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Multicomponent catalyst design for CO,/N,/NO,
electroreduction

Shunhan Jia, ©2° Limin Wu,?® Liang Xu,? Xiaofu Sun @ *2° and Buxing Han (® *2t¢

Electroreduction of small molecules such as CO,, N,, and NOs™ is one of the promising routes to produce
sustainable chemicals and fuels and store renewable energy, which could contribute to our carbon
neutrality goal. Emerging multicomponent electrocatalysts, integrating the advantages of individual
components of catalysts, are of great importance to achieve efficient electroreduction of small molecules
via activation of inert bonds and multistep transformation. In this review, some basic issues in the
electroreduction of small molecules including CO,, N5, and NOs™ are briefly introduced. We then discuss
our fundamental understanding of the rule of interaction in multicomponent electrocatalysts, and
summarize three models for multicomponent catalysts, including type |, “a non-catalytically active
component can activate or protect another catalytic component”; type Il, “all catalytic components provide
active intermediates for electrochemical conversion”; and type lll, “one component provides the substrate
for the other through conversion or adsorption”. Additionally, an outlook was considered to highlight the
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1 Introduction

The chemical industry plays a crucial role in the historical
evolution of society, but it causes emerging environmental
concerns and skyrocketing CO, emissions.' Recently, green
chemistry and chemical engineering have opened
sustainability possibilities through transforming renewable
feedstocks, such as CO, and NO, (N, and NOj; ), into
environmentally friendly chemicals, including syngas,
hydrocarbons, oxygenates and ammonia. However, the
existence of inert bonds, e.g., the C=0 bond in CO, and the
N=N bond in N,, brings both restricted thermodynamics
and sluggish kinetics to the activation and conversion of
these molecules to synthesize sustainable chemicals.*™®
Among the developed strategies, the electrochemical
conversion method provides a universal carbon-neutral route
to efficiently upgrade green chemical sources with inert
bonds to chemicals and fuels under ambient conditions
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future directions of multicomponent electrocatalysts toward industrial applications.
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harnessing clean energy.” Previous studies proved that CO,
could be electrochemically converted to value-added
chemicals and fuels, such as formic acid, CO, methanol,
ethene and ethanol.®' Recently, electrochemical synthesis
of ammonia from N, and NO;  has been also developed,
giving new life to NH; synthesis.

The active components of catalysts are the essential building
blocks of the modern chemical research and chemical industry.
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In a typical electrocatalytic process, active components could
serve as intermediates between carriers and the adsorbed
intermediates to promote the redox half-reaction.”
Monocomponent electrocatalysts face the disadvantages of poor
stability, limited activity, and restricted reaction processes. Thus,
the multicomponent design of electrocatalysts has attracted
widespread attention.'? In this review, we first briefly introduced
basic issues in the electroreduction of small molecules including
CO,, N,, and NO;~, which will be taken as typical examples for
further discussion. We then systematically shared our
fundamental = understanding ~of three  models for
multicomponent catalysts as is shown in Scheme 1.

Type I: a non-catalytic active component can activate or
protect another catalytic component.

Type II: all catalytic components
intermediates for electrochemical conversion.

Type III: one component provides the substrate for the
other through conversion or adsorption.

provide active

Limin Wu received her B.E.
degree in Materials Science and
Engineering from Hebei
University of Technology. She
started to pursue her Ph.D. under
the supervision of Prof Xiaofu
Sun at the Institute of Chemistry,
Chinese Academy of Sciences
(CAS). Her research is focused on
the utilization and conversion of
nitrate.

Limin Wu
Xiaofu Sun received his B.S.
degree in Chemistry from Nankai
University in 2011 and M.S.
degree in Physical Chemistry
o from Renmin University of China

f in 2014. He earned his Ph.D.
degree at the Institute of
Chemistry, Chinese Academy of
, Sciences (CAS) in 2017, and did
y postdoctoral research at Nanyang
Technological University. He has
been a professor at the Institute
of Chemistry, CAS, since 20109.
His current research interests
cover utilization and conversion of CO,/NO,, applications of green
solvents (e.g., H,O, ionic liquids), and design and synthesis of
novel catalysts and catalytic systems.

Xiaofu Sun

94 | /nd. Chem. Mater, 2023, 1, 93-105

View Article Online

Industrial Chemistry & Materials

Type | Type Il Type lll
A A A
* LY I . v,
[ | ] |
B B B
o @
~_A ~_ Ly K X/
— I 8
“ a ses

2 4 Reactants Products ~___~ Reaction pathways

Multicomponent catalysts

Scheme 1 Models of multicomponent electrocatalysts.

Further, centering around the electroreduction of small
molecules, we presented recent developments in

multicomponent catalysts using the listed models. Future
directions

were  finally  discussed  for

applying
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multicomponent electrocatalysts in the industrial utilization
of renewable chemical sources through highly efficient
activation and conversion of inert bonds.

