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With the mechanical exfoliation of graphene in 2004, researchers around the world have devoted signifi-
cant efforts to the study of two-dimensional (2D) nanomaterials. Nowadays, 2D nanomaterials are being
developed into a large family with varieties of structures and derivatives. Due to their fascinating elec-
tronic, chemical, and physical properties, 2D nanomaterials are becoming an important type of catalyst
for the electrochemical carbon dioxide reduction reaction (CO,RR). Here, we review the recent progress
in electrochemical CO,RR using 2D nanomaterial-based catalysts. First, we briefly describe the reaction
mechanism of electrochemical CO, reduction to single-carbon (C;) and multi-carbon (C,;) products.
Then, we discuss the strategies and principles for applying metal materials to functionalize 2D nano-
materials, such as graphene-based materials, metal-organic frameworks (MOFs), and transition metal
dichalcogenides (TMDs), as well as applications of resultant materials in the electrocatalytic CO,RR.
Finally, we summarize the present research advances and highlight the current challenges and future
opportunities of using metal-functionalized 2D nanomaterials in the electrochemical CO,RR.

1. Introduction

Over the past half-century, rapid population growth has led
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quent extreme weather events. In order to solve these pro-
blems, numerous countries have proposed carbon-neutral
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strategies."”” However, humans cannot get rid of their depen-
dence on fossil fuels in a short time, which means CO, emis-
sions will continue to increase. In the contradiction between
environmental degradation and human survival needs, people
are actively looking for a feasible solution to achieve carbon
neutrality. Among different approaches, electrochemical CO,
reduction reaction (CO,RR) is a promising way to convert CO,
into value-added single-carbon (C;) (e.g, CO, CH;OH,
HCOOH, CH,) or multi-carbon (C,.) (e.g:, C,H,, C,HsOH,
C,Hg, n-C3H,OH) products, which could be used as industrial
raw materials or fuels.*'® Electrochemical CO,RR has
attracted considerable attention, which is mainly because of
the following several aspects: (1) many CO, reduction products
have high energy density/economic value and are easy to store
or transport; (2) the reaction is controllable and only needs
simple equipment; (3) the reaction conditions are mild and do
not require high temperature or high pressure.'>'* Bearing
this in mind, using renewable energy (such as solar, tidal, and
wind) and reliable electrochemical technology to convert CO,
into high-value chemicals or fuels is an ideal sustainable solu-
tion to promote carbon neutrality."*™*°

High-performance electrocatalysts are indispensable to
improve the efficiency of the CO,RR process and obtain
appreciable yield.'®™'® Among many types of electrocatalysts
that have been studied, two-dimensional (2D) nanomaterials
possess obvious advantages. In general, 2D nanomaterials
refer to a class of materials whose thickness is very small,
while the lateral size-to-thickness aspect ratio is extremely
big."?° As a result, 2D nanomaterials usually demonstrate
large specific surface area and can provide large quantities of
active sites, which make 2D nanomaterials important candi-
dates in the field of electrocatalysis.”"** Besides, the atomic-
level thickness of 2D nanomaterials is beneficial for the in-
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depth mechanism study of the electrocatalytic reaction
process, which in turn facilitates the design and optimization
of electrocatalysts.

Graphene, a single-atom-layer 2D nanomaterial consisting
of sp>-hybridized carbon atoms, has been widely investigated
in terms of its various properties such as electrical conduc-
tivity, thermal conductivity, and quantum Hall effect.”>">>
However, the intrinsic electrocatalytic activity of graphene is
usually not high enough to effectively reduce the activation
energy of the reactions. However, graphene can work as a plat-
form or supporting material to provide high electrical conduc-
tivity and modifiable sites. Importantly, graphene derivatives
have greatly improved their catalytic activity, selectivity, and
durability.’"?® Apart from graphene, numerous 2D nano-
materials have been extensively studied and reported.*”
According to the composition, 2D nanomaterials can be
divided into metal-free ones, which include graphene, graphi-
tic carbon nitride (g-CsN,), and hexagonal boron nitride
(h-BN), and metal-containing such astransition metal dichalco-
genides (TMDs), MXenes, metal-organic frameworks (MOFs),
transition metal hydroxides (TMHs), and transition metal
oxides (TMOs). Metals in 2D nanomaterials, whether exist at
the atomic scale or nanoscale, are of great interest because
they play critically important roles in electrocatalysis.

With continuous efforts over the past decades, remarkable
research progress has been achieved in the 2D electrocatalysts
for various reactions. Here, we mainly present the important
advances of metal-functionalized 2D electrocatalysts in the
electrochemical CO,RR. We first briefly introduce the reaction
mechanism of CO,RR. Then, we systematically discuss the
design strategies of metal-functionalized 2D nanomaterials
and their applications in CO,RR. Finally, we summarize the
recent progress and provide personal perspectives on the
electrocatalytic CO,RR using 2D nanomaterials.

2. Reaction mechanism of CO,RR

Electrochemical CO,RR typically occurs at the triple-phase
interface between the electrode (solid), electrolyte (liquid), and
CO, (gas) under certain potentials. In particular, CO,
reduction happens on the cathode in the general form:*®

xCO, +nH" + ne” — product + yH,0,

and is usually accompanied by the competing hydrogen evol-
ution reaction (HER):

2H' +2e” — H,.

At the same time, an oxygen evolution reaction (OER)
occurs on the anode:

2H,0 — 4H' + 0, + 4e™.

The CO,RR basically involves three processes: (1) CO, dis-
solves, diffuses in the electrolyte, and chemically adsorbs on
the active site of cathode catalysts; (2) electron transfer and/or
proton migration to cleave the C-O bonds and/or generate C—
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H bonds, followed by the dimerization, trimerization, hydro-
genation or dehydration to form different intermediate pro-
ducts; (3) configuration rearrangement of products and their
desorption from the electrode surfaces.’®?°' There is no
doubt that the second process is critically important and
involves complex reactions with multiple steps.

CO, is a very stable linear molecule, whose C=0O bond
energy is as high as 750 kJ mol .>* From a thermodynamic
point of view, how to break the C=0 bonds, lower the activation
energy of the reaction, and obtain a specific product are the key
questions that have been widely studied by researchers. Table 1
summarizes the important half-reactions in the CO,
reduction.'®** All the potentials in Table 1 are versus the revers-
ible hydrogen electrode (RHE). It is obvious that the standard
reduction potentials of most products are above 0 V (vs. RHE),
which means that these reactions are thermodynamically more
favorable to occur compared to HER, and C,. products are
easier to form than C, products. However, in practical experi-
ments, it is difficult to generate target products under the stan-
dard potentials, and CO,RR typically needs far more negative

Table 1 Standard electrode potentials of CO,RR towards different
products
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potentials to generate these products, especially the C,, pro-
ducts.*® As the overpotential increases, the competing reaction
(i.e., HER) becomes easier to occur and generates more by-pro-
ducts (i.e., H,), which reduces the faradaic efficiency (FE; FE =
anF/Q, a is the number of electrons transferred to form a par-
ticular product, n is the number of moles of a particular
product, F is Faraday constant, Q is the total electrons trans-
ferred through the electrode). The kinetic energy barrier
accounts for the large overpotential that needs to drive the CO,
reduction. Therefore, it is essential to clarify the CO,RR mecha-
nism and reduce the reaction energy barrier in order to decrease
the overpotential of CO, reduction and limit the side reaction.

