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Electrochemical reduction of CO, into fuel/high-value chemicals using electricity generated from
renewable energy is one of the most promising ways to achieve carbon neutrality. Recently, metal-
organic frameworks (MOFs)-derived materials, originating from the MOF architecture, show competitive

performance as electrocatalysts in CO, reduction. This review systematically summarizes several
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synthesis strategies to fabricate diverse and functional MOF-derived materials including pyrolysis,
precursor regulation, post-modification and other synthesis. Additionally, the application of MOF-derived
materials in the ECO,RR is classified in detail according to the reduction products. Eventually, some

challenges and prospects of the synthesis of MOF-derived electrocatalysts and their application in

rsc.li/frontiers-materials ECO5RR are presented.

1. Introduction

CO, is one of the greenhouse gases from fossil fuel combustion,
which causes global warming and destroys the ecosystem, even
endangering human health. Therefore, the utilization of CO, is
a hotspot that people are currently concerned about. However,
CO, conversion requires high energy due to the thermody-
namic and kinetic stability of CO,; thus, the development of
efficient catalysts is a promising strategy to harness CO, as a
resource.’ Electrocatalytic CO, reduction is a promising
reduction strategy that uses renewable electricity to convert
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CO, into high value-added products.® At the same time,
electrocatalysis has attracted extensive attention from research-
ers due to its unique advantages among many transformation
pathways.

Metal-organic frameworks (MOFs) are a type of porous
materials composed of metal ions or clusters as nodes and
multidentate organic compounds as linkers. Due to their
special structure and composition, MOFs and their composite
have advantages including highly crystallinity, high porosity
and specific surface area, mechanically tunable pore surface,
designable framework, and structure diversity, which have been
widely used in luminescence, host-guest recognition, adsorp-
tion/separation, magnetic materials, energy conversion/sto-
rage, catalysis, and other fields.""> Among them, the
application of MOFs as catalysts has attracted increasing atten-
tion. The high specific surface area of MOFs exposes more
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catalytic active sites, while the ultra-high pore and framework
configuration promote the transport efficiency of reactants to
the active sites, which is an advantage that many traditional
catalysts do not have.'®*® Benefiting from these unique physi-
cal and chemical properties, MOFs are used as electrocatalysts
or catalyst supports for the electroreduction of CO,. For exam-
ple, in 2012, a copper rubeanate metal organic framework was
first reported for use as an electrocatalyst in CO, reduction,
which showed a more positive onset potential than metal Cu in
CO, saturated solution, and produced almost pure HCOOH
(faradaic efficiency higher than 98%)."°

However, the poor electronic conductivity and structural
stability of MOFs hinder their industrial application in CO,
electrocatalysis to some extent. To solve this problem, MOFs
have been used as precursors or templates for the preparation
of MOF-derived electrocatalysts. In 2008, Xu et al. obtained
nanoporous carbon materials firstly by calcining MOF-5.
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Compared with pristine MOF, the new carbon materials has
higher specific surface area, large pore volume, and good
capacitance characteristics, which are used as electrode materi-
als for electrochemical double-layer capacitors.”® MOF-derived
materials maintain the advantages of MOFs including high
surface area and porosity, meanwhile modifying the chemical
and thermal stability of original MOFs. In addition, more
diverse and functional materials are obtained by changing
the conditions of pyrolysis or post-modification, which is help-
ful to expand the diversity and application of MOF
materials.”’ > Some representative MOFs such as ZIF-8, ZIF-
67, HKUST-1, MOF-5, Bi-BTB (CAU-7), MIL-101, and some
composite materials** > are listed in Fig. 1, which are often
used to synthesize MOF-derived materials. In this review, the
main synthesis strategies for MOF-derived materials as well as
their application in CO,RR are systematically summarized. We
divide the synthesis methods of MOF-derived materials into
four parts, including direct pyrolysis of pristine MOFs, pyrolysis
of MOF composite, post-modification of MOF-derived materi-
als, and other synthesis methods. Representative examples are
given to illustrate the purpose and advantages of each synthesis
method. In addition, the application of MOF-derived materials
as catalysts for the electrochemical reduction of CO, according
to the classification of reduction products are discussed and
summarized, such as Cy, C,, and C,, products. It is hoped that
this review will provide a valuable reference for researchers
concerned in this field and accelerate the innovative and
industrial application of MOF-derived materials in CO,RR.

2. Synthesis strategies for MOF-
derived materials
2.1 Direct pyrolysis of pristine MOFs

In general, MOFs are directly calcined to obtain functional
MOF-derived materials without templates and complicated
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Fig. 1 Some representative MOFs and MOF-related materials are used to
synthesize MOF-derived materials.

synthesis steps. Due to its simplicity and rapidity, direct
pyrolysis method is widely used for the synthesis of various
MOF-derived materials, such as porous carbon materials,
mono/multi-metallic compounds, single-site catalysts, and
their composites.>”>°

MOFs have diverse framework structures, high surface area,
controllable pore structure, as well as morphology. MOF-
derived carbon materials always retain the original structure
and morphology of pristine MOFs after calcination, which can
broaden the structure and properties of carbon materials. At
the same time, the direct calcination of MOFs overcomes the
disadvantage that porous carbon materials usually require a
large number of complex synthesis steps.**> Therefore, MOFs
are often used as ideal precursors for the preparation of porous
carbon materials. The typical synthesis method is carboniza-
tion under proper atmosphere (mainly N, and Ar) at a specific
temperature, followed by simple acid treatment or evaporation
of metal atoms at high temperature to obtain the MOF-derived
materials. It is well known that Zn has a low boiling point
(907 °C); when Zn-based MOF is calcined at high temperature,
ZnO is completely removed by the reduction of organic ligands
to metal during carbonization. Thus, MOF-5,”° ZIF-8,>* ZIF-68,
ZIF-69,** IRMOF-3, IRMOF-8,%° and other Zn-based MOFs are
used as precursors for the synthesis of porous carbon materials.
On the other hand, MOFs composed of other metal ions (non-
Zn transition metal elements such as Co, Cr, and Fe and some
main group metal elements such as Al) and organic ligands are
also used as precursors to produce metal-free porous carbon
materials after carbonization and acid treatment. For example,
Yusuke Yamauchi et al successfully obtained nanoporous
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carbon materials with high surface area and large pore volume
by calcining and acid treatment using typical Al-based MOF (Al-
PCP).’® By the treatment of HF, Al,O; generated at high
temperature was removed. In particular, the material obtained
by calcination at 800 °C has a surface area of up to 5500 m* g~ *
and an average pore volume of 4.3 cm® g~ ', which can be
applied to catalysis and adsorption.

In general, MOFs contain metal nodes and organic ligands
with specific functional groups (-NH,, -SO;H, —-CN, etc.); there-
fore, heteroatom-doped carbon materials are obtained by con-
trolling the temperature and reaction time during pyrolysis. In
particular, ZIF is a class of zeolite-like MOF material formed by
the coordination of Zn** or Co®" metal ions and organic
imidazole ligands, in which N-containing imidazole ligands
are used as the precursor of N-doped carbon materials. For
example, ZIF-8 was prepared by 2-methylimidazole containing
N as an organic ligand and Zn>", and ZIF-8 derived N-doped C/
ZIF composites was obtained by the pyrolysis of ZIF-8 from
600 °C to 1000 °C for 3 h under Ar atmosphere.’” When the
temperature was close to the boiling point of Zn, Zn was
evaporated and the content was reduced. Pure N-doped porous
carbon materials were obtained after HCl cleaning. The N
species were pyrrole N and pyridine N atoms. The use of ZIF-
8 as a template and precursor contributed to the uniform
distribution of N species throughout the material.

