-chemical
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Figure 15. CO, reduction performance (60 min) of metal-N-doped carbon materials in 0.1 M KHCOs3. a) FE co), b) partial current density, ¢, d) simulated
free energy diagrams for CO and H; production during CO,RR and HER, respectively. Reproduced under the terms of the Creative Commons CC BY

license.?°" Copyright 2020, Springer Nature.
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properties indicate that the NH; treatment assists the sublima-
tion of other Zn species and the engraving of carbides, thereby
increasing the exposure of Fe-N, active sites, resulting in higher
FEco and a much better current density, than other previously
Fe-N-C reported electrocatalysts.**"!

The main three steps of CO,RR (adsorption, intermediate for-
mation, and desorption of products) are directly linked to the
electronic structure of metal atoms. Regulation of the local atmo-
sphere of metallic active sites is considered as an emerging tactic
for developing the performance during electrochemical
CO,RR.12%2%7) The effect of porous support on the performance
of electrochemical CO, reduction has been further explored.
Recently, Hu et al.?®® synthesized N-doped carbon porous
support from the Fe-ZIF-8 achieved two representative catalysts
using SiO, coating to create porosity (Figure 16a—d). Figure 16a,b
shows that the Fe~CNP (using SiO,) had a higher 1156.6 m* g™
of surface area with 0.49 cm® g™* of pore volume, whereas the
specific range (360.1 m* g) for Fe~CNPs-w/o is relatively lower.
Fe,N-co-doped porous carbon nanoparticles (Fe-CNPs) having a
highly porous structure performed better in converting carbon
dioxide with FEco of 98.8% (Figure 16¢). Thus, it can be con-
cluded that CO,RR performance depends on the porosity and
selectivity of CO,RR in SAC.

In proceeding sections, we will draw attention to optimization
strategies, including CN, coordination of atoms, engineering of
axial chemical environment, and construction of defective sites
in the supporting material.

www.small-structures.com

5.2.5. MOF-Derived Single-Atom Electrocatalysts

SACs or single-atomic catalytic sites with determined atomic
proficiency and low coordination of metal centers have led to
exceptional performances in various electrochemical reac-
tions.??299=212 Uniform active centers and geometric structures
are illustrated by spatial and electronic interactions with sub-
strates, favorable for increased catalytic selectivity.*'**!*
Therefore, SACs show great potential to achieve high proficiency
and selectivity during CO,RR pathways.?’>2'”! Single metallic
species performed as active sites for reducing CO, into valuable
products, of course CO,RR performance is largely dependent on
metal’s locations, support, and preparation conditions (tempera-
ture, time, and preparation methodology).”’®*'”) The MOF-
based synthesis is considered as an important strategy to isolate
SACs,®? for example, Co-,2° Ni- 20164 Fe. (101 3pd Cu-15%
based SACs. The first study to utilize SACs for electrochemical
CO, reduction was reported by Li and coworkers®® in which
ZIF-derived N-doped carbon decorated with single Ni atoms
(Ni SAs/N-C) was synthesized. This Ni SAs/N-C displayed tre-
mendous performance to CO,RR, attaining a high turnover fre-
quency (TOF) of 5273 h™" and a greater FEco of 71.9% at 0.89 V.
The ordered SACs synthesis with a well-defined coordination
environment for metal center is essential for optimization of
activity and selectivity. This coordination environment has been
shown to be strongly influenced by synthetic parameters such as
selection of metal atoms, N and carbon supports as well as the
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Figure 16. a,b) N, adsorption/desorption isotherms and pore-size distribution curves for both catalysts. c) CO,RR performance as a function of porosity
with transmission electron microscopy (TEM) images, d) schematic presentation of synthetic approach. Reproduced with permission.?%® Copyright

2019, American Chemical Society.
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pyrolysis temperature. For instance, the researchers have
adjusted the number of metal species in SACs through con-
trolled volatile C-N fragments via varying pyrolysis tempera-
tures. Further, Xie and coworkers also reported that Ni-N,
active sites can be produced through topochemical transforma-
tion approach.”2% Special Ni-N, moieties worked as active spe-
cies with improved CO,RR performance and selectivity with high
FE (90%) for CO at —0.5 to —0.9 V of potential range, offers 99%
of Faradaic efficiency at 0.81 V with the highest current density of
28.6mA cm ™. In addition, Yang et al.”*"! reported high-density,
Ni-based SACs sites on the N-doped graphene for effective
CO,RR. Analysis of the XAS, in operando, recognized that
Ni(I) (with electronic configuration d°) were actual active sites
for CO,RR. This SAC showed high efficiency with an outstand-
ing TOF of 14800h ' and of 350 A/catalys: of specific current at
0.61 V having 97% FE, after 100 h of continuous reaction testing,
this catalyst also retained 98% performance.