2 Electrochemical reduction of CO,/
N>/NO,

2.1 Electroreduction of CO, to chemicals and fuels

CO, is the main greenhouse gas but is also demonstrated as
a promising C; chemical source. Due to its controlled
pathways, simple reaction unit, green process, and scale-up
potential, the electrochemical CO, reduction reaction (CO,-
RR) is a promising way to convert CO, to value-added
chemicals and fuels with H,O as the proton source and store
increasingly produced clean electricity."”’ Researchers have
succeeded to obtain CO, methanol (CH;OH), formic acid
(HCOOH), methane (CH,), ethanol (CH3CH,OH), ethene
(C,H,), and other chemicals from the CO,RR."*™** The carbon
energy index (CEI, Fig. 1A) is newly defined in green carbon
science to describe carbon-containing molecules with their
atomic ratio (C/C, H/C, and O/C).”> Understandably, molecules
with larger Ny/Nc are favorable to release energy. A
semiquantitative overview of common CO,RR products is
presented in Fig. 1B with data from ref. 16 and 17. The
techno-economic analysis of the CO,RR over
catalysts, electrolytes, and cells with accurate data has been
well discussed in several literature reports, which will not be
discussed in detail in the current minireview."®° Briefly,
obvious disadvantages exist in HCOOH compared to other
products. Despite the high CEI of CH,, high electricity cost
hinders the further application of CO,-to-CH,. Conversely,

various

CO, CH30H, and C, chemicals from the CO,RR are
-
A
OEI=14+025x "2 05x~2 il
D meaem C\CEI {
\ No
B Carbon energy index (CEI) \
2.0
e molar revenue 150.0 1.0 Market price
(mol e $7) ($ kg™)
12.5 2.2x10°
Low electricity cost Market size
(kg $) ($ year™)
——HCOOH —CO ~——CH,O0H
——CH, ——C,HOH ——C,H,

Fig. 1 (A) The formula to calculate the carbon energy index (CEIl) of
different carbon-containing molecules. Nx (X = C, H, and O): the
number of X atoms in the molecule. (B) An overview of common CO,-
RR products from the perspective of both chemistry and economics.
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economically feasible, technologically accessible, and of great
potential in the carbon-neutral future.

As is shown in Fig. 24, the electroreduction of CO, with
H,O to various target molecules is a complex proton-coupled
electron transfer process.”” Generally, the CO, molecule
could first transform into CO,” and *CO after being
adsorbed into the electrode guided by different catalysts. The
CO," and *CO intermediates could directly desorb from the
electrode for the formation of C; products such as HCOOH
and CO. However, to produce more useful products discussed
in Fig. 2A, multi-step electroreduction with active H species,
C-C coupling, and multi-step transformation are necessary,
in which multicomponent catalysts summarized here are
thus needed.

2.2 Electroreduction of N, and NO; to NH;

The industrial Haber-Bosch process is of great importance to
modern society since it could produce useful NH; from N,
and H,. Nonetheless, highly energy-intensive, huge CO,
emissions from the generation of H, and centralized facilities
are the main drawbacks of the current Haber-Bosch process
making it unsustainable. Electrochemical reduction of N,
and its derivatives such as NO; with H,O as the proton
source provides a sustainable and carbon-neutral way to
synthesize NH;.° Nonetheless, activation and conversion of
the inert bonds in N, and NO; are inherently challenging
because of their thermodynamic stability.”!  The
electrochemical N, reduction reaction (NRR) in Fig. 2B is
usually based on dissociative and associative mechanisms.*
In the dissociative mechanism, N, molecules adsorbed on
the electrode surface could undergo the activation of the N-N
bond first with high energy input. Meanwhile in the
associative mechanism, two nitrogen atoms could link with
each other until the formation of one NH; molecule. In
addition, these two pathways could occur alternatingly
through the in-turn hydrogenation of two nitrogen atoms to
form two NH; molecules. As for the nitrate reduction reaction
(NITRR) shown in Fig. 2C, the conversion of NO;™ to *NO,  is
the first step, followed by the reduction of *NO,  to *NO,
which could undergo multistep transformation to NH; with
*NH,OH as the key intermediate.”>** Hence, both the NRR
and NITRR are also complex and require multicomponent
electrocatalysts to drive the reactions with enhanced
efficiency. In addition, electroreduction of other NO,
molecules, such as NO (x = 1) and NO,™ (x = 2), to NH; has
been also reported but will not be discussed in the current

review.? 28

3 Emerging multicomponent catalysts
3.1 Type I multicomponent catalysts

3.1.1 Models of multicomponent catalysts.
Multicomponent catalysts, as the name implies, have at least
two components, but it is worth noting that not all the
components in a multicomponent catalyst act as catalytic
sites for catalytic reactions. The main characteristic of a type I

Ind. Chem. Mater.,, 2023, 1, 93-105 | 95
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(A) The possible pathways of multi-step activation and transformation of CO, to various value-added products. Reprinted with permission

from ref. 15. Copyright 2016, John Wiley & Sons, Inc.; Proposed roadmap of multi-step electroreduction of (B) N, and (C) NOs towards NHz
synthesis. Reprinted with permission from ref. 22 and 23. Copyright 2019, Elsevier and Copyright 2021, the Royal Society of Chemistry.