2.1. Formation mechanism of C, products

In this subsection, we will briefly discuss the reaction mecha-
nism toward the generation of C; products, with a focus on CO
and HCOOH (Fig. 1). The formation pathway of CO is relatively
simple than other products, and the reaction can occur on the
surface of many metal catalysts, such as Zn, Ag, Pd, and
Au.*?>7%” Two pathways are widely accepted for CO generation.
One pathway is that CO, first obtains an electron to form
*CO,"~ (here the atom with * in front of it indicates that this
atom is adsorbed on the surface of catalysts). The standard
potential of this step is —1.9 V (vs. standard hydrogen electrode
(SHE)), which means that this intermediate is difficult to form

Potentials . 26 . .

Reactions (Vvs. RHE)  Products th.ermodynamlcally. Under. r.nost c1rcumstance.s, this step

" will become the rate-determining step (RDS), with the Tafel
CO, +2H +2¢” > CO + H,0 —0.10 co lope of CO,RR around 118 mV dec™".>¥*? After this electron
CO, + 2H" + 2¢~ —» HCOOH -0.12 HCOOH slop 2 N ,V ) S
2H' +2¢~ — H, 0 H, transfer step, *CO,"~ will obtain a proton and become *COOH.
CO, + 6H" * 6e” — CH;O0H + H,0 0.03 CH;0H Another pathway generates the same intermediate *COOH, but
2C0, + 10H+ *+10e” —~ CH;CHO + 3H,0 0.06 CH,CHO through the direct reaction between CO, and an electron/
2CO, + 12H" + 12¢~ - C,H, + 4H,0 0.08 C,H, )
2C0, + 12H" + 12¢~ — C,H-OH + 3H,0 0.09 C,H-OH proton pair, called proton-coupled electron transfer (PCET)
3CO, + 18Hi +18e” — C;H,OH + 5H,0 0.10 C;H,0H process.**** If PCET is the RDS, the Tafel slope is still around
2€0, + 14H + 14e” — CoHs + 4H,0 0.14 CaHe 118 mV dec™'.** Then, the obtained *COOH will further
2CO, + 8H' + 8¢~ > CH;COOH + 2H,0 0.11 CH,COOH
CO, + 8H' + 8¢~ — CH, + 2H,0 0.17 CH, change to *CO, and eventually desorb from the catalyst surface
CO, +4H" +4e” - C + 2H,0 0.21 C to form CO.
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Fig. 1 Schematic illustration of the formation process of C; products in the electrochemical CO,RR. Reproduced with permission from ref. 33.

Copyright © 2021, Elsevier.
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The production of HCOOH (or HCOO™) is typically promoted
on the surface of Pb, Hg, In, Sn, Cd, Bi, etc.*>>° One pathway is
that through a reversible electron transfer (ET) step, CO, first
becomes *OCO"~, which is attached to the catalyst via oxygen.”*
Then, *OCHO is obtained by hydrogenation. Importantly,
*OCHO is the selectivity-determining intermediate for the for-
mation of HCOOH in CO,RR because the binding energy
between *OCHO and the catalyst surface is very favorable for the
generation of HCOOH, especially on the surface of Sn.*”
Another pathway requires hydrogenation on the catalyst surface,
which usually occurs on the surface of Pd. Then, the hydrogen
atoms bond with C in CO, to form *HCOO, which transforms
into HCOOH via further reduction.®® The third pathway is
through the formation of *COOH when the formation of
*OCHO is kinetically hindered.”® But in this case, HCOOH is
just a tiny by-product of the reaction.

2.2. Formation mechanism of C,, products

The reduction of CO, to C,. products, such as ethylene,
ethane, ethanol, and acetic acid, is highly dependent on

View Article Online
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copper-based catalysts (Fig. 2).>*>® The core step is to form the
C-C bond, which always becomes the RDS.”® Different
bonding processes lead to different products, overpotentials,
and FEs. In general, most of the C,, products are generated via
the formation of *CO intermediate. Actually, the reduction
process to C,. products will most likely occur when a sufficient
amount of CO gas is generated, and the higher *CO coverage
rate on the catalyst surface can lower the reaction energy
barrier.®® Among all C,, intermediates, the formation of three
typical intermediates is critically important, and their for-
mation process and the subsequent possible products will be
discussed as follows.

The first intermediate is *CO-COH, which is a thermo-
dynamically stable intermediate derived through the dimeriza-
tion of *CO.®" This pathway is favorable on Cu (100) surface at
low overpotential because of the lowest energy barrier.®® At the
very beginning, two *CO intermediates dimerize with an elec-
tron transfer process to form *CO-CO™, followed by a proton
transfer to generate *CO-COH. After that, *CO-COH will con-
tinue to undergo multiple PCET reactions and a dehydration
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Fig. 2 Schematic illustration of the three important intermediates, their

further reaction routes, and final C,, products in the electrochemical

CO2RR. Reproduced with permission from ref. 33. Copyright © 2021, Elsevier.
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process, and finally become *CH,-CHO (the possible inter-
mediates in this process contains *C-CO, *CH-CO and *CH-
CHO), which is the last intermediate of C,H,.®>"®* Apart from
C,H,, *CH,CHO can also be further hydrogenated to form
C,H5OH, which is dependent on different protonation path-
ways. If the PCET process happens on the C atom bonded to O
atom, *CH,CHO will become *CH,-CH,O, followed by the C-O
bond cleavage and C,H, desorption from the catalyst
surface.”®°? In contrast, if the PCET process occurs on the a-C,
*CH,CHO will become *CH3;CHO, and eventually be reduced
to C,H;OH.

The second intermediate is *CO-CHO, which is not formed
via direct *CO dimerization. *CO-CHO usually comes into the
formation on Cu (111) or at a high overpotential on Cu (100),
and its structure does not involve a double bond to the catalyst
surface.’®®"*>"%7 Typically, *CO-CHO is formed in two steps.
Through the PCET process, *CO is first hydrogenated to form
*CHO, which is then transformed to *CO-CHO via the *CO (or
CO) insertion. After that, *CO-CHO can be further reduced to
glyoxal (C,H,0,). Two O atoms of C,H,0, could bond with the
catalyst surface and form the *CHO-CHO intermediate, which
can be eventually reduced to ethylene glycol after several PCET
steps. Apart from the aforementioned pathway, *CO-CHO can
also be transformed into *CH,CHO under proper reaction con-
ditions, followed by the final production of ethylene or ethanol
via further reduction.®®

The third intermediate was *CH,. Typically, *CO is first
hydrogenated to become *COH, which is then transformed
into *CH, via multiple PCET processes.®* After the formation
of *CH,, it can directly dimerize to generate C,H,, which is
theoretically favorable on the Cu (111) surface. Alternatively,
*CH, can change to *CH,-CO by *CO (or CO) insertion,*
which then evolves into acetic acid or ethanol after the further
reaction. Note that some other possible intermediates or pre-
cursors are not mentioned here, but they may share the for-
mation pathway discussed above and generate different
products.