In addition to pyrolysis in an inert atmosphere, MOFs are
also used for pyrolysis in oxygen or air, where non-metallic
atoms such as C, N, and O in the organic ligands are oxidized to
gases, ultimately yielding MOF-derived metal oxides. In con-
trast to metal oxides prepared by conventional methods, the
framework structure of the MOF avoids aggregation/degrada-
tion and enhances the catalytic activity of the catalyst.*®>°
Salunkhe et al. found that the high temperature pyrolysis of
ZIF-67 in an inert atmosphere followed by acid treatment
yielded nanoporous carbon materials, while pyrolysis at
500 °C under N, atmosphere for 30 min followed by thermal
treatment at a lower temperature of 350 °C in air atmosphere
for 2 h yielded nanoporous Co;0,4.*> The morphology of MOF-
derived materials is usually affected by the original MOF;
therefore, the pyrolysis of Co-MOF with different morphologies
can yield CozO, with different morphologies. The product
obtained from the pyrolysis of ZIF-67 at lower temperatures is
a spherical dodecahedron (Fig. 2a), while the Co;0, sample
prepared using Co;(NDC);(DMF), as a template and pyrolyzing
at 600 °C for 1 h in air formed an agglomerated nanostructure
(Fig. 2b), in which large particles with an average size of about
250 nm are composed of small particles with a size of about
25 nm in a densely stacked way.*" Li et al. pyrolyzed MOF-71 at
a relatively low temperature to obtain mesoporous nanostruc-
tured Co;0,** (Fig. 2c), which had a high specific surface area
and small size, exhibited significantly improved electrochemi-
cal properties, and also had excellent cycling stability. Interest-
ingly, porous shell cage Co;O, could be obtained by the
pyrolysis of Prussian blue analogue (PBA) Co3[Co(CN)¢], at
400 °C (Fig. 2d) due to the generation and release of internal
CO, and N,cOy.43 The flexible and variable synthesis conditions
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Fig. 2 The synthetic routes of CosO,4 synthesized by (a) ZIF-67. Reproduced from ref. 40 with permission from American Chemical Society, copyright
2015. (b) Cos(NDC)s(DMF),. Reproduced from ref. 41 with permission from Elsevier, copyright 2010. (c) MOF-71. Reproduced from ref. 42 with
permission from Royal Society of Chemistry, copyright 2015. (d) (PBA) Coz[Co(CN)el, with different morphologies. Reproduced from ref. 43 with

permission from John Wiley and Sons, copyright 2012.

endow MOF-derived metal oxides with more diverse morphol-
ogy and crystal structure, which also regulates the mass trans-
fer in the catalytic process and the chemical environment
around the active site, thus influencing the selectivity and
activity of the catalysts.**"?

It was widely known that Cu’ and Cu” were generally
considered as the active sites for the formation of CH, and
CO, respectively, and obtained higher content of C, or C,.
products in a certain proportion. Also, the change of oxidation
state of other elements effected the reaction mechanism and
thus changed the product distribution.*®™*® For example, the
oxidation number of the obtained metal oxide also could be
adjusted by controlling the reaction conditions during the
pyrolysis of MOFs. For example, MIL-88-Fe was used as a
template to prepare spindle-type mesoporous o-Fe,O; and
magnetite Fe;0,.*° If there is organic residue on the surface
of o-Fe,O;, hematite formed after two steps of calcination,
including calcination in air for 50 min and calcination in N,
at a higher temperature in turn,’ in which, the organic residue
obtained by the first incomplete calcination was used as a
reducing agent for the reduction of Fe** to Fe*" in the second
step of calcination under an inert atmosphere.

Compared with single metal oxide catalysts, multi-metal
oxide catalysts exhibit superior catalytic activity due to the
synergistic effect of multiple components. Multi-metallic oxides
and their composites are easily prepared by the direct pyrolysis
of polymetallic MOFs, in which the metal nodes can be con-
verted into metal oxides and organic ligands into carbon
materials during carbonization, such as graphene and CNT
(carbon nano tube). This makes the MOF-derived materials
more functional.>’>* For example, Wu et al. transformed the
bimetallic zeolite imidazole skeletons Zn—-Co-ZIFs, which were

6110 | Mater. Chem. Front., 2023, 7, 6107-6129

converted by 2-methylimidazole and Co/Zn ions to spinel
Zn,Co;_,O, hollow dodecahedra.’® Porous carbon-coated
CuCo,0, concave polyhedral composites were obtained by the
pyrolysis of ZIF-8 analogue Cu-Co-ZIF at 500 °C for 2 h under Ar
atmosphere.’® Jia et al. obtained NiC0,0,/CoO/CNTs compo-
sites with excellent performance in the field of biosensing by
the pyrolysis of NiCo-MOF.>®

Recently, single-site catalysts have shown great application
prospects because of their unique catalytic properties and
maximum metal utilization efficiency. MOF with well-defined
skeletons was prepared by uniformly dispersed metal nodes
and heteroatoms such as N, S, and O as anchor sites, which
were ideal precursors for single-site catalysts.>’"*® Ma et al.
prepared a Co single-site catalysts using Co ions in which
uniformly distributed CoN,/C catalytic centers were con-
structed by the pyrolysis of the cobalt imidazole skeleton and
acid treatment.®" Zn-containing bimetallic MOF is often used
as a precursor for the preparation of M-N-C single-site catalyst.
Zn acts as a sacrificial metal to increase the spacing between
adjacent metal atoms and reduce agglomeration. For example,
Zn ions were used as a “fence” to control the space distance
between Co ions during the pyrolysis of Zn/Co bimetallic MOF.
Zn ions were reduced to Zn atoms with low boiling point and
evaporated, free N sites were generated during pyrolysis, and
organic ligands were also reduced to Co ions.®> At this time, the
stable Co atoms of N-doped porous carbon were confirmed to
be atomically dispersed, without Co clusters and small crystals,
and the Co loading was more than 4 wt%. The addition of Zn
controlled the spatial separation between Co atoms and stabi-
lized the separated Co single-site after evaporation at high
temperature. Compared to ZIF-67 without Zn addition, Co
NPs were obtained after pyrolysis.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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2.2 Pyrolysis of MOF composite

Although MOF-derived materials show great performance in
various applications, it is easy for the framework of MOF to
collapse and lose the original crystal topology during direct
calcination. In addition, the materials derived from pyrolysis
largely depend on the type and structure of the MOF precur-
sors, which limits the performance of the resulting catalysts.
Considering the need for different compositions and properties
of catalysts in actual catalytic reactions, MOFs are modified by
adding other substances prior to pyrolysis. MOF composites
combine MOF with one or more different functional materials
to obtain new physical and chemical properties and enhanced
properties by manipulating the electronic and chemical struc-
ture, which are not obtained by MOF alone.®*®’

In general, MOFs contain a large amount of carbon and do
not require the introduction of an additional carbon source,
but in most cases, the performance of the sample is con-
strained. Previous studies have shown that the addition of
additional carbon sources as additives can improve the porous
structure of carbon materials and sometimes provided higher
surface area than the porous carbon generated without an
additional carbon source.**®® Organics such as glucose, fur-
furyl alcohol (FA), xylitol, glycerol, ethylene glycol, ethylenedia-
mine, melamine, and phenolic resin have been used as carbon
precursors.®”’® For example, Al-PCP was used as a carbon
source and FA as a secondary carbon source for carbonization
by Yusuke Yamauchi’s team; it was found that higher the
furfuryl alcohol loading, larger the BET surface area of the
porous carbon materials, and the Al-PCP/FA composites with
the highest furfuryl alcohol content showed obvious mesopores
after calcination treatment.®® Hu et al. found that the porous
carbon material obtained by the calcination of MOF-5 without
the addition of other carbon sources could be identified to
include both microporous and small mesoporous (2-3 nm)
regions, and after adding carbon tetrachloride and ethylene-
diamine as additional carbon sources, the obtained porous
carbon material had obvious microporous characteristics.®®
After the addition of phenolic resin, the pore size range from
micropore to macropore was observed.

In order to achieve more diverse MOF derivative materials,
heteroatoms are introduced during pyrolysis. Metal heteroatom
sources such as Fe, Co, and Cu and non-metal sources such as N,
P, S, and Se are introduced externally. One of its most widespread
applications is the preparation of single-site and multi-site cata-
lysts using external metal sources; at the same time, the introduc-
tion of heteroatom doping is also conducive to the regulation of
the electronic structure of the material.”"”* For example, when
the synthesized ZIF-8 was dispersed in n-hexane, the aqueous
solution of Ni ions was introduced by the double solvent method
in which the Ni precursor entered the pores of ZIF-8; when
pyrolyzed at 1000 °C, Zn evaporated, leaving N-rich defects as
anchor sites occupied by neighboring Ni ions, resulting in atom-
ically dispersed single Ni sites catalyst.”®

Bi-MOF and dicyandiamide (DCD) was also used to prepare
highly dispersed Bi single-site catalyst.”® Compared with the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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catalyst without the addition of DCD, Bi clusters were formed
on the support (Bi Cs/NC) at the pyrolysis temperature of
1000 °C. Further studies on the electronic structure and coor-
dination environment of Bi single-site catalyst suggested that
the local structure of the Bi atom was coordinated by four N
atoms. As a nitrogen source, DCD decomposed and released
ammonia during pyrolysis, which increased the doping of N
species in the carbon network, and the coordination of N with
Bi further promoted the atomization of Bi NPs, which played an
important role in the synthesis of Bi single-site catalyst.