(Scheme 1) multicomponent catalyst is that only one
component acts as the active center during the catalytic
reaction. The other component could enhance the activity
and stability of the catalytic reaction by activating the main
component or preventing its degradation. For instance, as is
shown in type I-A, in a multicomponent catalyst, A/B, A is the
true active site, while B has only low or virtually no catalytic
activity. In the catalytic reaction, A could be activated by B to
A+, so it has high activity. For instance, researchers discovered
that B could tune the oxidation state of the A site, which may
be favorable to electrocatalysts.® In some cases, like type I-B, A
is not a stable catalytic site in the reaction, such as A°" in
electroreduction reactions. A can downgrade to A~ and thus
become inactive. Here, by converting B to B™, B could be used
as a sacrificing component. Typically, through electro-transfer
between A and B, A could be more stable, and the catalytic
reaction can continue at an ideal rate, which is important for
the activation and transformation of inert bonds. In the
following section, recent advances in multicomponent
electrocatalysts with one active site and a secondary
component that could enhance and stabilize the main
component in the electroreduction of CO,, N,, and NO;™ will
be taken as examples to present the application of this model
(Fig. 3 and 4). Type I multicomponent catalysts could be

96 | /Ind. Chem. Mater., 2023, 1, 93-105

formed through doping, direct synthesis, and in situ phase
separation. Compared with traditional immobilized catalysts,
type I multicomponent catalysts could not only provide a
substrate to active sites, but could also enhance the activity of
catalytic sites through the interaction. Type I multicomponent
catalysts in electroreduction of small molecules could
promote the reactions through enhancing substrate
adsorption, stabilizing key intermediates, and inhibiting side
reactions (such as the hydrogen evolution reaction, HER).

3.1.2 Applications in electrochemical reactions

3.1.2.1 Type I‘A. As is shown in Fig. 3A, Qiao and co-
workers recently reported the electroreduction of CO, to
C,H;OH on a multicomponent electrocatalyst containing Ag
and CuO.” The Ag-modified CuO could achieve the
production of C,H;OH at 326.4 mA cm 2 at —0.87 V vs. RHE
with a faradaic efficiency (FE) of 40.8%. The outstanding
performance was attributed to the CuO activated by Ag, in
which the CuAg alloy could be formed under a reductive
potential. The strength of *CO (including *COpigge and
*COatop) Was tuned by the Ag component and thus provided
an asymmetric and highly efficient C-C coupling pathway to
C,H,OH production. Zhu et al. explored the utilization of
Lay 4Sro 4Tip.905-5 perovskite oxide socketed with sub-3 nm
Cu nanoparticles (LSTr-Cu) for reduction of CO, to C,.

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 3

(A) Illustration of promoted CO,-to-C,HsOH on a dCu,O/Ag; 34 electrocatalyst. Reprinted with permission from ref. 29. Copyright 2022, Springer

Nature; (B) Interaction between perovskite oxides and Cu nanoparticles. Reprinted with permission from ref. 30. Copyright 2022, John Wiley & Sons, Inc.;
(C) *CHO intermediates on different Cu-based electrocatalysts. Reprinted with permission from ref. 31. Copyright 2022, Springer Nature; (D) Schematic for
interfacial charge transfer in BVC-A. Reprinted with permission from ref. 33. Copyright 2018, John Wiley & Sons, Inc.; (E) Different NRR pathways on Rh-
based catalysts before and after adding the Se component. Reprinted with permission from ref. 34. Copyright 2020, John Wiley & Sons, Inc.

chemicals.*® Strong interaction between the perovskite and
the Cu component was found to be critical to the
enhancement of electrochemical performance (Fig. 3B).
During the epitaxial growth, Cu nanoparticles, the active site
of the CO,RR, could diffuse into the lattice of LSTr and thus
be tuned by the LSTr component by electrotransfer with Ti*"/
Ti** and the moving d-band center. Compared with the
physical mixture of Cu and perovskite, LST,-Cu had enhanced
performance for C,, production up to 6.2 fold. Our group
recently presented an in situ dual doping strategy to achieve
efficient CO,-to-CH3OH electrocatalysis with Ag,S-Cu,O/Cu,
which could achieve a FE of methanol of 67.4% with a
current density of 122.7 mA cm > in an H-type cell using an
ionic liquid-based electrolyte.*" The S anion could tune the
electronic structure and morphology of the Cu active sites to
favor the *CHO intermediate adsorbed and the CH;OH
pathway. Besides, the Ag cation could suppress the HER.
Their interactions with the Cu active sites could thus
enhance the current density and selectivity of the CO,RR
(Fig. 3C). Wang and co-workers recently reported that Ru
sites dispersed on Cu nanowires could catalyze the NITRR at