Here, most of the reaction intermediates and pathways are
proposed and analyzed from theoretical calculations and/or
simulations, while experimental studies or evidence are still
quite limited to support these mechanisms. Thus, further in-
depth explorations, especially in situ or operando studies,'> are
required to confirm the corresponding reaction mechanisms.

3. Metal-functionalized 2D
nanomaterials for electrochemical
CO> reduction

3.1. Graphene-based materials

Graphene is a single-atom-thick 2D material, in which all
carbon atoms are sp>-hybrid and bonded with each other by
n-n conjunction, and could be regarded as a conductor.
Although graphene has intriguing physicochemical properties
such as high electrical conductivity and the large specific area,

6460 | Nanoscale, 2023, 15, 6456-6475
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pristine graphene usually demonstrates limited catalytic
activity. Importantly, metal doping or hybridization is an
effective way to functionalize graphene and extend its potential
application in catalysis. Compared with the unsupported
metal nanostructures, those supported on graphene exhibit
much enhanced electrocatalytic activity and improved stability
toward electrochemical CO,RR.””® Wet-chemical syntheses,
which does not need complex equipment and can control the
size, composition, shape, and phase of products by simply
tuning the reaction parameters or conditions, has been widely
applied to realize the metal functionalization of graphene.”*”*
Other methods such as thermal evaporation and atomic layer
deposition can also be used to prepare the metal-functiona-
lized graphene.”*”7®

Various metal elements, such as Fe, Co, Ni, Cu, Zn, Sn, Ru,
Ag, Os, Pt, and Au, can be used to functionalize graphene for
electrocatalytic CO, reduction. In these elements, Fe, Ni, Zn,
Ag, and Au can promote the reduction of CO, to CO.**7%77781
Co, In, and Sn show higher intrinsic activity and selectivity
toward the formation of HCOOH.”**®** Os and Ru are promis-
ing catalysts to produce CH,.®*®> Other C, products such as
CH;O0H could be obtained by Ni and Pt.®> As for the C,, pro-
ducts, they are mainly obtained on Cu-based catalysts. In the
rational combination of metal and graphene, since graphene
itself has no catalytic properties, the size and morphology,
anchoring site, and crystal phase of metals have been identi-
fied as key factors that can significantly affect the catalytic
properties.

3.1.1. Size and morphology of metals. The size and mor-
phology control are very important because they can greatly
affect the surface-to-volume ratio, facet, edge, corner, and
surface energy of metal nanostructures, which are closely
related to their catalytic properties.®® Common morphologies
of metal nanostructures include spherical nanoparticles (NPs),
nanorods (NRs), nanowires (NWs), nanosheets (NSs), nano-
cubes (NCs), and nanobelts (NBs).

Recently, metal NPs have been widely used to modify gra-
phene for the electrochemical CO,RR. Although there may not
be chemical bonds between metal nanostructures and gra-
phene (or graphene derivatives), graphene can play an impor-
tant role as well. Since as a support, graphene can help build
porous architectures to facilitate the mass transfer.
Meanwhile, graphene can separate the metal nanostructures
and thus prevent their agglomeration during the catalytic
process. In a typical study, Li et al. synthesized monodispersed
Cu NPs with two different sizes of 7 nm and 13 nm and then
assembled these Cu NPs on pyridinic-N-rich graphene (p-NG)
(Fig. 3A and B).¥” In this work, Cu NPs of different sizes
showed different catalytic activity and selectivity toward the
formation of hydrocarbons. When the 7 nm Cu NPs were
assembled on p-NG with a mass ratio of 1: 1, the selectivity of
the resultant catalyst toward C,H, and formate can be con-
trolled by changing the potential from —0.8 V to —0.9 V (vs.
RHE, Fig. 3C-E). While the 13 nm Cu NPs supported on p-NG
showed lower catalytic activity and inapparent potential-depen-
dent selectivity. Here the role of 2D support (ie., p-NG) is

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) TEM image of 7 nm Cu NPs supported on p-NG. (B) TEM image of 13 nm Cu NPs supported on p-NG. (C) FE of four CO,-reduction pro-
ducts on 7 nm Cu NPs at different potentials. (D and E) Selectivity to different products on 7 nm Cu NPs at (D) —0.8 V (vs. RHE) and (E) —0.9 V (vs.
RHE). Reproduced with permission from ref. 87. Copyright © 2016, Elsevier. (F) Synthesis method for Cu,O/graphene composite. (G) Schematic illus-
tration of Cu,O nanostructure formation on the graphene surface. (H) Scheme of the gas diffusion electrode assembly with Cu,O/graphene cata-
lysts. (I) Temperature dependence of the Cu,O morphologies in the range of 70 °C to 90 °C. Reproduced with permission from ref. 88. Copyright ©

2022, Elsevier.

important because it promotes CO, adsorption, hydrogen-
ation, and C-C coupling in the formation of C,H,, thereby
enhancing the catalytic activity compared with pure Cu NPs.
This work also suggested that it is necessary to control the size
and loading amount of nanoparticles on the 2D support. Note
that the aggregation of nanoparticles and too large size may
reduce their surface-to-volume ratio and weaken the inter-
action with 2D support.

Apart from the spherical nanoparticles, some anisotropic
shapes have also been synthesized and applied to CO,RR.
Recently, Wang et al. synthesized Cu,O nanoflowers, which
were assembled on graphene to form a composite catalyst,
denoted as CG (Fig. 3F-H).*® Specifically, 5 CG catalysts with
different morphologies were synthesized (Fig. 3I). Through
temperature control, the Cu,O nanostructures gradually
evolved from nanobuds into nanoflowers. In parallel, the FE
and partial current density of CO also increased due to the
enlarged surface-to-volume ratio, increased active sites, and
enhanced porosity of the catalyst layer. By separating the Cu,O
nanostructures with graphene in CG catalysts, an improved
gas-liquid-solid interface was obtained, which promoted the

This journal is © The Royal Society of Chemistry 2023

charge transfer and CO, mass transfer within the catalyst
layers.