In order to improve the catalytic activity of single-site
catalysts, it is necessary to avoid the aggregation of active sites
while increasing the density of active sites. He et al. used
surfactant F127 block copolymer as a capping agent to assist
bimetallic MOF to prepare Co-N, with high Co loading,”
wherein Zn®>" and Co®" in Co-Zn-ZIF coordinated with the
hydrophilic groups of the surfactant, MOF nanocrystals were
wrapped by the surfactant to slow down the growth rate of the
crystal for controlling the size and morphology, and the size of
the particle decreased when the molecular weight of the
surfactant increased. During the pyrolysis process, the surfac-
tant was firstly carbonized and coated on the surface of the Co-
Zn-ZIF polyhedron, and the Co-Zn-ZIF was carbonized with
increasing temperature. The cohesive interaction between
them led to a unique confinement effect, which effectively
inhibited the agglomeration of Co atoms and the collapse of
the microporous carbon structure in the MOF during pyrolysis;
thus, the final product had a higher density of Co-N, active
sites than that prepared without the surfactant.

The core-shell structure is assembled by chemical bonds or
other forces between different materials. It can often integrate
various materials together and thus exhibit synergistic effects,
with products formed at one catalytic site and passed to
another. Sometimes the core and shell interact to produce
new functions. At the same time, the shell plays a protective
role to improve the stability of the catalyst and prevent the
catalyst from aggregating, and the wrapping of the shell can
also enrich the reactants inside."”® Pyrolysis after the introduc-
tion of the second component on MOF is an effective synthesis
strategy for the preparation of core-shell structure catalysts; as
a classic example, Liu et al. epitaxially grew ZIF-67 on ZIF-8
polyhedral nanoparticles to obtain ZIF-8@ZIF-67 composites
with a core-shell structure (Fig. 3a), in which ZIF-8 acted as the
crystal seeds of ZIF-67, with similar isoreticular structure and
cell parameters. The composite was carbonized and acid-
treated to obtain an inner shell of ZIF-8-derived N-doped
microporous carbon and an outer shell of ZIF-67-derived Co-
modified N-doped mesoporous graphitic carbon, which was
denoted as NC@Co-NGC DSNCs.” In the hollow structure of
Co-NGC, the inner pore of the catalyst had high accessibility to
the reactants, which ensured their rapid reaction and diffusion
rather than aggregation, which lead to the high utilization of
the active sites. Meanwhile, graphitic carbon also endowed the
material with excellent conductivity.

Poly(cyclotriphosphazene-Co-4,4’-sulfonyldiphenol)  (PZS)
was used as carbon, nitrogen, phosphorus, and sulfur source

Mater. Chem. Front., 2023, 7, 6107-6129 | 6111
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to coat the surface of ZIF-67 to form a core-shell composite
ZIF-67@PZS (Fig. 3b).*° Nitrogen, phosphorus, and sulfur
atoms were dispersed in the PZS at the atomic scale so that
the atomic-level doping of the three heteroatoms was achieved
in the carbon shell with ZIF-67 as an additional N doping
source, which decomposed during pyrolysis. Finally, metal
species were removed by acid etching to synthesize a nitrogen,
phosphorus, and sulfur co-doped hollow carbon shell (NPS-
HCS) with a high specific surface area of 1020 m> g~ . The
synthesis of this hollow structure was based on the core-shell
structure of MOF-guest as a template, which provided a basis
for the further preparation of more core-shell materials.
Porous PCN-224 with high surface area was used as a
precursor for the synthesis of FeCo-NPC, in which Co** and
Fe?* were introduced by metallization to obtain cubic PCN-224-
FeCo and prepared FeCo-N-doped hollow porous carbon nano-
cubes FeCo-NPC at high temperature (Fig. 3c). Due to the large
diffusion coefficients of Co, Fe, and the pyrolysis of organic
ligands, the collapse of the structure was well suppressed when
the thickness of the carbon shell reached a critical thickness,
thus forming a hollow structure of porous carbon.*' Zhu et al.
introduced Co ions into the precursor of ZIF-8 to form highly
hollow and defect-rich porous Co-N-doped C nanomaterials
(Co-N/PCNs). When calcined at high temperature, small parti-
cles of Co first formed in the pores of ZIF-8 and migrated to the

outside of the carbon layer (Fig. 3d).*

2.3 Post-modification of MOF-derived materials

Post-modification treatment is also an effective strategy to
improve the structure of the catalysts after the pyrolysis of
MOF to improve the catalytic performance. For example, final
samples with various pore diameters were obtained by activa-
tion. KOH is often used to activate MOF-derived porous carbon
to further regulate the channels and surface doping. ZIF-8
powder was subjected to heat treatment at 900 °C for 2 h under
N, atmosphere, followed by acid treatment to obtain the

6112 | Mater. Chem. Front., 2023, 7, 6107-6129

nanoporous carbon NPC; then, NPC and KOH with the mass
ratio of 1:1 were added into deionized water and sonicated for
1 h.®® After heating and drying at 750 °C for a certain time, the
resultant porous carbon material had a rougher surface com-
pared with the parent NPC nanomaterial, and the roughness
increased with the increase in the KOH activation time. After
1 h of KOH activation, the micropores (1.2 nm) increased and
mesopores (2.3 nm) formed in the NPC-1 sample, and some
micropores (<0.5 nm) appeared. When the KOH activation
time increased to 2 h, the pore size range increased from 1 to
4 nm compared to the NPC-1 sample. When the KOH activation
time increased to 5 h, the pore size (<1 nm) decreased.
Analysis of the results confirmed that KOH activation firstly
generated micropores on the surface of NPC through the
etching reaction between KOH and carbon. The size of the
newly generated micropores increased with the etching reac-
tion, and then the unconnected micropores of the NPC became
larger or merged into new mesopores as the activation time
increased. The mechanism of KOH activation for the enlarged
pore structure in the NPC material was considered as the
etching reaction of carbon in the ZIF-8 derived NPC. The
activation of KOH greatly increased the pore size of the material
and produced abundant defects, thereby providing more
exposed active sites to facilitate mass transport and enhance
the catalytic activity (Fig. 4a and b). However, it is worth noting
that a very long activation time could also lead to the collapse of
the material structure.

Besides, MOF derivatives can be used as supports for
catalysts. NH,-MIL-101(Al), an MOF with a mesoporous cage
structure, was used as a precursor to fabricate a series of N-
doped carbon supports (NC-MIL101-T) with well-defined
mesoporous structures. The NC-MIL101-T support was then
impregnated with the Fe(un)-phenanthroline complex and
heated again to produce the Fe SAC-MIL101-T catalyst. The
catalyst was rich in accessible Fe-N, active sites and had
better mass transfer efficiency, which optimized the catalytic
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Fig. 4 (a) Synthetic route of ZIF-8-derived NPC, (b) SEM for O h, 1 h, 2 h, and 5 h KOH activation, respectively. Reproduced from ref. 83 with permission
from American Chemical Society, copyright 2019. (c) Schematic illustration of the preparation of Fe SAC-MIL101-T, (d) TEM images of Fe NC-MIL101-
1000 (left) and SAC-MIL101-1000 (right). Reproduced from ref. 84 with permission from John Wiley and Sons, copyright 2021. (e) Schematic illustration
of the synthetic strategy for Ni/NPC and Ni/HNC, (f) HAADF-STEM images of Ni/HNC. Reproduced from ref. 26 with permission from Springer Nature,

copyright 2023.

performance.?* Fe-SAC-MIL101-T has a similar rod shape and
pore structure compared to the original MOF, and it had more Fe-
N, sites compared to Fe-MIL-101 pyrolysis alone (Fig. 4c and d).
Yun et al. used Zn-MOF as a precursor to form a core-shell
structure MOF@DA by adding dopamine hydrochloride and
obtained hollow N-doped nanocages (HNC) by calcining at a
temperature close to the boiling point of Zn in an Ar
atmosphere.*® The addition of DA provided more N sites, thereby
maximizing the active site density. The subsequent addition of
nickel salts prevented them from aggregating during the second
step of calcination. The solution containing Ni** was immersed in
HNC and calcined again to obtain Ni-doped HNC with N sites (Ni/
HNC). The hollow structure made most of the metal sites easily
accessible, while the STEM images also proved that the Ni sites
were highly loaded and distributed in isolation (Fig. 4e and f).
Thus, it exhibited a faradaic efficiency of up to 97.2% in CO
generation (—0.7 V vs. RHE), better than that of Ni/NPC.

