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1. Introduction

Development of catalysts and electrolyzers toward
industrial-scale CO, electroreduction

Geng Li,? Yong Liu,® Qiang Zhang,® Qiushi Hu,? Weihua Guo,? Xiaohu Cao,?
Yubing Dou,? Le Cheng,? Yun Song,? Jianjun Su,? Libei Huang® and Ruquan Ye (& *2°

The electrochemical CO, reduction reaction (CO,RR) has attracted significant research interest in recent
years due to its potential to mitigate carbon emissions while providing valuable fuels and chemicals. The
performance of the CO,RR has been improved from tens of milliamperes per square centimeter to
orders of magnitude higher, with selectivity approaching 100% for some products. This review will
highlight the key development of the CO,RR toward industrially relevant performance. We will first
discuss the recent advances of electrocatalysts in refining the product's selectivity. A few representative
electrocatalysts will be showcased, including metal-free catalysts, metal nanoparticles, and molecular
catalysts and their derivatives. Then we will show the development of electrochemical cells for the
CO,RR, which play a pivotal role in achieving a current density of amperes per square centimeter.
Specifically, using the flow electrolyzer has significantly improved the CO,RR current densities compared
to the conventional H-type cell. Lastly, we will provide perspectives on future development and
challenges of the CO,RR.

issues, such as global warming and the rise of sea levels.”
Limiting CO, generation and turning it into valuable chemicals

The balance of the global carbon cycle has been disrupted by
the overconsumption of fuels and increasing emissions of CO,,
eventually resulting in a slew of ecological and environmental
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appear to be essential to mitigate the crisis. So far, several
techniques have been developed to address the carbon emis-
sion problem, including CO, capture,®* storage,*” and conver-
sion.®** The electrochemical CO, reduction reaction (CO,RR),
coupled with renewable energy sources such as wind and solar
energy, has been recognized as one of the optimum approaches
to achieve carbon neutrality (Fig. 1)."»'* The utilization of
photovoltaic and wind power in electrochemical CO,RR systems
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Fig. 1 A schematic diagram of the electrochemical CO,RR to chemical fuels from renewable energy sources.

can simultaneously reduce the atmospheric CO, concentration
and convert the intermittent and unstable electricity into
chemical fuels. Furthermore, as the cost of power generated by
photovoltaic systems and wind turbines continues to drop, the
electrochemical CO,RR is emerging as an attractive and
sustainable technique for converting atmospheric CO, into
fuels and chemicals.

The electrocatalytic CO,RR is a complicated process that
involves multiproton-coupled electron transfer and produces
mixtures of reduction products. Based on the number of carbon
atoms, CO,RR products are classified into C; products
including formate/formic acid (HCOOH), carbon monoxide
(CO), methanol (CH;OH) and methane (CH,), C, products
including ethylene (C,H,), ethanol (C,HsOH) and acetate
(CH3COOH), C; products such as propylene (C;H¢) and n-
propanal (C,H5CHO), and long-chain products. However, there
exists an intractable problem that CO, is thermodynamically
stable, leading to a large energy barrier for electrochemical CO,
activation. The electrochemical CO,RR is generally started by
transferring a single electron to a linear CO, molecule to
generate bent CO,"~, which requires a potential of —1.9 Vvs. the
standard hydrogen electrode (SHE) (eqn (1)), indicating high
activation energy for the CO,RR." Despite the close potential
for different products (eqn (2)-(7)), the electrochemical CO,RR
to hydrocarbons or oxygenates generally possesses a higher
kinetic barrier than that of CO and HCOOH, since more elec-
trons are required to form hydrocarbons or oxygenates.'
Furthermore, the hydrogen evolution reaction (eqn (8)) will
compete with the CO,RR at the cathode, making it challenging
to generate target products. Thus, designing and
manufacturing CO,RR electrocatalysts with high activity and
faradaic efficiency (FE) for a particular product are critical for
industrial applications. Novel high-efficiency catalysts
including metal-free catalysts, metal nanoparticles, and
molecular catalysts and their derivatives have been developed
for the electrochemical CO,RR in the last few decades.