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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the industrial-relevant current density of 1 A cm™> with a high
FE of 93%.?> The Ru sites were proved to be the catalytic sites
of the NITRR while the Cu component could boost the
reactivity of the Ru sites through suppressing the HER.

The Yu group reported a noble-metal-free multicomponent
electrocatalyst, amorphous phase Bi,V,04,/CeO, (BVC-A), for
a highly efficient NRR.*® Significant defects on Bi,V,0, could
play a role as active sites, while CeO, could serve as the
trigger for the formation of the amorphous phase. More
importantly, as is shown in Fig. 3D, interfacial electron
transfer from CeO, to Bi,V,0, enabled by type I band
alignment established in the BVC-A catalyst could boost its
NRR performance remarkably since the average yield of NH;
could reach 23.21 mg h™ mgc.ﬂtf1 with a FE of 10.16%, which
is 3 times better than that of the Bi,V,0,,/CeO, hybrid with a
crystalline phase. Huang et al recently utilized a surface
chalcogenation strategy to build multicomponent catalysts
with Rh-Se nanocrystals (Rh-Se NCs) which thus promoted
the NRR performance.®* Surface chalcogenation could boost
the performance of Rh-Se NCs by reducing the apparent
activation energy of reactant molecules and inhibiting the

Ind. Chem. Mater., 2023,1, 93-105 | 97
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Reprinted with permission from ref. 35. Copyright 2021, John Wiley & Sons, Inc.; (B) Illustration of a multicomponent superlattice constructed from a
metal oxide layer and a conductive layer. Reprinted with permission from ref. 36. Copyright 2022, Springer Nature; (C) Reaction pathway of the CO,RR
on the Mo-Se multicomponent electrocatalyst. Reprinted with permission from ref. 37. Copyright 2022, John Wiley & Sons, Inc.; (D) Cu active sites
protected by strong electronic interaction during the CO,RR. Reprinted with permission from ref. 38. Copyright 2022, John Wiley & Sons, Inc.

HER (Fig. 3E). A rather low valence state was constructed for
the critical redox inversion induced by the multicomponent
core-shell structure of Rh-Se NCs, which could boost the FE
by 15 times to 13.3% with an NHj; yield of 175.6 mg h™
th_l-

3.1.2.2 Type IB. Zhai and coworkers reported the
construction of SnO,@CuS and SnO,@Cu,0 heterojunctions
through in situ structure evolution of CuSnS; nanosheets as
an efficient electrocatalyst for CO,-to-HCOOH, with Sn*" as
the active site, as is presented in Fig. 4A. Sn** was well
protected by the electro-self-flow to Cu" during electrolysis.*”
The delocalization of Sn-based active sites enabled by charge
transfer could boost the coupling between H* and HCOO*,
thereby accelerating the kinetics of the CO,RR and exhibiting
excellent electrochemical performance of 83.4% HCOOH
formation in a wide potential range (-0.6 V to -1.1 V). The
Zhai group also reported a tangible superlattice (Fig. 4B)
consisting of two sublayers including [Bi,0,]*" and [Cu,Se,]*
for the protection of Bi active sites in the [Bi,0,]*" layer with
the conductive [Cu,Se,]*” sublayer.*® Compared to the self-
reduced Bi metal, the Bi active sites in the [Bi,0,]*" layer

98 | /nd. Chem. Mater,, 2023, 1, 93-105

could accept electrons rapidly transferring from the [Cu,-
Se,]*” layer and be protected in the CO,RR. Moreover, in the
[Bi,0,]*" layer, Bi p orbitals and O p orbitals were proved to
have unique overlaps by theoretical calculations that could
enhance the adsorption of the OCHO* intermediate. Hence,
in a wide potential range from -0.4 to —1.1 V, BiCuSeO
superlattices could exhibit ideal FE to HCOOH of >90%.
Chen and co-workers recently demonstrated a Mo-Se dual
single-atom electrocatalyst (MoSA-SeSA) for the CO,RR
producing CO at a wide potential of -0.4 to -1.0 V with a FE
of >90%.%” As is presented in Fig. 4C, MoSA was proved to be
the active site here since it could interact with CO, and its
intermediates during the CO,RR, while SeSA could promote
the performance of MoSA. Operando and theoretical studies
revealed that SeSA could tune the electronic structure via
long-range electro-delocalization, which is essential to avoid
the inhibition of MoSA caused by the strong CO adsorption.
Additionally, SeSA could also suppress the HER through
repelling H,O molecules and accelerate the CO, transport for
MoSA to boost the CO,RR. Yan and co-workers utilized
hexagonal boron nitride (h-BN) nanosheets to decorate Cu,O