The carbon supports of SACs also showed several features
such as porosity, surface area, and electronic conductivity, which
are essential for electrocatalytic performance and intrinsic perfor-
mance of metal center in SACs tends to fluctuate noticeably even
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with the same metal center. To evaluate and compare the exact
role of metal in M—N-C, general synthesis of M—-N-C SACs with
a wide selection of metal species but similar microenvironment
and supports are highly desired. Jiang et al.*?? prepared a series
of isostructural porphyrinic multivariate-MOFs (MTV-MOFs)
from M-TCPP (M =Fe, Co, Ni, and Cu; TCPP = tetrakis
(4-carboxyphenyl)porphyrin)). Four types of SACs with different
metal atoms (Fe, Co, Ni, and Cu) were prepared with the same
microenvironment due to isomorphism of MTV-MOFs and spa-
tial isolation of metal centers in M-TCPP and functioned as
model SACs to relate the intrinsic activity of different single-
atom metal species (Figure 17a). The Ni-N—C shows the highest
FEco (96.8 %) witha TOF upto 11315 h™ " at —0.8 V in pure CO,
(Figure 17b,c). Further, the Ni;—N-C catalyst was able to catalyze
the reduction of diluted CO,, although a challenging task, and it
offered better performance even at 30% and 15% CO, concen-
trations paving superior performance of Ni-N-C for CO,RR
in applied conditions.

In addition to the Ni species that have been individualized as
active sites for CO,RR, unique cobalt SACs are also being testified
for enhancing CO,RR activity. For instance, Lee and his fellow
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Figure 17. a) General fabrication of SACs with different metal centers from MTV-MOFs, b) FEco, ) TOF for SACs with different metal centers at low
pressure CO,RR. Reproduced with permission.???! Copyright 2020, Wiley-VCH.

Small Struct. 2022, 3, 2100090

2100090 (22 of 36)

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

researchers set up a series of Co monoatomic electrocatalysts with
varying numbers of N coordination by regulating the CN under
varying carbonization atmospheres.”*® In assessing the perfor-
mance in electrochemical CO, reduction, it was found that Co sin-
gle atomic centers coordinated with two N atoms showed better
performance with 94% FEco and 18.1 mA cm ™2 current density
at 0.52 V overpotential, as compared with other N-CNs. This proj-
ect demonstrates the key role of regulating coordination in active
spaces in the activation of catalyst performance. In addition, Li and
coworkers reported Co-SACs affixed in hollow porous carbon
spheres derived from N-polymers to CO,RR.**) These Co-
SACs improved the activity to 15.5 times in comparison with
cobalt phthalocyanine (CoPC) and exhibited good performance
with high FEco (90%) at potential from —0.57 to —0.88 V. The
experimental results and DFT measurements have shown that
the proposed Co—Njs sites contributed mainly for activating CO,
the rapid formation of important *COOH and CO desorption.
In addition, Cu-SACs affixed on N-doped porous carbon
(CuSAs/TCNF) were synthesized using electrospinned nanofibers
of Cu/ZIF-8 and polymer as a Cu, N, and C source.’* The
CO,RR performance of as prepared CuSAs/TCNF showed better
selectivity toward methanol production (FE=44%) having
93 mA cm™? of current density (Figure 18a—c).

Recently, Li’s group also reported an MOF-derived Bi SAC, and
claimed that Bi—N, centers are real active sites to activate CO, and
producing COOH* intermediates with a lower free energy barrier.
The catalyst has a strong internal activity to reduce CO, into CO,
with high Faradic efficiency (FEco up to 97%) and 5535h™" of
TOF with a low potential of 0.39 V versus RHE.'*®

The most accepted fact is that CO,RR mainly involves several
steps including CO,-adsorption, intermediates creation, produc-
tion of final products, and desorption of reaction products.** It
is urgent to understand the reaction mechanisms for further
development of catalytic materials and the best way for this
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understanding is in situ spectroscopic observations. For this pur-
pose, some in situ techniques for characterization along with the-
oretical/computational studies, have been generally utilized to
investigate the variation in valence states of metal ions, together
with insitu intermediates formed during the electrochemical
CO,RR pathway.?>>~228]