C02 +e — COz.i, E() =-190V (1)

CO, + 2H" +2¢~ — CO + H,0, Ey = —0.53 V (2)

This journal is © The Royal Society of Chemistry 2022

CO, + 2H" + 2¢~ — HCOOH, E; = —0.61 V (3)

CO, + 6H" + 6~ — CH;0H + H,0, Ey = —038V  (4)
CO, + 8H" + 8¢~ — CHy + 2H,0, Ey = —0.24 V (5)
2C0, + 12H" + 126~ — C,H4 + 4H,0, E; = —0.34V  (6)
2CO, + 12H" + 12¢~ — C,HsOH + 3H,0, E; = —0.33V (7)
2H" +2¢” — H,, Eg=—042V (8)

Besides, the CO,RR is mostly investigated using the typical
H-type electrolytic cell in the laboratory. The current densities
for the CO,RR in this system are usually less than 50 mA cm 2
due to the low CO, solubility in aqueous solution (~0.03 mg
kg™ " at ~300 K, 1 atm in water), whereas the industrial-scale
current densities should be at least 200 mA cm 2.7
Recently, efforts in building direct gas-feed reactors have
provided the possibility for electrocatalytic CO, conversion at
industrial-scale current densities, presenting new insight on the
technology's commercialization.” In this review, we first
summarize the literature on representative electrocatalysts in
refining the selectivity of different products, and then discuss
the latest progress in electrolytic cells for industrial-scale
CO,RR. We also outline the challenges and prospects of this
burgeoning research field.

2. COyRR catalysts for different
products

The electroreduction process begins with the adsorption and
activation of CO, on the surface of the catalyst, leading to the
formation of *OHCO or *COOH intermediates (the atom with *
binds to the surface) (Fig. 2). Then the *OHCO is further
reduced to generate formic acid, while *COOH is reduced to
*CO adsorbed on the catalyst surface. *CO will be easily des-
orbed as a gas product on the surface of catalysts with weak
binding energies for *CO. Meanwhile, *CO can be further
reduced to generate multi-electron products if it binds to the
catalyst surface strongly. Considering the diversity of products,
it is challenging to develop catalysts with high activity and
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Fig. 2 Different pathways for the electrochemical CO2RR.

selectivity. There are two main paths for further reduction of
CO. The first one includes a succession of proton-coupled
electron transfers that result in CH;OH and CH, production.
The second route begins with the dimerization of *CO to form
*CO dimers followed by the hydrogenation process to generate
C,. products such as C,H, and C,HsOH.>***

So far, metal catalysts have been the most effective catalysts
for the CO,RR. Noble metals such as Au, Ag, and Pd, and non-
noble metals like Zn show high catalytic activity towards CO,-
to-CO electroreduction, because of their weak binding energies
for *CO.”* p-Block metals, such as Sn, In, Bi, and Pd, and their
composites, present a high selectivity for HCOO /HCOOH
because of their favorable binding to *OHCO.* Cu is usually
used for multi-electron transfer products (such as CH, and
CH;0H) and C,, products because of its moderate binding
energy of *CO, which is a crucial intermediate product involved
in the C-C dimerization step.** However, bulk metals usually
show low catalytic performance. In order to enhance the cata-
Iytic activity of metals, nanostructured metals with well-
controlled morphologies and structures have been prepared
for enhanced catalytic performances. In addition, metal alloy-
ing, which changes the adsorption to the intermediate, is
another strategy to prepare highly active catalysts. More
recently, single-atom catalysts (SACs) have also attracted
increasing attention for the electrochemical CO,RR, because of
their maximized atomic usage and tunable activities.” More-
over, molecular catalysts and metal-free catalysts have also been
developed to hinder the use of metals and decrease the prepa-
ration cost of catalysts. In this section, we will review repre-
sentative electrocatalysts in refining the selectivity of different
products.