Other morphologies of metal nanostructures such as nano-
wires, nanoplates, nanosheets, and nanocubes have also been
hybridized with graphene or its derivatives, but some of them
are yet to be explored for the electrocatalytic CO,RR.”%%%°

3.1.2. Anchoring site of metals. Many special sites usually
exist in graphene or graphene derivatives, such as defects
(including edges, vacancies, and holes) and heteroatoms (such
as B, N, F, and P). Atoms at defect sites are not bonded in the
normal way, resulting in excess of n electrons, which is ben-
eficial for electron transfer and formation of key intermediates
in CO,RR.°" Heteroatoms with different electronegativity will
deviate electrons from their equilibrium position, creating a
dipole moment, which could introduce charge redistribution
and create an active center for CO,RR.°? Therefore, these
unique sites of graphene and its derivatives will greatly
improve the ability of the supported metals to catalyze the
reduction of CO,. One of the effective ways to anchor the metal
atoms near defects is to fabricate a metal/nitrogen-doped
carbon (M-N-C) catalyst, which is also a kind of single-atom

Nanoscale, 2023, 15, 6456-6475 | 6461
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catalyst (SACs).”® In 2015, Strasser et al. demonstrated that this
kind of M-N-C catalyst has excellent catalytic performance
toward the electrochemical CO,RR (Fig. 4A).°* Since all the
metal atoms are exposed on the surface of 2D materials,
metals in principle can achieve 100% atomic utilization
efficiency. For M-N-C catalysts, early transition metals such as
Fe, Co, Ni, Mn, and Cu are attracting increasing attention
owing to their excellent CO,RR performance and lower
materials cost than noble metals.

Typically, the synthesis of M-N-C catalysts or SACs can be
categorized as “top-down” and “bottom-up” methods. The
“top-down” approach refers to creating defeats on pristine gra-
phene by functionalization process, followed by annealing to
stabilize metal atoms on defective graphene (Fig. 4B).”7%"
The “bottom-top” approach refers to anchoring metal atoms to
graphene via coordinated pyrolysis (Fig. 4C). For example, by
using MOF as the precursor, 2D M-N-C catalysts can be
obtained through a high-temperature pyrolysis process.”® '
At present, researchers have successfully prepared SACs of
more than 20 kinds of metal atoms.’® However, most SACs
have very low metal loading (about 1-5 wt%) and are at risk of
metal aggregation, which limits the utilization rate of 2D nano-
materials and reduces the stability of catalysts.'”" Recently,
Wang et al. reported a general synthetic strategy, which is
different from the “top-down” and “bottom-up” methods, for
SACs with metal loading of up to 41.6 wt%.'°> In a typical
experiment, they started with amine-functionalized graphene
quantum dots (GQDs-NH,), which were then mixed with the
transition metal salts in the solution (Fig. 4D). GQDs can
stably and uniformly spread and confine transition metal
cations on their surface. After that, a layered bulk structure
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was formed through self-assembly driven by the strong inter-
action between GQDs during the freeze-drying process. Finally,
SACs can be obtained after a subsequent pyrolysis process. As
a proof of concept, two Ni-based SACs, i.e., Ni-N-C-1.5 and Ni-
N-C-3 with metal loading amounts of 7.5 wt% and 15 wt%,
respectively, were used for the electrochemical CO,RR.
Remarkably, both catalysts showed excellent FE of over 90%
toward CO production (Fig. 4E). The highest CO partial current
density of 122 mA cm™> was obtained by Ni-N-C-3 under a cell
voltage of about 2.55 V, which is 2.5 times that of Ni-N-C-1.5
(Fig. 4F). Compared with the “top-down” method, the number
of active sites in SACs by this strategy is greatly increased.
Moreover, the risk of metal atom agglomeration in SACs by
this strategy is largely reduced in comparison with the
“bottom-up” method.

3.1.3. Crystal phase of metals. Metals with different crystal
phases can show very distinct physicochemical
properties.’®>'°* For noble metals, such as Rh, Pd, Ag, Pt, Ir,

and Au, their conventional phase is face-centered cubic (fcc).
For some other noble metals such as Os and Ru, their
common phase is hexagonal close-packed (hcp, 2H type).'*®
However, when the size of metal materials decreases to the
nanoscale, their crystal phase could change to the unusual or
metastable phase, which will lead to different catalytic activity
or selectivity.”>'** Taking Ru as a typical example, the catalytic
activity toward CO oxidation increases of the particle size
increase for the fcc Ru NPs. In contrast, for the hcp Ru NPs,
their catalytic activity decreases with the increase in particle
size.’®® Besides, the exposed facet of unusual phase metal
nanostructures could also greatly affect their catalytic
properties.’® "% Qur group recently synthesized Ag-Cu Janus
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Fig. 4 (A) Schematic illustration of CO,RR mechanisms on Mn—N-C and Fe—N—-C catalysts. Reproduced with permission from ref. 94. Copyright ©
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nanostructures with (100) facets as electrocatalysts for CO,RR,
which greatly improved the C,./C; product ratio and showed
an excellent FE of 72% for C,, products.” Through crystal
phase control, specific facets can be obtained on the surface of
metal nanostructures, thereby further increasing their catalytic
activity and/or selectivity toward various chemical reactions
including the CO,RR."' """

Importantly, previous studies have also demonstrated the
crystal phase control of metal nanostructures on graphene or
its derivatives.*>° As representative work, Zhang et al. used
graphene oxide (GO) as a template to synthesize ultrathin hcp
Au square sheets (AuSSs).*® As shown in Fig. 5, AuSSs have an
edge length of 200-500 nm and a thickness of about 2.4 nm,
which corresponds to ~16 Au atomic layers. Interestingly, the
hep phase can change to the common fcc phase under high-
energy electron beam irradiation. However, it is still a great
challenge to synthesize metal nanostructures with specific
crystal phases on graphene, especially the unusual phase.
Moreover, although phase control has shown attractive cata-
lytic prospects, few works on graphene-supported unusual
phase metals have been applied to CO,RR.

1-Amino-9-octadecene
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3.2. Metal-organic frameworks

MOFs are a series of crystalline materials with a large surface
area, high surface-to-volume ratio, high porosity, tunable struc-
tures, and abundant metal active sites.?®''*>'!3 Here, the metal
active sites could be metal ions or clusters. The tunable struc-
tures result from the various organic ligands, which usually
contain aromatic rings. The high porosity is due to the fact
that the crystal structure is not as dense as ionic or atomic
crystals, and different metal nodes can be connected by
various organic linkers to form numerous nano-scale or sub-
nano-scale pores (Fig. 6)."'* Compared with bulk materials or
3D hierarchical structures, the 2D nanosheet structure gives
MOFs more competitive properties. First, since 2D MOFs have
large lateral sizes, they expose more active sites and have a
higher surface-to-volume ratio than 3D structures.'*>''®
Second, 2D structures are usually formed by layered MOFs, in
which molecules do not have chemical bonds from the vertical
direction to constrain the conformation, and they can obtain
flexibility more easily with suitable ligands.""” Third, by con-
fining all conjugated groups of molecules in one plane, 2D
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Fig. 5 (A) Schematic illustration of the growth of hcp AuSSs on GO sheets. (B) TEM image of the AuSSs. Inset: the crystal models of hcp AuSSs.
Scale bar, 500 nm. (C) HRTEM image of the AuSSs. Scale bar, 2 nm. (D and E) selected-area electron diffraction (SAED) patterns of individual hcp
AuSSs taken along the [110], (D) and [320],, (E) zone axes, respectively. Reproduced with permission from ref. 89. Copyright © 2011, Springer Nature.
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Fig. 6 (A) Schematic illustration for the MOF structure of poly[Zn,(benzimidazole),] molecular sieve nanosheets (MSNs). (B) The ring structure of
the poly[Zn,(benzimidazole),] MSNs with an aperture size of 0.21 nm. Reproduced with permission from ref. 114. Copyright © 2014, American

Association for the Advancement of Science.