2.4 Other synthesis strategies

Although pyrolysis is widely used in the synthesis of MOFs
derivatives, it has the disadvantages of high energy consump-
tion, difficulty in the precise control of nanostructure, and easy

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

agglomeration of active sites. Therefore, researchers have devel-
oped some synthesis strategies for the preparation of MOF
derivatives under mild conditions.®®

Prussian blue analogue PBA (Cos[Fe(CN)s],) was a simple
MOF material formed by the coordination of iron and cobalt
ions with CN, which hydrolyzed in alkaline solution to obtain
CeO, nanocubes. The reaction principle was based on the ion
exchange between OH ™ and Fe(CN)g®~. This low-temperature
synthesis route could retain the morphology of the original
MOF under certain conditions. OH™ in alkaline solution under-
went ion exchange with Fe(CN)s*~ firstly at the solid-liquid
interface between the PBA nanocube and the solution, and a
thin layer of Co(OH), formed on the surface of PBA. Secondly,
OH ™ exchanged with Fe(CN)®~, resulting in the precipitation of
Co(OH), clusters on the pre-formed Co(OH), layer and the
formation of a cavity inside the cube. With the increasing in
the thickness of Co(OH),, the ion diffusion rate decreased and
finally formed hollow CoO, nanocubes with porous shells.®®
The surface of the CoO, nanocube became concave and
uneven compared to PBA. The OH ™ concentration in the alkali
solution was found to affect the CoO, nanocube morphology:
high OH™ concentration promoted the reaction, yet a very high
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Fig. 5 (a) TEM image of CoO, obtained by alkali etching for 5 min, 10 min, and 30 min respectively. Reproduced from ref. 86 with permission from
Elsevier, copyright 2015. (b) Right: The electrochemical cell for the electrolysis experiments and proposed mechanism for the formation of MOF-derived
Bi,0,COs. RE is the reference electrode (Ag/AgCl electrode, saturated KCl), CE is the counter electrode (Pt plate, 1 x 1 cm?), and WE is the working
electrode (Bi-BTB deposited on carbon paper electrode). Left: The structure of BiOX (X = Cland Br). Red is O, grey is C, white is H, blue is N, purplish blue
is Bi, and olive is halogen (d is the interlayer distance). Reproduced from ref. 87 with permission from Royal Society of Chemistry, copyright 2020. (c) TEM
of HKUST-1 electrolyzed for 15 min and 120 min, respectively. Reproduced from ref. 89 with permission from John Wiley and Sons, copyright 2021.

concentration caused the collapse of the nanocubes. In situ
TEM characterization monitored the effect of reaction time on
the morphology of the derivatives. After 5 min of chemical
treatment, the cubic shape of PBA remained but the surface
became rough, and after 10 min, the nanocubic morphology
became rough truncated quadrilateral, and some nanocubes
collapsed in 30 min (Fig. 5a).

In addition to alkaline solution hydrolysis, electrochemical
conversion is also used to synthesize high performance metal-
based catalysts for CO,RR. Yuan et al. developed an electro-
chemical method that successfully converted Bi-BTB into
Bi,0,C0;, which showed excellent catalytic activity in CO,RR.%”
According to the HSAB theory (Hard-Soft-Acid-Base), Bi*" ions
and carboxylates belong to intermediate acids and hard bases,
respectively. In view of the good stability of Bi-BTB in water and
alkali, the Bi-O bond is broken by HCO; . The derivative of Bi-
TATB was the same as that of Bi-BTB, and the reaction did not
occur when the electrolyte solution was changed to Na,SOy;
thus, the leading role of HCO; was further verified. The
derivative Bi,0,CO; has a layered structure similar to BiOX
(X = Cl, Br) composed of [Bi,0,]*" and CO;>~ but had a more
stable structure than the latter, which was barely changed
during electrolysis, while BiOX was transformed into Bi®
(Fig. 5Db).

Structural rearrangement is often used in the synthesis of
CO,RR electrocatalysts, in which the original MOF was con-
verted into a more active catalyst. The obtained MOF derivatives
usually have higher catalytic activity and stability. For example,
Bi-BTB as a pre-catalyst underwent structural rearrangement at
a reduction potential to form highly active and selectively
catalytic Bi nanoparticles uniformly dispersed in a porous
organic matrix.*® Bi-BTB decomposed at a specific potential

6114 | Mater. Chem. Front., 2023, 7, 6107-6129

and gradually reduced Bi** to metal Bi, and the prepared Bi
nanoparticles overcame the inherent poor conductivity of MOF
and showed better CO,RR performance.

Since the electrochemical conversion time affects the mor-
phology and structure of MOF-derived materials, it is crucial to
carefully choose the electrolysis duration to achieve enhanced
electrocatalytic CO,RR properties. Han et al. prepared HKUST-1
films on porous conductive fiber carbon paper (CFP) using a
simple electrodeposition method.**> When HKUST-1 was elec-
trolyzed at a certain reduction potential, it was found that
HKUST-1 reconstructed into two structures, in which 3D nano-
spheres composed of a large number of small fragments at 15
min of electrolysis was obtained and yielded 3D nanonetworks
composed of cross-linked nanoribbons with different orienta-
tions after 120 min of electrolysis (Fig. 5c). The 3D nanosphere
structure exhibited that the faradaic efficiency (FE) of C,
products (ethylene and ethanol) reached 58.6% at —0.98 V
(vs. RHE) due to the more active sites, lower charge transfer
resistance, and higher Cu'/Cu® ratio.

3. Application of MOF-derived
materials in the electroreduction of
CO,

The electrochemical reduction of CO, in aqueous solution is
essentially the reduction of CO, coupled with the electrolysis of
water. By converting CO, into valuable chemicals and fuels,
including C; products (CO, formic acid, CH;0H and CH,), C,
products, and C,; products, it can reduce greenhouse gas
emissions, mitigate climate change, and promote circular
economy. Electrolysis powered by renewable energy sources
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(green electricity) can provide a sustainable and carbon-neutral
approach to CO, reduction. The design of catalysts is crucial for
determining the product selectivity and yield by altering the
reaction kinetics/mechanism. However, several challenges and
issues persist in the field of electrocatalytic CO,RR.*™>

One of the primary challenges is achieving high selectivity
for desired products while suppressing the generation of side
products. Additionally, improving the energy efficiency of the
CO, reduction and minimizing electrode degradation are
ongoing concerns. Developing stable and efficient catalysts
remains a considerable challenge. Continued research and
efforts are essential to overcome these obstacles and enable
this technology in a sustainable and economically viable man-
ner. In the following sections, we summarize the application of
MOF-derived materials in electrocatalytic CO,RR according to
the reduction products of C4, C,, and C,,, respectively.

3.1 C; products

Most MOF-derived materials tend to facilitate the production of
C; products in electrocatalytic CO,RR, mainly including CO,
HCOOH, CH,4, and CH3;0H, due to the lower overpotentials and
relatively simpler reaction mechanism compare to other multi-
carbon products. Therefore, CO,-to-C; process as well as the
catalysts are also important to be explored and studied.

3.1.1. CO and formic acid. CO is a vital industrial feedstock
used in the production of various chemicals and fuels. The CO,-
to-CO reaction is also the most widely studied electrocatalytic
CO, reduction process. Because of the high yield and low
energy consumption, it has the prospect of industrialization.
Formic acid has applications as chemical reagents and fuel
additives. They can be utilized in fuel cells and as hydrogen
carriers, contributing to the development of clean energy
technologies. CO and formic acid are two common electroca-
talytic reduction products due to their simple two-electron
transfer processes.”>°® Metal-free catalysts have potential for
industrialization due to their wide sources and low cost and are
also suitable for CO,RR catalysts. Ling et al. obtained a porous
carbon material (K-defect-C-1100) with abundant intrinsic
defects prepared by the potassium-assisted pyrolysis of bio-
MOF-1.”” It had abundant 12-vacancy carbon defects (Vy,), and
the faradaic efficiency of CO, electroreduction to CO was up to
99% at —0.45 V (vs. RHE), which was much higher than that of
N-doped carbon materials without K" assistance. DFT calcula-
tions showed that the abundant vacancy-type defect site V;, in
K-defect-C-1100 had a strong adsorption capacity for electro-
philic CO, molecules and significantly accelerated the for-
mation of COOH* intermediates (Fig. 6a); thermodynamic
limiting potentials between HER and CO,RR showed that V;,
exhibits better CO selectivity than V,, V;, and V;, (Fig. 6b and c).