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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nanoparticles with Cu” active sites with enhanced stability.*®
Through using the h-BN substrate, the C,H,/CO ratio in the
CO,RR could be improved 1.62 times in contrast to

traditional Cu,O catalysts. As presented in Fig. 4D,
interaction in the multicomponent catalysts is critical to
performance improvement. The h-BN substrate could

strengthen the Cu-O bond and receive partial electron
density from Cu,O. As a result, the Cu’ species could be
stabilized through its interaction with h-BN during long-term
CO,RR. Zhu and colleagues developed a novel framework by
assembling [Zr,sNig] nano-cages, which could extract AuCl,"
from electronic waste, due to its high surface area and high
stability in solvents.”®> More importantly, this kind of
framework adsorbing AuCl, could be converted to efficient
multicomponent catalysts loading low-cost Au nanoparticles
with controlled sizes. The catalysts could exhibit excellent FE
of CO as high as 95.2% at a current density of 102.9 mA
em 2, which could be attributed to the confinement effect
provided by the nanoclusters of [Zr,gNig] protecting Au
nanoparticles from deactivation. Recently, group
discovered an in situ periodic regeneration method to develop
long-term stable electrocatalysts for the CO,RR.* A positive
potential pulse with a short period was utilized to generate
Cu" active sites through the interaction with an electrolyte
containing halide ions. The halide anion participated in the
formation and stabilization of the highly active catalysts. This
method could enhance the performance of the CO,RR on
commercial Cu-based catalysts with a FE of 81.2% and a
current density of 22.7 mA cm™ with a stability of more than
36 h.

our

3.2 Type II multicomponent catalysts

3.2.1 Models of multicomponent catalysts. In type II
multicomponent catalysts, two components could participate
in the catalytic reaction at the same time providing active
intermediates for the conversion of substrate molecules.
Specifically, type II-A could supply different intermediates
for product formation. For example, although the HER is
the main side reaction of most small molecule
electroreduction reactions and needs to be suppressed,
active proton species play an important role in the
electroreduction of small molecules since water could serve
as the green proton source in the aqueous system. However,
it is difficult for traditional monocomponent catalysts to
generate several types of species at the same time.
Multicomponent catalysts are thus demanded to generate
various intermediates in the reactions. In the CO,RR,
reactive hydrogen species could enhance the conversion of
CO, to value-added products with multiple electron transfer
processes such as alcohols. In addition, reactive hydrogen
species are also very important for the electrochemical
hydrogenation of inert bonds in N,. Type II-B catalysts
could simultaneously produce the same product, thus
improving the performance of the reaction. In
multicomponent catalysts, the synergistic effect of each
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component has been widely studied and proved to promote
the reaction, making the performance of the
multicomponent catalysts better than the effect of the two
components acting separately. Additionally, the interaction
between the loaded component and the substrate is also
very important in this type of multicomponent catalyst. In
the traditional impregnated catalysts, the substrate could
not provide active sites, while recent studies showed that
the activity of the catalyst substrates could boost the
electroreduction efficiently. Hence, type II multicomponent
catalysts could drive the electroreduction of small molecules
with enhanced efficiency and produce more valuable
products, which would be introduced in detail in the next
subsection.

3.2.2 Applications in electrochemical reactions

3.2.2.1 Type II-A. Our group reported the efficient
conversion of CO, to methanol on Mo-Bi bimetallic
chalcogenide (MBC) in ionic liquid-based electrolytes
through  synergistic  effects confirmed by control
experiments. CO and H, intermediates were generated at Bi
and Mo sites, respectively, and these intermediates were
proved to be important in the production of methanol. The
FE of methanol on MBC catalysts could reach 71.2% with a
current density of 12.1 mA cm™.*" Guo and co-workers
recently reported phthalocyanines polymerized through the
solid ion thermal utilizing Scholl reaction (Fig. 5A) with
carbon nanotubes as the substrates, which could provide
both CoN, sites and H,Pc sites for the CO,RR.*> As is
shown in Fig. 5B, in the phthalocyanine catalysts, CoN,
could serve as the active site to interact with CO, molecules
while H,Pc sites could boost the CO,RR as the donors of
protons and electrons. As a result, the performance of
phthalocyanines could reach a FE of 97% with a large
current density of >200 mA cm™. Sargent et al. explored
the doping of hydroxide and oxide to Cu catalysts that
could tune the adsorption energy of hydrogen species on
the Cu surface through the synthesis of Ce(OH),-doped-Cu
catalysts.”® As is presented in Fig. 5C, hydroxide and oxide
dopants could enhance the hydrogenation of *HCCOH to
produce  ethanol products by providing proton
intermediates. Competently, Ce(OH),-doped-Cu catalysts
could reach an ethanol partial current density of 128 mA
em™ with a FE of 43% and a high ethanol/ethylene ratio.
The Cheng group reported a nanoporous NiSb alloy as an
efficient multicomponent catalyst for the NRR.** As is
presented in Fig. 5D, the Ni sites could enhance the
hydrogenation of N, and the Sb sites could separate the
active sites for N, adsorption and active proton species
generation, which is helpful to the activation of inert N,
molecules. Due to the separated active sites, the NRR
performance on the NiSb alloy could reach a high NH;
yield rate of 56.9 ug h™" mg™" with a FE of 48.0%.