MOFs can achieve better conductivity than 3D structures,
which could greatly improve the catalytic performance.''® Last
but not least, the thin and porous structure of 2D MOFs can
facilitate the mass transfer, adsorption, and desorption pro-
cesses in catalysis."**"'® In particular, to obtain better electro-
catalytic performance toward various reactions especially
CO,RR, researchers can optimize 2D MOFs from the following
four aspects: (1) catalytic activity of the active sites; (2) conduc-
tivity for charge transfer, (3) distribution and density of active
sites, and (4) pore size and structure."*°

3.2.1. Metal active sites. Different from graphene, MOFs
are rich in metal active sites for catalysis. Inside MOFs, every
core of the matrix is composed of metal ions or clusters, which
could catalyze the CO,RR. In a typical study, Cao et al. reported
phthalocyanine (Pc) based MOF nanosheets (i.e., NiPc-NiO,)
with high conductivity (Fig. 7A)."'®* The NiPc molecules
connect with each other by a nickel-catecholate bridge, thus
forming a 2D grid-like structure. NiPc-NiO, has a conductivity
of 4.8 x 107 S m™" because of the in-plane full n-d conju-
gation between the Pc molecules and the NiO; nodes.
Experimental studies and density functional theory (DFT) cal-
culations revealed that the CO,RR active site is the single Ni
atom located in the center of Pc rather than in the NiO, node.
The NiPc-NiO, nanosheets showed nearly 100% selectivity
toward CO and large partial current density up to 34.5 mA
cm™>. In another work, Sun et al. reported a 2D MOF structure
based on saddle-shaped 27-nuclear silver(i) clusters (denoted
as Ag27-MOF, Fig. 7B and C)."*' There exists an argentophilic
interaction to consolidate saddle-shaped Ag(i) clusters since
the observed Ag-Ag distance of 2.883(5)-3.3678(15) A is
smaller than the sum of the van der Waals radii of Ag (3.44 A).
The 5,10,15,20-tetra(4-pyridyl)porphyrin (TPyP-H,) ligand was
used to afford a robust 2D MOF structure. Importantly, the 2D
Ag27-MOF demonstrated excellent catalytic performance
toward the carboxylative cyclization of propargylamines with
CO, under atmospheric pressure.

Actually, many MOF structures contain more than one kind
of metal element, namely multi-metal MOFs. Compared with
single-metal MOFs, multi-metal MOFs with multiple kinds of

6464 | Nanoscale, 2023, 15, 6456-6475

active sites could exhibit synergistic catalytic ability."*?

Recently, Feng et al. reported a bimetallic 2D conjugated MOF
(c¢-MOF) structure, such as PcCu-Og-Zn (Fig. 7D and E).'*°
Specifically, they designed and synthesized 4 kinds of ¢-MOFs,
including PcCu-Og-Cu, PcZn-Og-Cu, PcZn-Og-Zn, and PcCu-Og-
Zn. Thus there are 4 types of active centers in these bimetallic
¢-MOFs: ZnO,, ZnN,, CuO,, and CuN,. To evaluate the CO,RR
performance, the aforementioned 2D ¢-MOFs were mixed with
carbon nanotubes (CNTs) to form a composite. As shown in
Fig. 7F and G, PcCu-Og-Zn demonstrates the highest FE and
partial current density toward CO production, which indicates
that the ZnO, sites have better selectivity for the reduction of
CO, to CO than the other sites. According to theoretical calcu-
lations, CuN, is more inclined to produce H, than ZnN,, but
the best performance did not come from PcZn-Og-Zn/CNT. The
FEco of PcCu-Og-Zn/CNT is much higher than PcZn-Og-Zn/
CNT. This observation indicates the synergistic catalytic effect
between CuN, and ZnO, active sites. The catalytic mechanism
was uncovered by combining the surface-enhanced infrared
absorption (SEIRA) analysis and Gibbs free energy of the inter-
mediates in CO, reduction (Fig. 7H and I). On CuN, active
sites, numerous electrons and H,O molecules are attracted to
produce abundant protons. These protons have two possible
reaction directions. One is for HER, and the other is to transfer
to ZnO, active sites. At the same time, CO,RR is happening on
ZnO, active sites, in which proton transfer is a necessary step
in the formation of *COOH and *CO intermediates. In this
way, the CO,RR performance of PcCu-Og-Zn is greatly
enhanced.

3.2.2. 2D MOF-based composites. 2D MOFs have abundant
pores and large surface area, and thus can be used as support
to grow metal-based nanomaterials. To obtain this kind of 2D
MOF-based composites, the synthesis is usually performed by
adding metal precursors into the suspension of MOF
nanosheets, followed by the appropriate treatment.'>*™"?
Importantly, the modification of 2D MOFs with metal-based
nanomaterials could greatly change their catalytic properties
toward CO,RR. For example, Klemm et al. reported Bi,O;
nanowires uniformly grown on Zr-TABT (4,4’,4"-s-triazine-2,4,6-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (A) Schematic illustration for the synthesis of NiPc—NiO,4 nanosheets. Reproduced with permission from ref. 118. Copyright © 2021, Wiley-
VCH. (B) Space-filling model and ball-and-stick model of the saddle-shape Ag(i) cluster. (C) Crystallographic structure of 27-nuclear Ag() cluster.
Reproduced with permission from ref. 121. Copyright © 2020, Wiley-VCH. (D) Schematic illustration for the structure of 2D PcCu-Og-Zn. (E) HRTEM
image of PcCu-Og-Zn. (F and G) The partial current density (F) and FE (G) for CO production on 4 types of MOFs under different potentials. (H) The
Gibbs free energy profiles of 4 types of MOFs for HER and CO,RR at 0.55 V. (I) Schematic illustration of the synergistic effect for CO,RR on PcCu-
Og-Zn. Reproduced with permission from ref. 119. Copyright © 2020, Springer Nature.

triyl-tribenzoate) metal-organic layer (MOL), which exhibited
excellent CO,RR activity towards formate with FE over 85%
(Fig. 8A-D)."?® The high performance of MOL composites was
attributed to the large surface area, which fully exposed Bi,O;
nanowires on the MOL surface for electrocatalytic CO,RR.
Combined with gas diffusion electrodes (GDEs), the current
density of Bi,O5/MOL catalysts can reach up to 330 mA cm™>
in CO,RR, achieving the formate production under the indus-
try-relevant current density by MOF-based materials.