2.1 Carbon monoxide

Among all the CO,RR products, CO has been considered the
most commercially viable product because of its kinetically
accessible process (two-proton and two-electron reaction) and
high efficiency. Moreover, CO is an essential and indispensable
precursor for producing various commodity chemicals in
industry. For example, synthesis gas with a 2 : 1 CO/H, ratio can
be utilized to produce a variety of organic chemicals (such as
higher hydrocarbons) via the Fischer-Tropsch process.**>*

So far, noble metals such as Au, Ag, and Pd, and non-noble
metals like Zn have shown high catalytic activity towards CO,-
to-CO electroreduction. Ag is the representative metal catalyst
that has been most extensively explored for CO generation due
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to its high activity. Generally, Ag nanoparticles show higher
catalytic performance than bulk Ag.”” Hwang et al.*® reported
a series of differently sized Ag nanoparticles anchored on
a carbon support via a one-pot synthesis method. The results
showed that 5 nm Ag nanoparticles presented 4-fold improved
FEco compared to the Ag foil at —0.75 V vs. the reversible
hydrogen electrode (RHE). Density functional theory (DFT)
calculations revealed that the high FE and current density were
attributed to the specific interaction between Ag nanoparticles
and the surface modification by the anchoring agent, which
provided more active sites for the CO,RR. In addition, Ag
catalysts with well-designed morphologies can also improve the
catalytic activity for CO selection.*** Voiry et al.** prepared
a superstructural Ag catalyst via assembling two-dimensional
Ag nanoprisms. The vertically stacked Ag nanoprisms exposed
more than 95% of the edge sites, leading to an increased activity
for CO,-to-CO electroreduction and exhibiting a high CO FE of
96.3% at —0.6 V vs. RHE (Table 1). Sun et al.** synthesized 3D
porous Ag nanostructures via in situ electroreduction of Ag
benzenethiolate nanoboxes. The as-prepared porous Ag nano-
structures exhibited high catalytic performance because of the
abundant active sites, which resulted from the 3D hierarchical
channels in the porous structures. The crystal facets of Ag also
have a crucial impact on the activity and selectivity for the
CO,RR. Generally, Ag(110) shows higher catalytic activity for
CO,-t0-CO conversion than Ag(111) or Ag(100).*>** The DFT
simulations revealed that the initial proton-coupled electron
transfer for *COOH on the Ag(110) facet possessed a lower
activation energy barrier than that on Ag(111) or Ag(100),
leading to enhanced CO,RR performance.*

Molecular catalysts have also been evaluated as CO,-to-CO
catalysts because of their unique adjustable structures toward
improved performance.*® Porphyrins and phthalocyanines are
the most studied catalysts and have been widely used for the
electrochemical CO,RR. Berlinguette et al*® used a commer-
cially available cobalt phthalocyanine (CoPc) as the electro-
catalyst in a zero-gap membrane flow cell for the
electrochemical CO,RR. A high selectivity of CO (>95%) could
be achieved at a current density of 150 mA cm™ > with contin-
uous long-term (more than 100 hours) operation, demon-
strating molecular catalysts to be promising candidates for
industrial CO,-to-CO conversion. However, molecular catalysts
tend to suffer from poor electroconductivity and stability issues.
Immobilizing molecular catalysts on carbonaceous supports
such as carbon nanotubes (CNTs),*” carbon black (CB),* and
carbon paper (CP)* can be an effective method to improve the