The electronegativity, charge density, and size of heteroa-
toms, especially non-metal atoms such as N, S, and P, usually
affect the properties of host materials. Heteroatom doping can
adjust the electronic structure and promote the electron trans-
fer, thus promoting the catalytic activity. In addition, the
physical and chemical properties of the material are regulated
by the doping effect, which is usually considered as a favorable

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 6 (a) Free energy diagram of K-defect-C-1100 (inset: electron den-
sity difference analysis, yellow represents charge deposition, cyan repre-
sents charge consumption), (b) The values of U (CO,RR) — U (HER) on Vo,
Vi, V1o, and Vi, sites, (c) Schematic structural models for the catalysts
involving Vo, V1, Vio, and Vi, defect sites. Reproduced from ref. 97 with
permission from John Wiley and Sons, copyright 2022.

method to prepare the catalyst with excellent electroreduction
performance of CO,.”*%%% For example, N-doped carbon are
widely used as electrocatalysts for the reduction of CO, to CO.
Wang et al. synthesized N-doped carbon materials by the direct
pyrolysis of ZIF-8 at different temperatures. It was found that
NC-900 prepared at 900 °C exhibited the highest FEq of 78% at
—0.93 V (vs. RHE) in the electrochemical reduction of CO,, and
H, was the only by-product in the whole potential range.
Meanwhile, the researchers also pyrolyzed MOF-5 under the
same conditions to obtain the N-free carbon material C-900,
which showed a low electroreduction activity of CO,."*°

Ye et al. pyrolyzed Zn-MOF-74 and the additional nitrogen
source melamine at different temperatures to obtain N-doped
porous carbon NPC with a high faradaic efficiency of 98.4%
toward CO at —0.55 V (vs. RHE).'”" At the same time, the
calcination time and temperature were controlled to adjust
the content and species of N-doping in the samples, which
could regulate the CO,RR performance. The highest FEg, was
obtained at 1000 °C, and the highest content of pyridine-N and
graphite-N was 68.31% (Fig. 7a). The CO,RR performance of the
samples showed that the high CO,RR activity of N-doped
carbon materials were attributed to the synergistic effect of
high concentration of pyridinic N, graphitic N, and porous
structure. The C,9H;, clusters were constructed to investigate
the influence of different N species on the CO,RR; DFT theore-
tical studies showed that the potential limited steps of pyridine-
N and graphite-N exhibited lower energy barriers to overcome,
indicating that pyridine-N and graphite-N could more effec-
tively promote CO, electroreduction (Fig. 7b and c).

Ag, Fe, Ni, and Co are the most commonly used metals in the
electrocatalytic reduction of CO, to CO. Taking the research in
recent years as examples, Wang et al. prepared Ag-MOF-derived
silver foam with 3D dendrites for CO,RR experiments.'*® It was
found that a high current density of 57.2 mA cm™ > was delivered
at —1.15 V (vs. RHE), with a maximum FE¢ of 91.1% at —1.05 V
(vs. RHE). Zhang et al. prepared ZIF-8-derived Ni-N-doped porous
carbon and carbon nanotubes (Ni-N-C/CNTs) using the surfac-
tant cetyltrimethylammonium bromide (CTAB) as a modifier.'%*
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Fig. 7 (a) Atomic contents of each N moiety, N; + N3, and maximum FEco
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N-doped, pyrrolic-N-doped, and oxidized-N-doped CyoHi4 cluster,
respectively. C, H, N, and O are represented in brown, light pink, cyan,
and red, respectively. (c) CO,RR Gibbs free-energy diagram for graphene,
graphitic-N-doped, pyridinic-N-doped, pyrrolic-N-doped, and oxidized-
N-doped C,9Hi4 cluster. Reproduced from ref. 101 with permission from
John Wiley and Sons, copyright 2020.

CTAB coordinated with Ni** generated a high content of Ni-N,
single-sites. The CO,RR performance of the catalyst was promoted
together with the abundant pyrrole-N and the unique meso-
microporous structure. In the H-type cell, it exhibited a high FEgo
of 98% at —0.7 V (vs. RHE).

Normally, the uncoordinated site is considered to be the
most active site for CO, electroreduction, and adjusting the
coordination number of the metal site is an effective way to
enhance the catalytic performance. The atomically dispersed
Co catalyst was achieved by calcining the bimetallic CoZn-MOF.
During pyrolysis, Zn was evaporated, only leaving Co anchored
on the N-doped porous carbon. At that same time, the Co"-
imidazolate-Co™ linkages would partially decompose with
increasing temperature to release CN fragments, thus leading
to an increase in the uncoordinated number of Co. Co-N,, Co-
N;, and Co-N, were obtained at 800, 900, and 1000 °C,
respectively.'®* Performance tests showed that CO and H, were
the main products, and Co-N, had the highest FEqo of 95% at
—0.68 V (vs. RHE), while Co-Nj3 could only obtain a maximum
FEqo of 63% at —0.53 V (vs. RHE). Also, the total current density
was too small to accurately monitor at low overpotentials
between —0.83 V and —1.03 V (vs. RHE) for Co-N,. According
to the theoretical study, Co-N, could promote the conversion of
CO,RR to CO but inhibit the hydrogen evolution reaction,
which provided a method to improve the efficiency of the
conversion of CO, to CO.

It is well known that N-doped carbon-supported metal
materials have shown potentials to improve the performance
of electrocatalysts by adjusting the electronic structures and are
often widely reported as catalysts for CO,-to-CO conversion
processes. In addition to the N atom, other atoms are also
used to coordinate with the metal to improve the catalytic
activity. For example, Zhao et al. prepared atomically dispersed
Fe;O,N,/NC nanorods in which oxygen-rich Fe-doped Zn-based
MOF-74 was used as a precursor and melamine as a nitrogen
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In the process of high-temperature pyrolysis, the
ZnOs clusters evaporated, part of the FeOs clusters decom-
posed, and part of the O coordination atoms were replaced by
N due to the decomposition of melamine. This catalyst showed
high CO selectivity (FEgo over 95% at —0.4 Vto —0.8 V, 99.7% at
—0.5 V vs. RHE) and long lifetime (almost no change in FEqo
and partial current density of CO after electrolysis for 12 h at
—0.7 V). The overall performance was better than that of N-
doped C and Fe,/C. Similarly, O-Fe-N-C with single Fe atom
distribution and O coordination was constructed using an O-
and N-rich MOF.> Through axial coordination, the binding
energy of CO,RR intermediates *COOH and *CO were regu-
lated, which was conducive to the desorption of *CO from the
surface of O-Fe-N-C and inhibited the activity of HER. Com-
pared with NC and Fe-N-C, O-Fe-N-C showed an FEo of 95%
at a low applied potential of —0.5 V vs. RHE.

In addition, dual-site catalysts were used to optimize the
performance of CO,RR and improve the selectivity of catalysts
for specific reactions.’®® Due to the interaction between adja-
cent active sites, the adsorption properties of intermediates
could be adjusted. Jiao et al. prepared a dual-site catalyst Fe—
Ni-N-C by Zn-assisted atomization method, in which Fe and Ni
uniformly dispersed on the carbon support of the catalyst, and
all of them were coordinated with N, (Fig. 8a).’°” There was a
significant synergistic effect between Fe and Ni to achieve a
high FEco of 96.2%, which was better than that of N-doped
carbon modified by Fe (Fig. 8b). Although the selectivity of CO
for Ni single-site N-doped carbon was similar to that of Fe-Ni, it
needed a more negative potential and consumed more energy.
The DFT calculation revealed that it was attributed to the
interaction between Fe and Ni atoms in Fe-Ni-N-C, the free
energy of the intermediate *COOH formed on Fe reduced to
0.64 eV, and it was 1.53 eV on Ni, which was lower than that on
Fe-N-C (0.75 eV) and Ni-N-C (1.95 eV), thus reducing the
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energy barrier for the formation of the intermediate and
increasing the CO,RR activity (Fig. 8c).