As supports, MOFs with abundant functional groups can
provide anchoring sites for metal atoms."*” Recently, An et al.
reported a method to construct stable single-site MOF compo-
sites by metal-oxygen coordination."” This kind of interaction
can increase the stability of metal active sites by inhibiting the
formation of nanoparticles and controlling the distance
between metal atoms. The agglomeration of active metal
atoms is often detrimental and the catalysts will not be able to
return to their original state, thereby losing their catalytic
activity and/or selectivity (Fig. 8E). Bearing this in mind, An
et al. synthesized Zr,,-MOF (Fig. 8F), which was constructed
from the secondary building units (SBUs) of metal clusters
and organic linkers. Through the deprotonation of hydroxyl
groups by LiCH,SiMe;, this MOF can stabilize single Cu atoms

This journal is © The Royal Society of Chemistry 2023

by the Cu-O coordination. Through further functionalization,
14 binding sites are coordinated by 11 Cu' and 3 Cs".
Although this MOF is not a layered structure, it eventually pre-
sents a disk-like morphology (Fig. 8G). This MOF structure
leads to a short distance of 2.70 + 0.01 A between Cu and Cu
atoms, which provides dual active sites. The distance between
Cu sites is a crucial parameter that can affect the catalytic
process. Furthermore, Cu atoms do not agglomerate during
the catalytic reaction. After reusing this catalyst for three
times, about 90% of the initial activity can be retained.

Apart from the metal-based nanostructures, two kinds of
MOFs can also be combined to form a heterostructure. As a
representative work, Zhang et al. reported the epitaxial growth
of one MOF on the surface of another MOF (Fig. 9A)."*
Specifically, 1D PCN-222 nanorods were vertically grown on the
two basal planes of 2D PCN-134 nanoplates (Fig. 9B-D).
PCN-134 was constructed from tetrakis (4-carboxyphenyl) por-
phyrin (TCPP), 1,3,5-tris (4-carboxyphenyl) benzene (BTB)
linkers, and Zrg clusters. PCN-222 was constructed from TCPP
linkers and Zrg clusters. Lattice mismatch is a key factor that
needs to be considered in the epitaxial growth of these MOF
heterostructures. In this system, the lattice constant of
PCN-222 is almost two times that of PCN-134. Thus, they have

Nanoscale, 2023, 15, 6456-6475 | 6465
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STEM image of a typical standing heterostructure. (C and D) TEM (C) and HRTEM (D) images of the PCN-222/PCN-134 heterostructure. Reproduced
with permission from ref. 128. Copyright © 2020, American Chemical Society.

a good lattice match along the c-axis. However, the application
of this kind of MOF heterostructures for CO,RR remains to be
explored. Note that the heterostructure can combine different
MOF active sites, which may achieve tandem CO, reduction.

3.3. Transition-metal dichalcogenides

TMDs are layered compounds with sandwich structures. They
have a general chemical formula of MX,, in which M and X

6466 | Nanoscale, 2023,15, 6456-6475

represent the transition metal element and chalcogen element
(usually refered to as S, Se, or Te), respectively. Taking MoS,
crystals as an example, different monolayers are stacked
together by van der Waals forces, similar to that in graphite.
Each monolayer consists of two chalcogen atomic layers and
one metal atomic layer, forming a sandwich-like structure,
such as X-M-X. Every M atom coordinates with 6 X atoms (3
from the top layer, 3 from the bottom layer), and every X atom

This journal is © The Royal Society of Chemistry 2023
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coordinates with 3 M atoms, either in an octahedral or trigonal
prismatic mode (Fig. 10)."*° According to these two coordi-
nation modes and different stacking orders between layers,
TMDs have three different crystal phases."®**"*° The first is a
one-layer tetragonal (1T) phase, with a stacking order of AbC,
and different layers in 1T phase can only adopt the stacking
sequence of AbC AbC AbC owing to its symmetry. The second
is a two-layer hexagonal (2H) phase in which different layers
stack in the order of AbA BaB. The third is the three-layer
rhombohedral (3R) phase, which shows a typical stacking
sequence of AbA CaC BcB between multiple layers. As for the
thermodynamically stable phase, 1T or 2H is more likely to be
observed in different TMDs."*"'3> As for MoS,, its thermo-
dynamically stable phase is 2H, which shows a semiconductor
property with a tunable bandgap of 1.2-1.9 eV."**"** 1T is the
metastable phase with metallic behavior because of the
different filling states of the d orbital in metal, which directly
affects the atomic structure of TMD layers."**> It has been
proved that the 1T/1T' phase (1T’ means distorted 1T structure,
which also has octahedral coordination) has higher HER
activity than the 2H phase owing to the high electron density
in the d orbital of chalcogenides."”

The 2D TMD materials can be synthesized by top-down
(such as liquid exfoliation) or bottom-up (such as chemical
vapor deposition (CVD)) methods.””""****7 1t is significant to
decrease the thickness of TMDs to a monolayer because it can
adjust the electronic structures. For example, the band struc-
tures of TMDs will change from indirect to direct bandgaps as
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their thicknesses decrease to monolayer, which may affect the
electron transfer properties during CO,RR. Along with the
decrease in thickness, more active sites of TMDs will also be
exposed, which is beneficial to study the relationship between
atomic-level active sites and catalytic activities.'?**3®

In the application of CO,RR, many factors, such as crystal
phase, energy band, electronic structure, and edge site, could
affect the electrocatalytic performance of TMDs."**'*® The 2D
TMD-based electrocatalysts have shown outstanding perform-
ance in electrocatalysis. MoS,, as the most typical representa-
tive of them, has aroused much interest for its earth abun-
dance, low price, facile synthesis, and stable physical and
chemical properties.*® Not limited to MoS,, the role of metal
atoms in all these TMD catalysts is crucial, no matter whether
the metal atoms are located in the layered structures or intro-
duced by various doping methods.