This journal is © The Royal Society of Chemistry 2022
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Potential Partial current
Catalyst Catalyst type (V vs. RHE) density (mA cm?) Electrolyte FE (%) Ref.
Tri-Ag-NPs Ag-based nanoparticles —0.86 ~1 0.1 M KHCO;, 96.8 29
2D Ag-NPs Ag-based nanoparticles —0.6 3.89 0.1 M KOH 96.3 30
3D porous Ag Ag-based nanoparticles —1.03 6 0.1 M KHCO;3 96 31
PON-Ag Ag-based nanoparticles —0.69 4.4 0.5 M KHCO;3 96.7 33
CoPc/CNT-MD Molecular catalyst —0.9 ~35 0.5 M KHCO;3 97 37
CoPc/CB Molecular catalyst —0.68 18.1 0.5 M KHCO;3 93 38
CoPP@CNT Molecular catalyst —0.6 25.1 0.5 M KHCO;3 98.3 43
COTMAPc@CNT Molecular catalyst —0.72 ~20 0.5 M KHCO; 99 45
Ni-SAC@NCs SAC —0.6 ~10 0.5 M KHCO; 95 50
FeNj SAC —0.46 2 0.1 M KHCO, 97 51
Zn-N, SAC —0.43 4.8 0.5 M KHCO; 95 54
Co-Tpy-C SAC -0.8 6 0.5 M NaClO, 98 55

current density and stability. The supports with high surface
area, high conductivity, and catalytic inertness are conducive, as
otherwise, they could interfere with the CO,RR.**"** Zhao et al.?”
dispersed CoPc on CNTs via m-m stacking interactions,
achieving an FEco of 97% at 200 mA cm™2. In addition, the
molecularly dispersed CoPc on CNTs presented higher catalytic
activity and stability than the aggregated one.*” Covalent graft-
ing is another effective method for the immobilization of
molecular catalysts. For example, Han et al.** covalently grafted
cobalt porphyrin (CoPP) onto the surface of CNTs by reacting
protoporphyrin IX cobalt chloride with hydroxyl-functionalized
CNTs. This method enabled high catalyst loading in a better
dispersion, achieving a high FEq of 98.3% at —0.65 V vs. RHE.
Compared to non-covalent bonding, the covalent grafting
method is more practical in stabilizing ionic molecular cata-
lysts. For example, molecules with positively charged groups
have shown higher CO,RR activity than those with the neutral
counterparts.®®** However, the presence of multiple ionic
groups in the molecular catalysts may lead to poor stability
because of the increased water solubility. To address this issue,
Ye et al.*® covalently grafted a molecular catalyst onto CNTSs via
an in situ functionalization strategy to improve the stability.
Cobalt tetraamino phthalocyanine (CoTAPc) was firstly cova-
lently grafted on CNTs via a diazo-reaction, and then methyl-
ated to form cobalt tetra-(4-N,N,N-trimethylanilinium)
phthalocyanine (COTMAPc). A stable current density of 239 mA
cm ? and high FE¢ of 95.6% were obtained in a flow cell at
—0.7 V vs. RHE.* Another strategy to stabilize molecular cata-
lysts is by forming a layered structure such as an ultrathin
metal-organic framework or covalent organic framework, in
which the metal complexes will be arranged in a co-planar
configuration to avoid aggregation.*® In addition, fixing the
metal complexes in the framework can also mitigate the
leaching of catalysts.*’

Single-atom catalysts (SACs) have attracted increasing
attention for the electrochemical CO,RR, because of their high
atom utilization efficiency and tunable activities. Metal centers
are important factors for the catalytic performance of SACs.
Generally, Ni and Fe-based SACs are highly active for CO
production.*®*® Jiang et al.*® prepared a series of single-atom