Pan et al**’! conveyed that the electronic configuration of
metal single atomic active sites can change during the reaction,
and the electrocatalytic performances are closely correlated to the
electronic structure. For example, in CO,RR, by in situ XAS, the
peaks associated with Co K-edge XANES were shifted to higher
energy during the reduction process at —0.66 to —0.79 V than
that of ex situ, suggesting the increment in the valence of Co dur-
ing CO,RR process. During the further higher potential (—0.88),
the FEco is decreased and corresponding Co K-edge spectra
showed a noticeable shift, indicating that fixed electronic struc-
ture has significance in CO,RR catalysis.

Usually, the presence of a single metal atom is considered as
an active site for CO,RR, however, the surrounding environment
of these active sites also has some impact on the overall perfor-
mance of the catalysts. For example, Zhang et al.*” justified this
effect and showed that iron coordinated with five N atoms (FeNs
SACs) has better performance for CO,RR (FEco = 97%) as com-
pared with that of FeN, active sites. In addition, the DFT calcu-
lations further illuminated that the edged M—-N, ,-Cg, which
connect two adjacent layers of graphite in the shape of an arm-
chair, are more active for CO,RR than the massively recom-
mended M-N,—C;, moieties that are compactly encapsulated
into the graphitic layers.”**! A similar type of active sites is also
recently reported by Pan et al. via exploring the activity and active
sites of Ni-N-C for the CO,RR.”*! Atomically dispersed Ni
atom, which was coordinated with N-doped C, was produced
by thermal activation of chemically Ni-doped ZIF-8.
Electrochemical results displayed an increase in internal activity
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Figure 18. a) Proposed reaction pathways of CO,RR on the optimized catalyst, b) comparison of the current density of optimized catalyst (CuSAs/
TCNFs) with other prepared catalysts for C1 product, c) CO, diffusion on the surface of catalysts. Reproduced with permission.'>® Copyright

2019, American Chemical Society.
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and selectivity of Ni-N centers to reduce CO, to CO, providing
the maximum FE (96%) at —0.57 V. DFT calculations predicted
that edged Ni-N,, centers facilitate the C—O bond breakage
forming the *COOH intermediate, whereas the bulk Ni-Ny

are inactive.[3!

6. Microenvironment Modulation of MOF-Derived
Single-Atom Electrocatalysts for CO,RR

Mostly, metal atoms are stabilized on carbon support in isolation,
this carbon support also ensures electrical conductivity for charge
transport and larges surface area to enhance the mass transfer.
Further, heteroatom doping (N, S, P, and O) and defective sites
are also introduced in carbon supports to enhance the stability
and also modify the electronic structure of the central metal
atom. The favorite coordination environment (also microenvi-
ronment) of metal atoms not only enhanced the density of active
sites but also stabilized the isolation by preventing agglomera-
tions of metal atoms.!'’®**2233 This microenvironment, may
be deified as “the specific chemophysical environment of the
metal atom including the coordination and electronic state of
metal as well as the types and number of coordinated atoms”
provides outstanding benefits to attain better performance
following the selectivity and stability for CO,RR. For
example, M-N,C,V, (M =metal, N=N, §, P, O, heteroatoms,
V =vacancy) is considered as the most common structure
(Figure 19) of SACs with excellent performance for electrocatal-
ysis including CO,RR. MOFs are widely considered as excellent
precursors for the synthesis of this type of active site by high-
temperature pyrolysis. The various actives sites can be produced
by tuning the pyrolysis temperature as well as the MOF-based
precursors.

MN,C s
il MN,C,V, kl
MN2.2C 444 MN.C,V, \ \r

Figure 19. Some typical examples of single-atom active sites with the
defined microenvironment.
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6.1. Tuning Nitrogen Atoms Coordinated with Metal