3.3.1. Edge sites. In 2014, Asadi et al. reported that bulk
MoS, has high CO,RR catalytic activity in an ionic liquid
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4)."*!
They attributed this phenomenon to the Mo atoms at the edge
of the bulk crystal, where the Mo atoms possess high d orbital
electronic density. At the same time, the ionic liquid also
played an important role in suppressing the HER and thus
increasing the CO, conversion.'** In Fig. 11A and B, compared
with Ag NPs and bulk Ag, MoS, began to reduce CO, at a very
low overpotential of 54 mV. When Ag NPs showed a current
density of 10 mA em™ at —0.764 V, MoS, showed a much
higher current density of 65 mA cm™>, together with a high FE

2H 3R

».
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9

Fig. 10 Three different metal coordination modes of TMDs and their corresponding stacking sequences in the structural unit cells. Reproduced
with permission from ref. 129. Copyright © 2015, American Chemical Society.
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Fig. 11 (A) The linear sweep voltammetry (LSV) curves of bulk MoS,, bulk Ag and Ag NPs in CO;RR. (B) FE of bulk MoS, to CO and H, under
different potentials. (C) STEM images of the vertically aligned MoS,. (D) High-resolution HAADF-STEM image of the vertically aligned MoS,. (E) The
LSV curves of bulk MoS, and vertically aligned (VA) MoS, at different potentials. Reproduced with permission from ref. 141. Copyright © 2014,
Springer Nature. (F) The CO,RR performance of different catalysts under various overpotentials. Reproduced with permission from ref. 143.
Copyright © 2016, American Association for the Advancement of Science. (G) Filtered HRTEM image of the Mog gsNbg 05S,. (H) High-resolution
HAADF-STEM image of the vertically aligned Mog 95sNbg 05S,. (I) The calculated CO formation TOF of different catalysts under various overpotentials
in CO2RR. Reproduced with permission from ref. 144. Copyright © 2017, American Chemical Society.

of 98% to CO. DFT calculations revealed that the catalytic
activity of MoS, originated from Mo atoms at the edge sites,
rather than S atoms or inner Mo atoms. Then, the vertically
aligned MoS, nanosheets verified this point, which showed a
greatly increased current density of 130 mA cm™> at —0.764 V
(Fig. 11C-E). Based on this research, Asadi et al. further inves-
tigated the CO,RR activity of 2D Wse, nanoflakes (NFs)."*? At
—0.764 V (vs. RHE), the current density of Wse, NFs is 330 mA
em 2, which is one order of magnitude higher than that of the
bulk MoS, and two orders of magnitude higher than that of
the bulk Ag (3.3 mA cm™>). The turnover frequency (TOF) of
Wse, NFs is 0.28 s, which is about 17.5 times that of bulk
MoS,. The ultraviolet photoelectron spectroscopy (UPS)
measurement showed that Wse, NFs have the lowest work
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function (3.52 eV) compared with bulk MoS, (3.99 eV) and Ag
NPs (4.38 eV). At the same time, the work function of TMD
monolayers shows a trend of MoS, > WS, > MoSe, > Wse,,
which is consistent with the trend of the CO,RR activities, ie.,
the lower the work function, the higher the catalytic activity
(Fig. 11F). DFT calculations indicated that the d-band centers
of edge transition metal atoms (i.e., Mo or W) are very close to
the Fermi energy level, which can enhance the interaction
between TMD NFs and the adsorbed intermediates and thus
contribute to their outstanding CO,RR performance.

For most metals, the formation of the *COOH intermediate
is the RDS for the CO production in CO,RR. However, for TMD
NFs, the RDS is the desorption of *CO because the formation
of *COOH and *CO are exergonic, while the desorption of *CO

This journal is © The Royal Society of Chemistry 2023
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is endergonic. The strong binding of *CO on the TMD edge
atoms inhibits the subsequent desorption process. Thus,
precise modification of the electronic structure of edge sites is
needed to further enhance the rate of *CO desorption. To this
end, Abbasi et al. used Nb and Ta as dopants for the edge sites
to increase the CO,RR activity (Fig. 11G and H).'** It was
found that the best performance was obtained when the Nb
doping percentage reaches 5%. Specifically, the CO formation
TOF of Moy 95Nby 055, is one order of magnitude higher than
that of the vertically aligned MoS, in the overpotential range of
50-150 mV (Fig. 11I).

3.3.2. Metal doping. Compared with the edge sites, the
basal planes of TMDs are covered with coordination-saturated
S atoms and thus are relatively inert for catalysis.'*> Given this
point, many modification methods such as metal doping have
been developed to activate the basal planes of TMDs.
Generally, the metal doping of TMDs can be categorized into
surface metal doping and intralayer metal doping. In particu-
lar, the surface metal doping of TMDs requires sufficient
anion anchoring sites and a high density of surface
vacancies.'*® In a typical study, Zheng et al. reported the high
loading of single-atom-doped single-layer MoS, (sMoS,) cata-
lysts.'*® In this work, MoS, was first exfoliated into monolayers
with high-density of S vacancies using n-butyllithium. Under

View Article Online
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hydrothermal conditions, the transition metal-thiourea com-
plexes could assemble on the S vacancies in the monolayer
MoS,. Then, through a reduction reaction, the hybrid was
reduced and a transition metal SAC supported on the MoS,
monolayer was obtained (Fig. 12A). In this structure, the Fe
atoms are directly located above the Mo atoms, on the top
sites. Simultaneously, Fe atoms bond with 3 surrounding S
atoms and have an average oxidation state between 0 and +3.
Through this method, MoS, could obtain a high metal loading
of as high as 10 wt%. Above 10 wt%, single atoms begin to
agglomerate and form clusters. In the CO,RR test, they used a
reverse water gas shift (RWGS) reaction, which uses H, to
reduce CO, to CO (Fig. 12B). The obtained Fe-sMoS, with
different metal loadings showed high selectivity toward CO,
with the sample of 10 wt% metal loading demonstrating the
best catalytic activity and CO selectivity >98% (Fig. 12C). Apart
from the Mo top site, transition metals (e.g., Co) can also be
doped on the S vacancies or on the hollow sites, as shown in
Fig. 12D-F."*” Note that the resultant-Co-doped MoS, catalysts
demonstrated outstanding selectivity, activity, and stability in
the hydrodeoxygenation of 4-methylphenol to toluene.
Intralayer metal doping usually refers to a certain percen-
tage of atomic substitution of transition metals in TMDs with
other metals. The introduction of other metal elements to
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(A) Schematic illustration for the preparation of Fe SACs on single-

layer MoS, with abundant S vacancies. (B) Schematic view of Fe SACs and

Fe clusters on single-layer MoS, for the reduction of CO, to CO in RWGS. (C) The conversion of CO, and selectivity of CO for Fe-sMoS, with

different metal loadings in RWGS. Reproduced with permission from ref.