3.2.2.2 Type II-B. Recently, defective CuO-supported atomic
Sn sites were synthesized as superior electrocatalysts for CO,-
to-CH3;OH transformation aided by the cooperation of
multiple sites including Sn, oxygen vacancies, and the CuO
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(A) Structure and (B) catalytic mechanism of the CNT@CMP(CoPc-H,Pc) electrocatalyst. Reprinted with permission from ref. 42. Copyright 2022,

John Wiley & Sons, Inc.; (C) Proton-involved CO,-to-CH,;HsOH pathway on the Ce(OH),-doped-Cu electrocatalyst. Reprinted with permission from ref. 43.
Copyright 2019, Springer Nature; (D) Comparison of the NRR on different Ni-based catalysts. Reprinted with permission from ref. 44. Copyright 2021, John
Wiley & Sons, Inc.; (E) “Two ships in a bottle” design strategy of Zn-Ag-O catalysts for the CO,RR. Reprinted with permission from ref. 46. Copyright 2021,
the American Chemical Society; (F) Advantages of BCN with frustrated Lewis pairs in the NRR. Reprinted with permission from ref. 48. Copyright 2022, John

Wiley & Sons, Inc.;

support, which could generate CH;OH at the same time.** As
a result, the multicomponent catalyst could exhibit a
methanol FE of 88.6% with a current density of 67.0 mA
m™>. In Fig. 5E, Chen and colleagues proposed a “two ships
in a bottle” design and synthesized a multicomponent Zn-
Ag-O catalyst for the CO,RR with a high energy efficiency of
60.9%, a CO FE of 94.1%, and ideal stability.”® The excellent
performance of Zn-Ag-O could be attributed to the enhanced
adsorption of *COOH intermediates on the surface of Zn and
Ag domains. Additionally, the surfaces could also hinder the
detachment and agglomeration of catalysts during the CO,-
RR. The wunique porous structure in metal-organic
frameworks could provide a useful platform for
multicomponent catalysts.”” Zhu and co-workers reported a
porous 3D In-MOF, {(Me,NH,)[In(BCP)]-2DMF}, (V11), with
two types of channels that could transfer CO, to HCOOH
with a FE of 76%.** Researchers discovered that carbon
particles produced from methylene blue molecules could be
introduced to the channels of V11 through pyrolysis.
Multicomponent catalysts containing V11 and carbon
particles could improve both the FE (from 76.0% to 90.1%)
and current density (2.2 times) of HCOOH generation,
because of the enhanced charge and mass transfer and
sufficiently exposed active sites. The Dai group presented a

100 | /nd. Chem. Mater., 2023, 1, 93-105

(G) Comparison of NRR pathways on Zn;N-C and N/C. Reprinted with permission from ref. 49. Copyright 2022, John Wiley & Sons, Inc.

defective boron carbon nitride (BCN) catalyst with both
Lewis acid and base sites for the NRR, which has long-term
stability and could exhibit a high FE of 18.9%, and the
yield of NH; could reach 20.9 pug h™ mge ".** The
frustrated Lewis pairs (FLPs) in BCN catalysts could provide
the possibility for the formation of a six-membered ring
intermediate during the NRR, as is shown in Fig. 5F,
enabling the efficient N, cleavage through pull-pull
efficiency. Hou and collaborators reported hollow porous
N-doped carbon nanofibers anchoring single Zn(i) sites
(Zn'N-C) for the NRR." As is presented in Fig. 5G, the
isolated Zn sites and nearby graphitic N sites could
synergistically activate and convert the inert N, molecules
by decreasing the energy barrier of the *NNH intermediate
formation, which was proved to be the rate-limiting step in
the NRR. Therefore, the yield of NH; production on Zn'N-
C could reach 16.1 pg h™ mg.. " with a FE of 11.8%. The
Zhang group demonstrated a highly efficient NITRR on a
multicomponent Cu/Cu,O catalyst in situ derived from CuO
with a FE as high as 95.8% and an excellent selectivity of
82%.%% Electron transfer from Cu,O to Cu led to *NOH
intermediate adsorption at the interface, which was
attributed to the promoted NH; production and suppressed
HER.
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3.3 Type III multicomponent catalysts