Previous studies have found that main group metals (In, Sn,
Sb, Bi, etc.) occupy an important position as catalysts for the
electroreduction of CO, to formate.'*®*'* Among them, the
CO,RR performance of Bi-based MOFs has also been more
extensively investigated because of their simple and easy avail-
ability. Since Komatsu’s electrochemical study on metallic Bi
confirmed its excellent CO,RR activity, Bi-based materials are
widely used as effective electrocatalysts for the electrochemical
conversion of CO, to formate.'™ Li et al. prepared nanostruc-
tured Bi nanosheets (Bi NSs) by the in situ transformation of the
Bi-MOF precursor, which showed remarkable electrocatalytic
performance for CO, reduction.'*® The faradaic efficiency of
formate was up to 98% at —0.8 V (vs. RHE), and the FEycoon
exceeded 90% in the wide range of —0.65 to —0.96 V (vs. RHE),
with no significant decrease within 40 h. This study showed
that ligand-stabilized uncoordinated active sites were easily
generated by the in situ transformation of metal-organic frame-
works precursors and were effectively stabilized by residual
ligands adsorbed on the surface, thereby achieving efficient
CO, conversion. Porous CAU-17 (Big(CoH306)o(H,0)o) sprayed
on carbon paper was transformed to leaf-like nanosheets Bi NSs
by in situ electroreduction. These Bi NSs were aggregated from
dispersed nanoparticles of ultra-small size (<10 nm).""” The
characterization results showed Bi NSs as metal/metal oxide
composites with Bi/Bi-O hybrid interface. In 1 M KHCO;, the
average value of FEycoon Of Bi NSs was more than 85%, the
maximum value of FEycoon could reach 98%, and the cathodic
energetic efficiency (CEE) of Bi NSs was obviously higher than
that of Bi NPs (Fig. 9a). According to the DFT calculation for
CO, reduction mechanism (Fig. 9b), the energy barrier from
CO,* to *OCHO on Bi (0.46 eV) was higher than that on Bi-O
(0.17 eV), indicating that the O atoms on the surface of Bi-O
were conducive to reduce the energy barrier for the formation
of *OCHO, which was beneficial for the electroreduction of CO,
to HCOOH. This example provided a reference for the construc-
tion of metal/metal oxide composite catalysts from MOFs.

Similarly, the bimetallic synergy effects also promote the
conversion of CO,RR to formate. The design of bimetallic sites
can not only adjust the electronic structure through the coop-
eration of adjacent metal atoms but also provide more stable
intermediates and less energy to activate CO, molecules along
the reaction path. Therefore, the construction of bimetallic
sites may provide a new strategy to develop efficient catalysts
for HCOOH production."*®'"® For example, Biln alloy NPs with
dendritic morphology were obtained through the electroreduc-
tion of In-Bi-MOF.'*® The faradaic efficiency of the electrore-
duction of CO, to formate was as high as 97.2% at —0.92 V (vs.
RHE) (Fig. 9¢). DFT calculation results showed that the Bi-In
bimetallic site promoted the formation of *OCHO by enhancing
the CO, adsorption compared with the Bi single-metal site and
reduced the energy barrier from *OCHO to *HCOOH compared
with the In single-metal site; thus, the cooperative effect of the
Bi-In bimetallic site promoted the formation of HCOOH
(Fig. 9d). Rod-like CuBiX (X is Cu content) catalysts were
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obtained by the calcination of bimetallic MOFs, and the molar
mass ratio of Cu to Bi was determined by the amount of added
Cu salt.” CuBi75 with 75% Cu and 25% Bi had higher
FEncoon after calcination, and the maximum FEycoon €ven
reached 100% at —0.77 V (vs. RHE). At the same time, it had an
ultra-wide potential window with FEycoon > 93.7%, from
—0.57 V to —1.47 V (vs. RHE) (Fig. 9¢). The characterization of
CuBi showed that CuO nanoparticles were attached to the
surface of the catalyst and encapsulated in the rod-like catalyst
by Bi,O; and Bi,CuO, present at the interface. DFT calculation
illustrated that the energy barrier of the HCOO* pathway was
lower than that of the *COOH intermediate; thus, the HCOO*
pathway was an optimal step for the formation of formic acid
from CO,RR (Fig. 9f). The analysis of intrinsic activity and
kinetic parameters showed that the excellent performance was
attributed to the unique structure of Bi,CuO, at the interface
between Bi,O; rod crystals and CuO, nanoparticles, which
effectively strengthen the adsorption path and adsorption
capacity of CO,, inhibited hydrogen evolution and C-C cou-
pling, and thus greatly improved the selectivity of CO,RR to
formate.

3.1.2. CH3OH and CH,. Electrocatalytic reduction of CO,
to high value-added fuel products such as methanol and
methane is an effective way to achieve the carbon cycle.
Methanol is a versatile chemical that can be used as a fuel or
raw material in manufacturing various chemicals and materi-
als. Its electrocatalytic production offers a sustainable alterna-
tive to traditional methanol production processes. Methane is
an important fuel and chemical precursor. However, the pro-
duction of CH;0H and CH, requires the transfer of 6 and 8
electrons, respectively, their reaction mechanisms are complex
and unclear, and the faradaic efficiency is mostly lower than
FEco and FEycoon. Cu-based materials were the most widely
reported catalysts for the electrocatalytic CO,RR to these two
products.”**'**> To optimize the selectivity, the spacing
between adjacent Cu sites needs to be adjusted so that each
active site is isolated and dispersed, thus reducing the possi-
bility of C-C coupling. For example, the through-hole carbon
nanofibers with well-dispersed Cu single atoms (Cu SAs/THCF)
showed good electrocatalytic activity for the reduction of CO, to
methanol. It inhibited the formation of C, products by forming
isolated and uniformly dispersed Cu atoms through the Lewis
acid-base interaction between Cu-N coordination."”® A rela-
tively pure methanolic liquid phase product was obtained at
—0.9 V (vs. RHE) with a maximum FEcy,on of 44%, and the
current density was maintained at about 90 mA cm > with
negligible decrease during the 50 h stability test. The CO,RR
activity with Cu SAs/THCF was studied by DFT calculations,
and it was found that the *CO desorption energy on Cu-N,
was more positive (0.12 eV), which could be further reduced
to methanol instead of forming and releasing CO. The
energy barrier (0.86 eV) for the reduction of COH* to CHOH*
on the Cu-N, structure was significantly lower than that for
the reduction of COH* to C*; thus, CH;OH was the final
product on the single Cu site of the Cu SAS/TCNFs catalyst
rather than CH,.
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Kim et al. chose Cu-MOF-74 as a precursor to prepare highly
isolated and ordered Cu NP clusters."*” The faradaic efficiency
for methane reached ca. 50% at —1.3 V (vs. RHE) in CO,RR and
inhibited the synthesis of C,, while Cu-MOF-74 showed similar
selectivity for CH, (28.7%) and C,H, (29.5%). The partial
current density of CH, was 2.3 times higher than that of Cu-

6118 | Mater. Chem. Front., 2023, 7, 6107-6129

MOF-74, which is probably due to the difference in the distance
between the two nanoparticle clusters. Guan et al. prepared Cu,
N co-doped carbon nanosheets by the high temperature calci-
nation of the mixture of Cu-MOF and dicyandiamide. Cu-Nj is
uniformly distributed on the calcined MOF-derived framework,
and the loading amount of Cu is also affected by the calcination
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temperature.'*® The Cu loading concentration was 4.9% mol at
800 °C. The high loading density of Cu enabled the adjacent Cu
atoms to be close enough to each other, and the synergistic
effect between adjacent Cu atoms induced C-C coupling, facil-
itating the dimerization of *CO intermediates to form ethylene
with FEc g, at —1.4 V (vs. RHE) of 24.8% accompanied by CH,
(13.9%). When the temperature increased, part of the Cu atoms
coordinated with N gradually changed from Cu-N, coordina-
tion to metallic copper. At 1000 °C, the concentration of Cu
decreased to 2.4%, and the Cu atoms were separated from each
other, resulting in the increase in the FE of CH, (38.6%) and the
decrease in the FE of ethylene; the main product of CO,RR was
CH,. Cao et al. obtained Cu,O@CuHHTP composites by in situ
electrochemical treatment on conductive CuHHTP."® The
obtained Cu,O QDs were mainly Cu,O(111) plane and uni-
formly dispersed on CuHHTP. A large number of hydroxyl
groups were exposed at the surface of Cu,0 QDs, which formed
hydrogen bonds with intermediates (such as *COOH, *CO, and
*CHO) to reduce the energy barrier for CH, formation and
significantly improved the selectivity of CHy, with FEcy, as high
as 73% and the partial current density reaching 10.8 mA cm™>
at —1.4 V (vs. RHE).

3.2 C, products

Copper is considered to be the most effective catalyst for the
formation of C, and C,, products. Since copper has a moderate
adsorption capacity for both *CO and *H, C; products (such as
CO, formic acid) or multi-carbon compounds can be generated

Tablel CO;RR to C, and C,, products for MOF-derived catalysts
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by regulating the adsorption of key intermediates, and the
latter are more desirable products due to their higher value
and higher energy density."**™** However, the high overpoten-
tial and low selectivity for multi-carbon products of Cu catalysts
hinder their practical application; thus, it is necessary to
develop higher performance electrocatalysts, which require
improving both the selectivity of the target product and main-
taining the catalytic activity.