Transition metal with nitrogen showed high activity and selectiv-
ity for CO, and thus provide a platform for the improvement of
future CO,RR materials based on the nitrogen-doped transition
metal catalysts. Tuning the number of coordinated N atoms with
central metal atom by keeping the CN of metal constant, alter the
catalytic performance of the catalysts. Several types of active sites
are reported including M-N,-C,, M-N;-C, M-N, and so on.
Agreeing with previous works,[1¢*16*2% 3 reduction in the num.-
ber of N-atoms coordination can effectively optimize the activity
of CO,RR catalysts. Figure 20a shows Co-coordinated numbers
of N can be adjusted by adjusting the temperature of the pyroly-
sis.*%! By increasing the temperature, several Co''~imidazolate—
Co" linkages were decomposed leading to a change in N—Co
bonds, and therefore obtained active sites are assessed as
Co—N, (x=2, 3, 4). The XRD (Figure 20b) result indicates
the absence of Co NPs and EXFAS spectrum (Figure 20c) shows
that the maximum intensity corresponding to the Co-N
decreases as the number of coordination decreases. In addition,
XANES (Figure 20d) and XPS (Figure 20e) showed that the oxi-
dation state of Co is between 0 and 2+, and also varied with a
change in CN. In the DFT calculations, it was found that the
decrease in the CN of local Co centers resulted in the displace-
ment of the Co d-band center and therefore the stronger *CO,.
bonding, the current and mass density of CO are improved
significantly.

In addition, regulating the local electronic Ni species envi-
ronment can possibly activate the catalytic inactive sites, and
low-valent Ni species, which can facilitate the adsorption and
adsorption process for CO,, which has improved the conversion
of CO, into CO.!*¢*1¢+234 yang and coworkers experimentally
demonstrated this fact by synthesizing Ni(NC)-based electroca-
talysts (Figure 21a—e), containing both isolated Ni atoms and Ni
NPs, by simple Ni-organic frameworks (MOF)-based strategies,
which provide sufficient Ni-N moieties as active sites for
CO,RR.['®! Electrochemical measurements showed a high
CO,RR conversion with 99% FE at —0.75, —0.80V versus
RHE. Significantly high FEco was achieved at simultaneous
current density (j) 40-180mA cm™? in the flow cell and a
remarkable j =160 mA cm ? with a selectivity of 99% FEco.
These findings showed that the surficial N species greatly opti-
mized the electronic configuration of Ni and converts inactive
sites into active sites.

These adjusted Ni-N patterns play a significant part in facili-
tating CO absorption and desorption and concrete the way for the
production of effective nitrogen-based metal materials for
CO,RR.[#2223%] Recently, our group has reported facile protocols
to control the N-CN of central metal atoms in M-N,-type SACs
derived from MOFs!"*8164222] By optimizing pyrolysis tempera-
ture (Figure 22a), the optimum Niga—N,—C with a single Ni atom
coordinated by two nitrogen and carbon atoms shows exceptional
performance and exceeds the object that coordinates Ni center
with multiple N atoms such as Niga2—N3—C and Niga—N,—C.
According to the DFT measurements, the lowermost free energy
barrier for the rate-limiting step and very low desorption energy
(0.47 eV) of *CO Niga—N,—C are responsible for enhanced cata-
lytic activities of all Nigy—N,~C (Figure 22b-d).[*®¥
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Recently, Jiang and coworkers®*®! developed postsynthetic
metal substitution (PSMS) strategy to attain low-coordinated
Ni single-atom electrocatalysts on ZIF-8-derived N-doped carbon
(Figure 23a). This strategy illustrates the filling of Ni atoms in the
Zn vacancies derived from Zn—-N;—C due to easily breakable Zn—
N coordination bonds in acidic media, leaving N-doped carbon
(N-C) with abundant Zn vacancies surrounded by 3 N atoms.
The Ni-N;-C, with single Ni atoms coordinated by 3 N atoms
on the N-doped carbon presents an ultrahigh CO FE up to
95.6 % with a TOF of 1425h ™" at —0.65 V in the electrocatalytic
CO,RR, much better than that of pure N-C and Ni—N,—C involv-
ing Ni-N, sites. Further, Ni-N3-C showed better performance
(CO 90%) as a cathode in Zn—-CO, battery (Figure 23b,c) and
excellent stability.

The density of active sites, i.e., the distance between single
metal atoms also affects the selectivity of the product. For
instance, Guan et al.*® discussed the effect of concentration
of Cu in Cu-N, catalysts, the results demonstrated that high
Cu concentration (4.9%,,01), active sites close to each other,
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empowers coupling of C-C and produces ethylene. However,
CH, was obtained by reducing the concentration of Cu species
lower than 2.4%,,,., as a result, the formation of C1 product was
favored because of an enlarged distance between Cu-N, spe-
cies.”**! The DFT calculations auxiliary explained the aptitude
of ethylene generation via two CO intermediates binding on
two adjacent Cu-N, sites, whereas the adjacent Cu-N,, single
Cu-Ny4, and Cu-N, sites directed to the CH,4 production. The
Cu-N, active sites were tuned by simple pyrolysis of Cu-MOF
in the presence of dicyandiamide (N source) at a different tem-
perature, the synthesis protocol is shown in Figure 24a—c.