3.3.1 Models of multicomponent catalysts. The type III
multicomponent catalysts emphasize the sequential action of
different catalytic sites in the electroreduction of small
molecules. For example, type III-A multicomponent catalysts
could convert the substrate molecules in tandem with the
migration of intermediates. Each active site could catalyze
the individual step in the reaction, which could be coupled
into the whole reaction. This effect is important because of
the ability to boost key processes in the electroreduction of
small molecules such as C,. product generation from in situ
generated CO intermediates and efficient hydrogenation of
NO,  intermediates in the NITRR to produce NH; with an
enhanced yield rate. The catalytic sites with different
components could provide active sites for the above-

View Article Online
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heterostructures, and framework materials could serve as
efficient catalysts for this subtype of catalyst. In type III-B,
active sites could also boost the reaction with the help of
components that could enhance the adsorption of
substrate molecules such as CO,, N,, and NO; . These
substrates usually suffer from low solubility and (or)
concentration in the electrolyte, which could hinder their
electroreduction with the limitation of mass transfer. Thus,
the component in the catalysts that could provide high
local concentration through adsorption could assist in the
promotion of electrochemical performance of real active
sites fed with more substrates. Porous materials, which
could provide ideal gas adsorption due to their high
specific surface area, were proved to be effective providers
of adsorption sites in type III-B catalysts. In addition,
catalysts with unique electric fields and nanostructures

mentioned steps. Materials including alloys, bimetallic  were also reported.
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Copyright 2022, Springer Nature; (D) CO; diffusion in GDE enhanced by CC3. Reprinted with permission from ref. 56. Copyright 2022, John Wiley & Sons, Inc.;
(E) N, diffusion on the surface of catalysts encapsulated with ZIF. Reprinted with permission from ref. 57. Copyright 2018, American Association for the
Advancement of Science; (F) Built-in electric field in CuCI_BEF catalysts enabling enhanced NITRR. Reprinted with permission from ref. 58. Copyright 2021,
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3.3.2 Applications in electrochemical reactions

3.3.2.1 Type III-A. Fan and collaborators demonstrated the
delicate synthesis of Ag-Cu Janus nanocatalysts (Ages—Cuss
JNS-100) that could reduce CO, to C,. products.”® As is
shown in Fig. 6A, CO, could transfer to CO on the Ag sites,
followed by the CO spillover and dimerization on the Cu
component. Compared with Cu nanocubes, Agss—Cuss JNS-
100 could exhibit enhanced FE of C,. products. The Yu group
demonstrated a tandem catalyst for CO,-to-CO through
anchoring single atomic Cu sites and Cu nanoclusters on the
carbon support doped with N and S.>* The catalyst (Cu-S;N;)
could exhibit a CO FE of 100% under optimized conditions,
which was attributed to the generation of *CO,”
intermediates on CuN, sites and the hydrogenation of *CO,"
on Cu clusters (Fig. 6B). Bao and coworkers reported the CO,-
RR producing CH, using copper-free catalysts consisting of
phthalocyanine (CoPc) and zinc-nitrogen-carbon (Zn-N-C)
sites, which had much better performance than catalysts with
one type of site alone.>® CO, was proved to be reduced to CO
on the CoPc sites, while in situ generated CO could be fed to
Zn-N-C sites as substrates to produce CH,4. Recently, Wu and
coworkers reported that segmented gas-diffusion electrodes
(s-GDEs) with multiple components could enhance the
conversion of CO, to C,; chemicals through the prolonged
residence time of CO intermediates enabled by the segment
at the inlet.> The Ag component could transfer CO, to CO,
while Cu sites could utilize the in situ generated CO
intermediates diffused from the surface of Ag to produce the
C,.+ products through the formation of C-C coupling. Based
on this strategy that could increase the yield of both CO
intermediates and C,, fine products at the same time,
researchers developed a Cu/Fe-N-C s-GDE, which could
exhibit a high partial current density of C,. production of ~1
A cm™ with a FE of 90%. The Schuhmann lab demonstrated
a tandem catalyst for NH; synthesis from NO;™ with a core-
shell catalyst with Cu/CuO, and Co/CoO phases.>® As is
presented in Fig. 6C, NO;  could first be reduced on the Cu-
based sites to NO,, while NH; could be generated from NO,~
on the surface of Co sites. The high local concentration of
NO,  provided by Cu sites could boost the yield of NH;
production obviously. Consequently, a high yield of NH; of
117 mmol cem™ h™ could be reached on the
multicomponent catalysts with a tandem reduction.