Table 1 summarizes recent studies on the electrocatalytic
conversion of CO, to C, and C,, products catalyzed by MOF-
derived materials. Here, we firstly discuss the catalysts for the
formation of C, product. It was reported that HKUST-1 with the
partial decomposition of organic ligands electrochemically
reduced CO, to C,H, with considerable faradaic efficiency.
After controllable pyrolysis, the secondary structural unit of
Cu dimer in HKUST-1 was distorted, resulting in a higher
number of unpaired pairs of Cu. CO,RR experiments showed
that the increase in the uncoordinated sites in Cu clusters
promoted the formation of C,H, while inhibiting the produc-
tion of H,, CO, and CH, (Fig. 10a)."** Therefore, it is a reason-
able way to adjust the distribution of C, products by regulating
the coordination number of metal sites in MOFs.

The construction of grain boundaries and defects also could
enhance the selectivity of multi-carbon products in CO,RR.
Yang et al. prepared porous copper oxide nanowires with
abundant crystalline surface/interface by the controlled anneal-
ing of Cu-aspartic acid (Cu-ASP). Catalytic experiments of
CO;RR indicated that FEc, and FEcy, reached ~70% and

Partial current

density
Pristine MOF Electrocatalysts Main product Maximum FE (mA cm™?) Stability Ref.
HKUST-1 Cu-Cu,0 C, products 58.6% at —0.98 V (vs. RHE) 19.2 2h 89
(C3H4 and C,H;0H)
HKUST-1 HKUST-1 derived C,H, 45% at —1.07 V (vs. RHE) 262 ~7.7 h (H-cell) 130
Cu clusters ~2.3h
(flow cell)
Cu-ASP Porous CuO C, products H-cell: 70% (C,), 43% (C,H,) ~141 12 h (H-cell) 131
nanowires (C,H, and C,Hs0H)  Flow cell: ~37% (C,H,) at —1.3 V (vs. RHE) (flow cell)
BEN-Cu-BTC Cu@N doped C C, products 11.2% (CH,) NA 8h 132
(C,H, and C,H;OH)  18.4% (C,H;OH) at —1.01 V (vs. RHE)
Cu,(HITP),@KB Cu@KB C,H, 70% at —1.37 V (vs. RHE) ~30 10 h 133
Cu-TCNQ Cu@N,C C, products ~80% (C,) at —1.1 V (vs. RHE) ~17 ~2.7h 134
(C,H, and C,H;0OH)
Cu-BTC Cu0,@C C, products 82% (C,), 46% (C,H;OH) at ~315 (Cy) 50 h 135
(C,H;OH) ~—1.0 V (vs. RHE) ~166
(C,H;0H)
CuCo-MOF-74  M-CuCo/C C, products 79.2% (C,), 29.7% (C,H,), 49.5 (C,H;O0H)  10.1 NA 136
at —0.75 V (vs. RHE)
(C,H, and C,H;OH)
Co-doped CoCu single-atom  C,H, 15.6% at —1.07 V (vs. RHE) 282 ~3h 137
Cu,(BDC), alloy
HKUST-1 Cu/C Isopropanol 22.5% at —2.4 V (vs. RHE) ~30 NA 138
Cu-doped ZIF-8  Cu-SA/NPC Acetone 36.7% at —0.36 V (vs. RHE) NA 5 times 139
HKUST-1 Cu/Ag C,. products ~21% at —80 and —100 (mA cm?) NA NA 140
(C.H,4, C;Hs, C,H50H,
C;H,0H)
HKUST-1 PTFE/Cu,(OyCZ C,. products 54% at —80 NA NA 141
(C,H,4, C,Hg, C,HsOH, (mAcm ?)
C;H,0H)
This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 6107-6129 | 6119
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~37%, respectively, at —1.3 V (vs. RHE) in a flow cell
(Fig. 10b)."*" Ex situ/in situ characterizations suggested that
the oxide-derived metastable Cu sites at grain boundaries and
defect regions could stabilize the *CO and *COH intermediates,
thus inhibiting the formation of C; products and promoting
the formation of C, products.

In addition, N-doping also promoted the CO,RR perfor-
mance in metal/carbon catalysts. Cheng et al. constructed a
Cu-N-doped carbon composite by N-containing benzimidazole-
modified Cu-BTC."* It was found that the high content of
pyrrole-N and Cu-N doping provided abundant CO, adsorption
sites, promoted C-C coupling on the Cu surface, and improved
the selectivity of C, products (Fig. 10c). However, the high
content of graphitic nitrogen and nitric oxide led to a strong
adsorption of H*, which enhanced the competitive reaction
HER. Therefore, the optimization of N-doping types was also of
great significance for the improvement of selectivity.

Sun et al. synthesized multicrystalline Cu nano-crystallites
derived from semi-conductive MOF (Cu;(HITP),) modified with
conductive support and investigated its CO,RR performance
composite.”® The conductive support KB provided higher
current density transport for uniform charge distribution; thus,

6120 | Mater. Chem. Front., 2023, 7, 6107-6129

Cu' on MOF was rapidly reduced to Cu crystallites, while Cu
species on MOF without KB tended to aggregate due to uneven
surface polarization and inadequate nuclei seeding. Compared
with the KB@Cu NPs prepared by mixing commercial Cu
nanoparticles and KB with the same loading, the Cu crystallites
obtained by electronic conversion have higher total current
density in CO,RR, the FE of C,H, reached 65% at —1.56 V (vs.
RHE) (Fig. 10d and e), and the formation of H, by-product was
suppressed due to abundant grain boundaries and defects. It is
indicated that the conductive carrier regulated the charge
distribution, which affected the MOF reconstruction, thus
regulating the product distribution in CO,RR.

Li et al. found that the surrounding environment of the
active center also had an influence on the performance of
catalyst. By investigating the core-shell structure of Cu@NC
derived from the calcination of Cu-TCNQ, they found that the
NC shell and the Cu core showed a synergistic effect on
the selective reduction of CO, to C, products.”** For Cu@NC,
the main products of CO,RR were C,HsOH and C,H,, and the
total FEc, was up to 80% at —1.1 V (vs. RHE), which was much
higher than the highest value of 39% of FE¢, on Cu NP. It was
found that CO, was adsorbed and enriched at the Cu/NC

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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interface layer and activated by the NC layer, resulting in a high
coverage of the CO* intermediate, thus promoting CO-CO
coupling. Meanwhile, the side reaction HER was effectively
inhibited due to the hydrophobicity of the NC layer; the
faradaic efficiency of C, reached 80% and HER was suppressed
as low as 8% at —1.1 V (vs. RHE) (Fig. 10f).

It has been reported that regulating the Cu oxidation state
could change the product distribution, thereby increasing the
content of C, and C,, products."*>'*® For example, carbon-
encapsulated CuO (CuO,@C) was obtained by the simple low
temperature pyrolysis of Cu-BTC in air."*> Compared with CuO,
obtained by pyrolysis at 800 °C, it was found that carbon species
could stabilize Cu’, improve the electronic conductivity of the
catalyst, and promote the timely conversion of reactant mole-
cules, thus inhibiting the self-reduction of CuO,. CuO, was
mainly transferred into metallic Cu after CO,RR, while
CuO,@C was converted to Cu,O phase. The inhibition effect
of the carbon layer on the reduction of CuO, was demonstrated,
which stabilized the Cu® species in CuO,@C under the wide
current density window, and the catalyst showed only slight
degradation in the 50 h stability test. In addition, the higher
Cu'" ratio promoted the adsorption of *CO, thus facilitating the
formation of C,. products. It had a faradaic efficiency of 82%
for the C, product and 46% for ethanol (—1.0 V vs. RHE),
while the partial current density of ethanol was as high as
166 mA cm™ 2. The limited yield and selectivity of the electro-
catalytic reduction of CO, to C, products is mainly due to the
difficulty of C-C coupling. Utilizing two complementary cata-
lysts to construct a tandem catalyst is an effective way to
generate C, products in CO,RR. Tandem catalysis is divided
into two steps for the formation of C, products, namely, CO,-to-
CO and CO-to-C,, which are realized on two different catalysts
(the catalyst used in the CO-to-C, step is basically the copper-
based material). The main advantage is to introduce an in situ
CO source in the tandem catalyst, increase the local *CO
coverage on the Cu surface, and enable the rapid coupling of
CO on the Cu-based catalyst as a key intermediate."”"*° The
key point of tandem catalysts is that the active sites need to
have independent but adjacent distribution to reduce the
transfer barrier and avoid the loss of activity of intermediate
products. He et al. reported a Co;0,-CuO,/C catalyst derived
from a bimetallic CuCo-MOF-74 framework,'*® which consisted
of Co;0, and CuO, sites encapsulated in a carbon skeleton; the
faradaic efficiency of C, reached 79.2% at —0.75 V (vs. RHE)
with a generation rate of 275.6 pmol g * h™* (Fig. 10g). In situ
characterization and DFT showed that CO was released on
oxygen-vacancy rich Co;O4, which enhanced the local CO
concentration on M—-CuCo/C, and then C-C coupling occurred
on CuO; sites to generate C, products (Fig. 10h—j).