6.2. Fine Tuning the Coordinating Atoms

In addition to the CN of central metal atoms, the type of coordi-
nated atoms is also highly important in regulating CO,RR per-
formance."**??! Similarly, Fan et al.***! described the effect of
coordinated N atoms with the central metal atom (Ni) and found
that pyrrolic-N (Ni@Nj3) is more efficient as compared to its
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Copyright 2020, American Chemical Society.

counterpart pyridinic-N(Ni@N3). The CO,RR results showed
more than 90% FE, 12000h~! TOF, and 10 600 mA rng_1 of
metal mass activity. The DFT calculations further confirmed
the experimental results and showed that theNi@Nj3(pyridinic)
and Ni(111) active sites are associated with extremely endother-
mic free energy changes, representing that these sites are easily
poisoned by *CO, thus not appropriate for CO,RR. Though, the
Ni@N; (pyrrolic) exhibited a —0.03 eV of free energy change,
indicating the easy CO desorption. Furthermore, the more neg-
ative free energy on Ni@N;(pyrrolic) for *COOH than that of *H
eased the thermodynamic conversion of CO,-to-CO.?** In addi-
tion to this, different heteroatoms directly coordinated with cen-
tral metal atoms also alter the electronic configurations and
definitely affect the catalytic performance. For instance, Yang
and coworkers"®? synthesized Ni-based catalysts named
single-Ni-atom catalyst with sulfur-doped graphitic nitride
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n [163]

(A-Ni-NSG), in which Ni atoms directly coordinated with dual
heteroatoms (N, S) showed fragile electronegativity than that of
N-pyrrolic present in Ni(II) Pc, ensuing Ni(I) with d° electronic
configuration. Dual-coordinated metal (Ni) atoms with low-valent
Ni(I) have been shown as effective for CO,RR with high current
density, TOF and FEco of 350 A/gcatayst: 14 800/h, and 97%,
respectively, at only 0.61 V overpotential. Furthermore, an alter-
native strategy to influence the electronic configuration of metal
atoms is the introduction of additional metal atoms to form iso-
lated dual-atom active sites and this has been proven to be a strong
approach for changing the catalytic process by breaking down
energy barriers within CO,RR. This strategy was successfully
applied by Ren et al. and described Ni/Fe-N—C catalyst with single
Fe-Ni active sites.'"?) The Ni/Fe-N-C was found considerably
superior for the electrocatalytic CO, conversion into CO, with a
higher current density than that of Fe-N-C and Ni-N-C.
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Following the DFT calculations, the rate-determining steps on the
Fe-N-C and Ni-N-C catalysts are the desorption of CO and for-
mation of *COOH. For dual-atomic catalyst (Ni/Fe-N-C), the CO,
is reduced in CO with the formation of CO bridged type Ni(CO)
Fe-N-C, thereby reducing the energy barrier to *COOH forma-
tion, resulting in an enhanced catalytic performance at the Ni—
Fe dual-atomic active sites for CO,RR. These studies suggest that
tuning the coordinating atoms can alter the catalytic performance.
There are more studies required to evaluate the optimal effect of
coordinating atoms for practical applications.

6.3. Vacancy-Defect Engineering

The vacancy-defect engineering or introducing defects in metal-
lic sites as well as in the catalytic supports are considered as alter-
native techniques for enhancing performance by improving CO,
adsorption.2%8237-241) Several strategies are reported for intro-
ducing the defects including the doping of heteroatoms in the
carbon support (environmental modulation) or removing the
weak coordinated atoms of central metal. For example, very
recently, Rong et al.?*?! established a controlled methodology
for synthesizing Ni-based catalysts with defective vacancy round
the Ni—-N3-V active sites by gradually removing the oxygen—Ni
weaker bond under high temperature (800 °C) pyrolysis. The
vacancy-defect Ni-N3;—V SACs boosted the CO,RR activity with
90% FE, much better than that of no-vacancy-defect Ni-N, SAC.
The DFT and experimental outcomes showed that vacancies have
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a strong influence on enhancing the performance of Ni-N;-V
active sites, indicating the benefits of introducing defects in
improving the electrocatalytic performance. In addition, defects
around M-N,, can also have a crucial role in catalytic activity.**”!
Defective vacancies in metals, as shown in Figure 25a—c, were
used as models for calculating the free energies of two competi-
tive reactions (HER and CO,RR), including NiN,, NiNj;, NiN;V,
and NiN,V,, the free energy for “COOH was found highest on
Ni-Ny active sites indicating the desorption of *CO is the most
difficult, whereas Ni-N3-V indicating the high activity for
CO,RR.Z37)