This journal is © The Royal Society of Chemistry 2022

metals implanted in N-doped carbon (M-N-C; M = Fe, Co, Ni,
and Cu) for CO,-to-CO conversion. The results showed that Ni-
N-C and Fe-N-C had much lower energy barriers for *COOH
formation than Co-N-C and Cu-N-C (Fig. 3a), indicating higher
catalytic activity of Ni and Fe SACs. In addition, the limiting
potential difference between the CO,RR and hydrogen evolu-
tion reaction (U, (CO,) — U (H,)) was also evaluated for CO
selectivity, and Ni-N-C showed a more positive value (Fig. 3b),
representing higher CO,RR selectivity than hydrogen evolution.
Zhou et al.> recently prepared N-doped carbon-supported Ni
SACs (Ni-SAC@NCs) as electrocatalysts for CO,-to-CO conver-
sion. The as-prepared Ni-SAC@NCs could achieve a high FEco
of 95% at —0.6 V vs. RHE and keep over 80% FE in a wide
potential window (—0.6 to —0.9 V vs. RHE). Wang et al.*!
synthesized singly dispersed FeN; active sites supported on N-
doped graphene with an additional axial ligand coordinated
to FeN, via thermal pyrolysis of hemin and melamine molecules
on graphene (Fig. 3c). The FeN;5 SAC exhibited a high FEgo of
97% at —0.46 V vs. RHE (Fig. 3d). DFT calculations showed that
the weak binding strength of *CO to the FeNj site promoted the
desorption of CO, thus resulting in higher CO selectivity than in
the case of FeN, (Fig. 3e).”* In addition, Ni-based SACs usually
present higher catalytic activity and improved partial current
density compared to Fe-based ones, as the Fe-N, site possessed
strong binding of *CO.** Zn- and Co-based SACs have a higher
activation barrier for CO,-to-CO electrolysis and show poorer
activity than the Ni and Fe-based SACs.***® Xu et al.>* prepared
a N-anchored Zn SAC supported on carbon (ZnN,/C) for CO
formation. The as-prepared ZnN,/C electrocatalyst showed
a high catalytic selectivity with an FEco of 95% at —0.43 V vs.
RHE. DFT calculations demonstrated that the four-N-anchored
Zn active sites (Zn-N,) could reduce the energy barrier for the
formation of *COOH, leading to high catalytic activity for CO
selection. Kang et al.*® synthesized a series of Co SACs (Co-Tpy-
C) by pyrolysis of a Co terpyridine organometallic complex at
different temperatures. The Co-Tpy-C electrocatalyst showed
excellent catalytic performance for CO formation with over 95%
FE in a wide potential window (—0.7 to —1.0 V vs. RHE). Regu-
lating the coordination environment of SACs can be an effective
approach to improve the CO,-to-CO electroreduction
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Fig. 3 (a) Free energy diagrams of CO, reduction to CO on M—-N-C;

M = Fe, Co, Ni, and Cu. (b) The values of U (CO,) — U (H,) for M—N-C.

Adapted with permission.*® Copyright 2020, Wiley-VCH. (c) Synthetic route towards single-atom FeN,4 and FeNs catalysts. (d) FEco of FeN4 and
FeNs catalysts at different potentials. (e) Free energy profile with the optimized intermediates of CO, reduction to CO on FeN,4 and FeNs catalysts.
Adapted with permission.>* Copyright 2019, Wiley-VCH. (f) LSV of Co—N,, Co—Ns, Co—Ng4, and Co NPs and pure carbon. (g) CO FEs at different
applied potentials of Co—N,, Co—Nz, and Co NPs. (h) Gibbs free energy diagrams of electroreduction to CO on Co—-N, and Co—N,4. Adapted with

permission.*® Copyright 2018, Wiley-VCH.

performance.**>* For example, Co SACs with different nitrogen
coordination numbers showed different catalytic performance
for the CO,RR towards CO production.** A Co SAC with two
coordinated nitrogens (Co-N,) presented higher catalytic
activity than the Co SAC with four coordinated nitrogens (Co-
N,), achieving FEgo of 94% at —0.63 V vs. RHE with a current
density of 18.1 mA cm™? (Fig. 3f-h). The reduced nitrogen
coordination number led to extra vacant 3d orbitals of Co atoms
that might be beneficial for CO, reduction.