3.3 C,; products

CO,RR into multi-carbon products involves the formation and
transformation of multiple intermediates, such as the for-
mation steps of C-C bond and C-H bond. It is a complex
multi-electron coupling multi-proton process, which requires
not only the consumption of a large number of electrons but

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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also the efficient transfer and storage of electrons to ensure the
reaction. In addition, there are great challenges in clarifying the
reaction pathways and revealing the reaction mechanisms.
Finally, there are many side reactions and competing reactions
in CO,RR. In this case, the electrocatalytic synthesis of C,,
products by MOF-derived materials shows great promise."**""
By pyrolyzing HKUST-1 and PCN-6 at different temperatures,
respectively, Rayer et al. obtained the Cu/C composite that was
used as an ink to coat metallic nickel or copper supports to
prepare MOF derivative electrodes for CO,RR."*® They found
that Cu-HKUST-1 pyrolyzed at 600 °C produced isopropanol
between —2.0 V and —2.5 V and had the highest faradaic
efficiency of 22.5%, which was rarely obtained in the electro-
catalytic reduction of CO,. Although Cu mesh and Cu foil had
larger FE of isopropanol, MOF-derived catalysts contained only
a small amount of uniformly distributed copper instead of bulk
metals, and the utilization efficiency of active sites was higher
(Fig. 11a). The formation of isopropanol mainly came from the
high density of CO* on the surface of the catalyst, which
enabled the C,H;O0* generated by the dimerization of CO*
couple with CO* to again form a new C-C bond, and finally
isopropanol was obtained through the transfer of protons and
electrons. However, CO, generates C; and C, byproducts
through other reaction pathways at high current density
(Fig. 11b).

The species of N coordinated to single Cu atom also regu-
lated the product distribution. Zhao et al. synthesized N-doped
porous carbon-supported single copper atom material (Cu-SA/
NPC) derived from Cu-doped ZIF-8."*° Cu-SA/NPC was tested in
the range fro, —0.16 to —0.96 V (vs. RHE) for CO, electroreduc-
tion; five liquid products including formic acid, acetic acid,
methanol, ethanol, and acetone were detected at low over-
potential, and the faradaic efficiency of acetone was 15.6—
36.7%. With the negative shift of applied potential, the faradaic
efficiency of acetone increased and reached a maximum of
36.7% at —0.36 V (vs. RHE). Acetone was the main reduction
product at low potential. Based on DFT calculations, it was
confirmed that Cu-pyrrole-N had higher acetone selectivity than
Cu-pyridine-N (Fig. 11c and d); COOH* intermediate on Cu-
pyrrole-N was stabler than that on Cu-pyridine-N, and the
energy barrier of CO* dimerization to generate COCO* species
on Cu-pyridine-N was —1.23 eV, while that of Cu-pyridine-N was
1.67 eV. Thus, C-C coupling on Cu-pyrrole-N was more likely to
occur, resulting in a high selectivity for acetone formation.

Since Ag has considerable CO activity in CO,RR; therefore, it
could provide enough CO to form a tandem catalyst with Cu-
based catalyst to synthesize multi-carbon products. For exam-
ple, an Ag-Cu bimetallic tandem catalyst prepared by the redox
method successfully converted CO, into C,, products through
the synergistic effect of bimetallic Cu-Ag."*° The catalyst with
Cu-coated thin carbon layer was firstly generated by the pyr-
olysis of HKUST-1, and then Cu was partially replaced by atomic
Ag. When the Ag loading was about 5.7% to 10.6%, the C,. yield
reached an optimal value. A very high Ag loading affected the
C-C coupling step between the adjacent Cu atom. The mixed
Ccu'/Cu® valence state served as an active site for C,, formation,
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(a) FE for isopropanol. (b) Proposed reaction pathways for CO,RR. Reproduced from ref. 138 with permission from Elsevier, copyright 2020. (c)

Free energy diagrams calculated at a potential of —0.36 V for CO, reduction to CH3zCOCH3 on Cu-pyridinic-N4 and Cu-pyrrolic-N4 sites of Cu-SA/NPC
(the computational models were included in the figure). (d) Optimized structures of all reaction intermediates involved in the pathways of CO, reduction
on the Cu-pyrrolic-Ny4 site (gray: C of catalyst; black: C of adsorbate; red: O; orange: Cu; blue: N; white: H). Reproduced from ref. 139 with permission

from Nature, copyright 2020.

and the CO spillover effect of the Ag site increased the local CO
concentration, resulting in a higher *CO coverage at the Cu'/
Cu® center. Thus, the selectivity of C,, products was improved
through the tandem pathway.

4. Conclusions

MOF-derive materials inherit the unique properties of the
original MOFs, including high surface area, porosity, and uni-
form distribution of catalytic active sites, while providing
enhanced conductivity and structural stability. These charac-
teristics make MOF-derive materials highly promising in the
field of CO, reduction.

Compared to conventional electrocatalysts, MOF-derived
materials offer increased exposure of more active sites, thereby
improving the efficiency of the catalytic process. Carbonized
MOF-derived materials, in particular, exhibit superior electron
transfer kinetics and long-term stability. This durability is
crucial for practical applications as it ensures that the materials
can withstand the harsh conditions and rigorous operation
required for CO, electrocatalysis. Furthermore, MOF-derived
materials can be engineered to achieve new physical and

6122 | Mater. Chem. Front., 2023, 7, 6107-6129

chemical properties and enhanced performance through the
manipulation of electron and chemical structures. This opens
up possibilities for optimizing CO, reduction electrocatalysts
and providing a pathway toward optimizing CO, reduction
electrocatalysts for industrial-scale production.'***** In this
review, the synthesis strategies of main MOF derivatives includ-
ing pyrolysis, precursor regulation, and post-modification as
well as other synthetic strategies are summarized, and some
classic examples are listed, which is helpful to understand the
synthesis methods of different types of MOF-derived materials
and to select suitable synthesis routes in future research. Then,
we discuss the application of MOF-derived materials in the
electroreduction of CO, according to the classification of
reduction products, in which most of the reduction products
of MOF-derived electrocatalysts are CO and/or HCOOH with
high faradaic efficiency. The selectivity of other C; products,
such as CH, and CH3;O0H, is relatively low due to their complex
proton/electron transfer steps. An in-depth understanding of
the CH, and CH30H formation mechanism is needed to tune
the catalyst structure and surrounding environment of the
active site, ultimately improving the selectivity. In the discus-
sion of MOF-derived electrocatalysts for C, and C,. products,
we found that the reports of these electrocatalysts basically
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focused on Cu-based MOF derivatives and composites, which
produce a large number of C; by-products, and how to improve
the selectivity of C, and C,. products is also an issue that needs
to be addressed. Meanwhile, Cu-based materials are widely
used as electrocatalysts for the reduction of CO, to produce
C, and C,; due to their promotion of C-C coupling. Never-
theless, non-copper catalysts, such as N-doped nanodiamond/
Si arrays (NDD/Si RA), were also used to produce C, and C,.
products, which converted CO, to acetate.'” Benefiting from
the high hydrogen evolution overpotential and N-doping of NDD/
Si RA, the faradaic efficiency of acetate reached 77.3-77.6% under
a reduction potential range of —0.8 V to —1.0 V (vs. RHE), which
opened up a new way for carbon-based electrocatalytic materials
to convert CO, into multi-carbon products. The manganese
molecular polymer formed by modifying Mn®* with polyethylene
glycol also had high electrocatalytic reduction selectivity for acetic
acid."® This also inspired us to use non-copper-based MOF-
derived materials to produce C, and C,..

The solution of the above problems requires a more thor-
ough and rigorous study on the catalytic mechanism. So far,
most of the mechanisms for electrocatalytic CO, reduction with
MOF-derived materials are obtained through theoretical calcu-
lations, and it is also necessary to combine advanced in situ/
operation characterization technology to clarify the actual
chemical state and structure of active sites under electroche-
mical CO,RR conditions as well as track and grasp the specific
reaction mechanism so as to better control the synthesis
method and achieve the ultimate purpose of optimizing the
electrocatalytic performance of the CO,RR.
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