In addition to the defects in metal-N centers, Qin et al 1238l
used Fe metal centers to study the effect of defect engineering
in support, and insitu fourier transform infrared spectroscopy
(FTIR) studies were supported by DFT calculations to identify
the actual active sites for CO,RR. The results indicated that active
sites (Fe-N,4) embedded in the defective carbon layers are more
effective for CO,-to-CO conversion (Figure 26a). In contrast, Fe-
centers (Fe—N,) affixed to the perfect graphite layer revealed CO
poisoning effect due to strong CO adsorption. These consequen-
ces encouraged researchers to develop in-depth understanding
toward the local environment of metal centers. As porosity in
support may also improve mass transfer and CO,RR kinetics
along with more efficient metal centers on the porous edge of
supporting materials, it is valuable for designing more porous
supports. Cheng et al.”*”! fabricated an USA tip-anchored Ni

SAC on graphene oxide (referred to as Ni-N-MEGO having
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6.9 wt% Ni contents) and evaluated CO,RR activity. Figure 26b
further shows that the individual Ni centers were largely
anchored at the edges and served as main active sites. The
DFT measurement proposed that nickel atoms having USA N
species have high efficiency for reducing CO, as compared with
located in-plane assemblies (Figure 26c).

7. Conclusion and Future Outlook

MOFs have been developed rapidly as promising materials to
replace conventional catalysts. Among others, MOFs are also
considered as potential candidates for electrocatalysis of carbon
dioxide, which is alarming greenhouse gas for human society.
CO, can be converted into various useful products but the selec-
tivity and activity of a catalyst toward a specific product are mainly
dependent on the nature of active sites present in the catalyst. In
MOF, metal centers are usually considered as catalytic active sites
and ligands facilitate the conversion process. The catalytic
performance of pristine MOFs can be further enhanced by using
various strategies, such as tuning/changing the ligand, encapsu-
lation of active metal centers and/or modifying the electronic
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structure. The porous structure of MOFs facilitates mass trans-
port and a high surface area with dispersed metallic nodes can
provide an enhanced number of active sites.**’] Even
with amazing improvements in the CO,RR performance by
MOF-based electrocatalysts, there are still some challenges for
practical applications. The inherited limited conductivity, chemi-
cal stability, and short mass permeability due to microporous
structure, hindered the MOFs for commercial applications.
The conductivity and stability are severe problems for MOFs, par-
ticularly with the very negative potential commonly used in
CO,RR, more negative than the reduction potential of many met-
als utilized in MOF preparation. The studies also showed that the
inherited conductivity of MOFs can also be enhanced by
compositing with conductive materials or capturing the MOFs
on conductive supports. Nevertheless, simple analysis pageants
that many MOFs are indeed unstable during the reduction pro-
cess of carbon dioxide in aqueous electrolytes at highly negative
potentials. Therefore, the metal NPs produced by reducing MOFs
worked as electrocatalysts for CO,RR. Consequently, the stability
of MOF-based catalysts is a critical issue to be resolved.

In this aspect, an easy approach is to convert MOFs into stable
and electrically conductive materials having featured
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characteristics of MOFs such as porous structure, high surface
area, and fully dispersed metallic active sites. Currently, two
main strategies are being applied for conversion of MOFs,
i.e., electrical conversion and thermal conversion, the latter is
a more appealing and widely used technique. MOF-derived cata-
lysts attract rather more attention for electrocatalysis, because of
their high mass transportation ability (porous structure), widely
dispersed actives sites (high surface area), and conductivity (het-
eroatom-doped carbons). The MOF-derived electrocatalysts can
be termed as, metal oxides, metal NPs on carbon supports,
metal-coordinated N-doped carbons such as SACs, metal-free
electrocatalysts, and nanocomposites on the basis of structure
and functional properties.