146. Copyright © 2021, American Chemical Society. (D—F) Geometries of

Co atom on the (D) Mo top site, (E) S vacancy and (F) hollow site in the monolayer MoS,. Reproduced with permission from ref. 147. Copyright ©
2017 Springer Nature. (G) The current density and FE of different products on Mo—-Bi BMC under various potentials. Curve a is current density.
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TMDs for CO,RR is usually based on the following consider-
ations. The first is to increase the conductivity of TMDs.
Taking the monolayer 2H MoS, as an example, it is a direct
bandgap semiconductor, whose conductivity is lower than that
of graphene. Increasing the conductivity is beneficial to
improve the electron transfer kinetics in CO, reduction.
Second, the other metal could favor the formation of new
CO,RR intermediates on TMDs, and/or promote the reduction
of CO, via the bi-/multi-metallic synergistic or tandem
effects.'*® Third, the other metal could improve the stability of
different intermediates on TMDs and provide the possibility to
obtain various products other than CO.'* In a representative
study, Sun et al. reported a Mo-Bi bimetallic chalcogenide
(BMC) catalyst, which could reduce CO, to methanol with a
maximum FE of 71.2% and the corresponding current density
of 12.1 mA em ™2 at —0.7 V (vs. SHE; Fig. 12G and H)."*® In the
Mo-Bi BMC nanosheets with a Mo/Bi molar ratio of 1:1, the
XPS spectra showed a shift in the 3d peaks of Mo compared to
the pure MoS, nanosheets, providing evidence for the strong
electronic interaction between MoS, and Bi,S;. Specifically,
the CO,RR performance was tested using BMCs on carbon
paper (CP) and ionic liquid 1-butyl-3-methylimidazolium tetra-
fluoroborate ([Bmim]BF,) in MeCN as the electrode and elec-
trolyte, respectively. Apart from methanol, CH, is also a
product that becomes the main product at higher overpoten-
tials. These two C; products have different reaction mecha-
nisms but may share the same intermediates. The high selecti-
vity to methanol could be attributed to the synergistic effect
between Mo and Bi. On the one hand, Bi sites can reduce CO,
to CO in ionic liquids. On the other hand, Mo sites will bind
with the produced CO and further convert it to methanol. In
addition, it is worth mentioning that compared with noble
metals, the earth’s abundance and low price of 2D TMD-based
materials make them promising catalysts toward the practical
applications.™**°

4. Conclusions and perspectives

In summary, we have systematically presented the recent pro-
gress of metal-functionalized 2D nanomaterials for the electro-
chemical CO,RR. Based on different 2D materials, we intro-
duced various modification strategies with metals to improve
their catalytic activity toward CO, reduction. Taking recent
studies as examples, we discussed the catalytic performance
and reaction mechanism of 2D metal-based nanomaterials for
various CO,-reduction products. There are many types of 2D
nanomaterials, and their compositions and structures differ
from each other vastly. It is difficult to generalize the appli-
cation methods of metals in 2D nanomaterials. However, at
the molecular and atomic scales, the introduction of metals in
2D nanomaterials for catalysis is often based on some
common considerations. First, metals, especially noble metals,
possess the inherent catalytic activity and have been used in
CO,RR.™" In contrast, many pristine 2D materials do not have
catalytic properties themselves. Coupling 2D materials with
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metals at the nanoscale allows them to have catalytic pro-
perties and extends their applications in catalysis. Second, for
2D materials with poor or low conductivity, the modification
with metals can improve their conductivity, thereby accelerat-
ing the transfer of electrons/protons in CO,RR. In the for-
mation and conversion of many intermediates, the electron/
proton transfer is always an important factor and may even
become the RDS. Third, synergistic and tandem catalysis are
common approaches to increasing yields and/or obtaining C,.
products. Different metals may lead to different products, and
the corresponding intermediates and their stability are also
different. Two metals with different functions can work
together in the CO, reduction process, thus improving the
catalytic efficiency and product diversity. Fourth, in the syn-
thesis, the final state of the metals should be considered
because their shape, size, phase, and position on 2D nano-
materials can greatly affect the catalytic performance toward
CO,RR. Generally, the large specific surface area and high
atom utilization rate will increase the catalytic efficiency. Last
but not least, suppressing the HER side reaction and improv-
ing the FE of CO,RR are always important targets. The metal
functionalization can turn the pristine 2D materials with only
HER activity into promising CO,RR catalysts.

It is believed that this review will be beneficial for future
catalyst design. Although researchers have made significant
progress in the metal functionalization of 2D nanomaterials,
for the electrocatalytic CO,RR, many research challenges and
opportunities are still lying ahead for practical applications.

From a macro-perspective, the yield, price, and stability of
the catalysts are the biggest obstacles that limit their practical
applications. However, nanomaterials including 2D nano-
materials need strict control over the preparation conditions,
and subtle differences in the synthetic conditions could
directly lead to huge changes in their structures and pro-
perties. These characteristics directly limit the yield and repro-
ducibility of 2D nanomaterials, making it difficult to move
toward practical applications. Finding elements and materials
with higher or rich abundance in nature to substitute expen-
sive noble metal catalysts is also a research hotspot.'>*'%?
Some 2D materials such as graphene and TMDs are not expen-
sive and can be prepared readily by various methods, thereby
attracting increasing interest for the application in catalysis
including the electrochemical CO,RR. Besides, most catalysts
still suffer from limited stability. Note that the catalytic stabi-
lity tests are usually run for less than 24 h in many studies on
CO,RR. Moreover, the durability of catalysts under large
current densities requires further explorations, which is essen-
tial to achieve the industrial application of CO,RR.

From a micro-perspective, future research directions may
focus on the following aspects. First, the clarification of the
CO,RR mechanism requires much more effort. Existing
studies show many possible intermediates in CO, reduction,
but most of them are concluded through DFT calculations.?®
Limited by the present testing methods, it is difficult to
directly observe the connection state between the catalysts and
intermediates. Second, in the synthesis process, heterophase
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or unusual phase metal catalysts are becoming attractive, and
how to combine them with the appropriate 2D nanomaterials
has rarely been explored.'”*'°>"* Currently, the difficulty
mainly lies in obtaining sufficient samples and a certain purity
of unconventional phase catalysts. Third, there have been
increasing reports on tandem catalysts, such as one metal that
produces CO (e.g., Ag and Au) working together with another
metal such as Cu to increase the yield of C,, products in
CO,RR."® But how to combine two catalysts rationally and
maximize the selective reduction of CO, to a specific product
still needs more investigation. Fourth, the SAC loading on 2D
materials is now up to 41.6 wt%.'°> However, how to further
increase its loading on 2D materials remains a great challenge
but holds great potential to improve the electrocatalytic per-
formance. Fifth, new research directions are being discovered
for CO, reduction. For example, researchers recently reported
the direct electrosynthesis of urea and methylamine by com-
bining CO,RR with nitrate reduction.'>®*™**° 1t provides a new
strategy for the synthesis of many more high-value products
through electrocatalysis. At last, the rise of machine learning
and artificial intelligence will be helpful to find the application
of metal-modified 2D nanomaterials in electrocatalysis. In
short, the rational integration of metals with 2D materials will
lead to more in-depth research on the microscopic mecha-
nisms and better performance on the macroscopic properties
in the electrochemical CO,RR and beyond.
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