2.2 Formate/formic acid

Formate/formic acid (HCOO /HCOOH) is a valuable chemical
ingredient employed in various industries, and its consumption
has expanded significantly over the last several years.* p-Block
metals, such as Sn, In, Bi, and Pd, and their composites, present
a high selectivity for HCOO /HCOOH.” Sn is among the most
widely employed metals for HCOOH electrocatalysis. Jaramillo
et al.*® presented a volcano plot (Fig. 4a) for HCOO™ partial
current density using *OCHO binding energy as a descriptor. Sn
was at the saddle point of the volcano curve, indicating the
optimal lowest *OCHO binding energy of Sn and thus the
highest HCOOH selectivity.®® Both Sn metal and Sn oxides
display remarkable catalytic activity for CO,-to-HCOOH

19258 | J Mater. Chem. A, 2022, 10, 19254-19277

conversion. Sn', in particular, can efficiently minimize the
CO, reduction overpotential by reducing the energy barriers of
HCOOH formation. Meanwhile, Sn™ helps to increase selectivity
toward HCOOH production by increasing the energy barriers for
H, and CO generation according to the DFT calculations.**
Multivalent Sn species exhibit higher catalytic activity than Sn
or Sn oxides. Kang et al.®® in situ constructed SnO,/Sn hetero-
structures on the surface of SnO, nanoparticles, which exhibit
higher FEycoon 0f 93% at —1.0 Vvs. RHE (Table 2) than pristine
SnO, and Sn. A series of Sn/SnO/SnO, nanosheets were also
reported, exhibiting a high FEgcoon of 89.6% at —0.9 V vs.
RHE.® Theoretical simulations demonstrated that multivalent
Sn species synergistically accelerated CO, activation, *OCHO
adsorption, and electron transfer, resulting in a higher reduc-
tion rate of Sn/SnO/Sn0,.** Moreover, the morphologies and
structures of SnO, also influence the reduction activity.®*® A
wavy structural SnO, network (Fig. 4b) showed a higher catalytic
performance than commercial SnO, nanoparticles, with
FEpcoon of 87.4% and current density of 22 mA cm™? at an
applied potential of —1.0 V vs. RHE.® Ultrathin SnO, quantum
wires also exhibited enhanced current density and improved FE
compared to SnO, nanoparticles because of the abundant grain
boundaries as active sites on the surface.*

This journal is © The Royal Society of Chemistry 2022
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Reaction pathway
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(a) Volcano plot using *OCHO binding energy as a descriptor for HCOO™ partial current density at —0.9 V vs. RHE. Adapted with

permission.®® Copyright 2017, the American Chemical Society. (b) Synthetic process towards NW-SnO,. Adapted with permission.®®> Copyright
2020, Elsevier. (c) Volcano plots of jg as a function of the AGy« for Bi and other catalysts. (d) Gibbs free energy diagrams of Bi for the reduction of
CO, into HCOOH. (e) Gibbs free energy diagrams of Bi for the reduction of CO, into CO. Adapted with permission.®” Copyright 2020, Wiley-VCH.
(f) TEM image of Bi NSs. (g) Gibbs free energy profiles for CO, electroreduction to HCOOH on Bi NPs and Bi NSs. (h) FEs and CEEs of formic acid
over two electrocatalysts in 1 M KOH. Adapted with permission.®® Copyright 2020, Wiley-VCH.

Bi also presents good HCOO /HCOOH production selectivity
and high catalytic stability for CO, electrocatalytic reduction.
Jiang et al.*” demonstrated a volcano plot of j, as a function of
the AGy~ for Bi and other catalysts (Fig. 4c). Bi appeared at the

Table 2 Representative catalysts for electroreduction of CO, to HCOOH

bottom corner point of the volcano plot, which indicated the
poor HER performance of Bi and the possibility for high CO,RR
activity.*” The free energy calculations (Fig. 4d and e) revealed
that HCOOH generation was more favorable than CO