Despite the appealing developments in the MOF-based/-
derived materials for electrocatalytic CO2RR, there are still exist-
ing challenges for using MOFs for CO,RR including but not lim-
ited to: 1) For pristine MOFs, the electrical conductivity and
stability of MOFs should be carefully evaluated and proper strat-
egies should be established that could warrant these factors. The
results indicate that pristine-MOFs are reduced/oxidized during
electrocatalytic reduction of carbon dioxide. An intuitive and
accurate model that can describe the actual structure—activity
relationship is urgently required for the design and development
of pristine MOF for electrochemical reduction of CO,. To
resume these issues, researchers should do efforts in the future
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regarding the use of MOFs for CO,RR. a) more conductive
MOFs should be prepared to facilitate the rapid charge transfer.
b) the mass transportation problem can be resolved by develop-
ing hierarchical porous or ultrathin foliated structures. c) the sta-
bility problem should be resolved by preparing/improving the
thermal, mechanical or chemical stability of MOFs, because
the structural and chemical stabilities are major contributors
for electrocatalytic performance. 2) There are extensive opportu-
nities to explore MOF composites for CO,RR, very few literatures
are available. The MOF composites with other crystalline porous
materials including MOF-MOF and MOF-COF composites for
electrocatalytic reduction of CO, may have great potential.
Further, research should be focused on this specific field,
because MOF has wide diversity to in the synthetic protocols
for MOF/COF@MOF core-shell structures. 3) Most of studied
catalysts are yet to be commercialized, but the high cost of pre-
cursors is also an obstacle. Costly ligands (porphyrins) and
organic solvents (DMF) are used for the synthesis of MOFs,
which made this technology economically unaffordable.
Therefore, the researchers should also have to consider the cost
factor in future research to discover cost-effective MOFs for com-
mercial use. 4) MOF-derived catalysts showed a strong structure—
activity relationship and the coordination atmosphere as well as
CN of active sites (usually metal) have a significant impact on the
performance of catalysts. Among all, metal-coordinated N-doped
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carbons with single-atom active sites are considered as better cat-
alysts for CO,RR. Therefore, advanced spectroscopic techniques
such as high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), extended X-ray absorption
fine structure (EXAFS), electron energy loss spectroscopy (EELS),
X-ray absorption near edge structure (XANES), and X-ray photo-
electron spectroscopy (XPS), etc. are being used to reveal the
actual structure of active sites. Though, DFT calculations have
resolved the puzzle by identifying various active sites for differ-
ent materials. Some in situ studies also revealed the structure
changes during the electrocatalytic CO,RR process under various
ranges of applied potential, which showed that in situ active sites
are relatively different than that of ex situ. Consequently, it is rec-
ommended that more in situ spectroscopic techniques should be
applied to monitor the structural changes during the CO,RR pro-
cess and this would be helpful for the optimization of catalysts
for commercial applications. 5) Moreover, it can be noted that
high loadings of metal contents do not essentially guarantee high
performance, probably a significant number of metal atoms
encased in carbon materials with low availability for reacting spe-
cies. Catalytic activities of SACs are therefore mainly related to
the metal atoms affixed on the available surface. In addition, the
high surface energy of individually isolated metal atoms also
poses a major challenge for the stability of SACs. For selective
control of the reaction pathways, the central descriptors and bind-
ing energy of intermediate products must be assumed first and
the rational design of a catalyst must be established on the basis
of these descriptors. The electrocatalytic capacity primarily
depends upon the internal environment (intrinsic active sites)
of material. But it can also be altered via structure engineering
with doping, alloying, and changing the morphology. 6) Most
MOF-derived catalysts used for CO,RR are limited to ZIF-8,
or some simple MOFs. The other MOFs should be used to fur-
ther explore the potential of MOF-derived electrocatalysts. Using
MOFs with different morphologies and porosities may give a
suitable control to the activity and selectivity of reaction.
Withstanding these challenges, the achievements thus far
looks very promising and clear from this review that MOF-
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Figure 27. Major research outputs in MOF-based/-derived electrocata-
lysts for CO,RR.
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based/derived catalysts approach for CO,RR is still in its early
stage. In short, MOFs are emerging materials for CO,RR, several
major breakthroughs along this direction are shown in Figure 27
and much more are still to be discovered. The continues efforts
are required for developments in this regard, there are great
opportunities to achieve controlled synthesis for selective
catalysis.
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