3.3.2.2 Type III-B. Recently, our group reported porous
organic cages (POCs) as an additive for the CO,RR on Cu
catalysts since the limited solubility of CO, in aqueous
solution could hinder the mass transfer and thus reduce the
performance.”® CO, could be adsorbed in the pores of POCs,
followed by its diffusion to the surface of Cu catalytic sites.
Compared with the CO, diffusion from an aqueous
electrolyte, it was more favorable to diffuse from the
hydrophobic pores of the POCs. The enhanced attachment
between CO, and the Cu surface enabled the enhanced
CO,RR performance and decreased the HER. As a result, the
FE of C,, chemicals on Cu modified with CC3 (one of the
POCs) could reach 76% with a high current density of 1.7 A
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em™. Ling and coworkers designed a reticular chemistry
approach for selective NRR, in which zeolitic imidazolate
framework-71 (ZIF) was introduced to the surface of NRR
electrocatalysts (Fig. 6D).”” The multicomponent catalysts
could enhance the interactions between N, molecules and
active sites, while the HER could be suppressed. The catalysts
coated with ZIF could exhibit a selectivity to NH; of ~90%
and an enhanced FE of 11%. The Lu group synthesized a
multicomponent catalyst via stacking CuCl and TiO, on an
MXene substrate (CuCl_BEF), which had a built-in electric
field because of the electron transfer from TiO, to CuCl.>®
The unique builtin electric field could assist the
accumulation of NO;~ around TiO, sites with positive charge
and produce a high local NO;~ concentration to the Cu
catalytic sites (Fig. 6E). Therefore, the electrochemical
production of NH; on CuCI_BEF could reach a selectivity of
98.6% and a high yield of 64.4 h™" in low NO;~ concentration
electrolyte (100 mg L™'). Recently, Li and colleagues
demonstrated a multicomponent catalyst consisting of CuO,
active sites and a TiO, nanotube reactor (TiO, NTs/CuO,) for
the NITRR, in which TiO, could hinder the diffusion of NO,~
by-products and thus boost the reduction of NO, on CuO,
sites and produce NH; with higher selectivity.>® The
maximum FE of the NITRR on TiO, NTs/CuO, could reach
92.23% and a high NHj; yield rate of 1241.81 ug h™ cm™
could be achieved.

4 Summary and outlook

As discussed above, the electrochemical reduction of small
molecules on multicomponent catalysts could contribute to
the carbon neutrality and sustainability goals of our society
through producing value-added chemicals with renewable
sources, and is substantially becoming a crucial research
area. However, large-scale and industrial applications of
these emerging electrochemical reactions such as the CO,RR,
NRR, and NITRR have not been realized to date, which is
caused by their low energy efficiency, high cost, and
unsatisfactory economic benefits. Additionally, some
essential scientific and technological issues need to be
addressed in the future, some of which are highlighted as
follows:

First, there is no doubt that synthesizing multicomponent
electrocatalysts with high reaction activity, ideal selectivity,
long-term stability, and low cost is a long-range objective for
researchers to advance the electroreduction of small
molecules to industry. For instance, the reduction of CO, to
long-chain organic chemicals is also important, which is
proposed to be promoted by multicomponent -catalysts.
Additionally, reduction of CO,/N, with low partial pressure or
undesired impurities and NO, at low concentration would
be enabled by multicomponent catalysts. On the other hand,
more research should be conducted to study the structure-
property relationship and the interaction of different
components in these catalysts.
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Second, electrolytes are also an important unit in the
electrochemical reduction of small molecules besides
catalysts, which could be designed together toward an
efficient electrolyte-catalyst system.’® The rules in the
coupling of electrolytes and catalysts for electrochemical
transformation are needed to be explored.

Third, compared with the direct electroreduction of small
molecules with water, few research studies have been
conducted on the co-reduction of these molecules and their
electrochemical coupling with other organic compounds.
Recently, electrochemical synthesis of carboxylic acid,
carbonate, urea, amine, and other organic chemicals from
the electroreduction of small molecules was reported, but
these reactions are still in the starting stage.®”®’
Multicomponent catalysts have the advantages of producing
C-/N-containing intermediates simultaneously and promoting
the C-N coupling.®® Hence, more attention should be paid to
developing new routes for electrochemical synthesis using
multicomponent catalysts.

Fourth, the electroreduction of small molecules is very
complex and our current knowledge is very limited to
understand the reaction mechanism of these reactions in
detail.®>”° As a result, in situ characterization and theoretical
studies should be combined to provide more understanding
of the mechanism.

Fifth, we believe that, in the near future, industrial
electroreduction of small molecules should be realized, and
some problems should be solved including energy harvesting
devices, efficient adsorption of substrates such as CO,, advanced
flow electrolyzers, coupled reactions, and product separation.
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