Partial current

Catalyst Catalyst type Potential (V vs. RHE) density (mA cm?) Electrolyte FE (%) Ref.
Sn foil Metal Sn —-0.9 — 0.1 M KHCO; 70 60
SnO,/Sn Sn oxides -1.0 28.7 0.5 M KHCO; 93 62
Sn/Sn0O/Sn0O, Sn oxides —-0.9 ~20 0.5 M KHCO3 89.6 63
Sub-2 nm SnO, QWs Sn-based nanoparticles —-8.2 ~11 0.1 M KHCO; 87.3 64
NW-SnO, Sn-based nanoparticles -1.0 22 0.5 M KHCO; 87.4 65
DEA-SnO,/C Sn-based nanoparticles -7.5 6.7 0.5 M KHCO; 84.2 66
Bi/rGO Metal Bi —0.8 — 0.1 M KHCO;3 98 67
Bi NTs Bi-based nanoparticles -1.0 ~30 0.5 M KHCO; 97 69
Bi,O;NSs@MCCM Bi oxides —1.26 17.7 0.1 M KHCO3 93.8 71
Bi,05-NGQDs Bi oxides -1.0 22 0.5 M KHCO, 95 72
Bi-Sn aerogel Bimetal -1.0 10 0.1 M KHCO; 93.9 73
Bi-SnO/Cu foam Bimetal —1.7 vs. Ag/AgCl 12 0.1 M KHCO;, 93 74
In; 5Cug.s NPs Bimetal —1.2 8 0.1 M KHCO; 90 77
ZNo.95INg 05 Bimetal —1.2 22 0.5 M KHCO, 95 78
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generation, attributed to the lower AGgrps.” Furthermore, Bi
catalysts with varying surface structures exhibit different cata-
lytic capabilities. A series of Bi nanosheets with flat surfaces (Bi
NSs) and Bi nanotubes with surface curvatures (Bi NTs) were
manufactured to investigate the electrochemical CO,-to-
HCOOH performance.® Bi NTs acquired a maximum FEycoon
of 97% at —1.0 V vs. RHE and a wide potential window of over
80% FE, which was superior to that of Bi NSs and Bi bulk
powder.* DFT simulations revealed that the higher *CO,
absorption near the curved Bi NT surfaces minimized the
energy barrier for CO, reduction to HCOOH.® Wu et al.®® con-
structed leafy structural Bi NSs (Fig. 4f) by in situ electro-
reduction of the Bi-based metal-organic framework CAU-17.
The leafy structure with abundant Bi/Bi-O active sites reduced
the free energy barrier for *CO, to *OCHO from 0.46 eV to
0.17 eV (Fig. 4g), resulting in remarkable HCOOH formation
performance (>200 mA cm ™2, >90% FE, Fig. 4h).° Bi oxides also
exhibit excellent catalytic performance towards HCOOH
formation.”®”* For example, immobilizing Bi,O; nanosheets on
a multi-channel carbon matrix (Bi,O;NSs@MCCM) could afford
a maximum FE of 93.8% at —1.26 V vs. RHE with a corre-
sponding current density of 17.7 mA cm™27* The interwoven
MCCM with faster electron transport and the ultrathin Bi,O;
nanosheets with ample active sites simultaneously enabled
high FE (>90%) to be obtained in a broad potential window.™
Constructing bimetallic electrocatalysts is also an effective
strategy for improving the HCOOH electrosynthesis. A three-
dimensional porous Bi-Sn bimetallic aerogel exhibited supe-
rior catalytic performance to Bi and Sn, with a high FEycoon of
93.9% at —1.0 V vs. RHE.” The as-prepared aerogel established
more active sites because of the interconnected channels and
abundant interfaces.” DFT calculations demonstrated that the
coexistence of Bi and Sn lowered the energy barrier for the
synthesis of HCOOH, resulting in improved catalytic activity.”
Guan et al.”* used Cu foam as the substrate to grow Bi-doped
SnO nanosheets, forming a Bi-SnO/Cu foam electrode. Bi
doping strengthened the selectivity of HCOOH by enhancing
the adsorption capacity of the SnO(001) facet for *OCHO
intermediates via electron orbital hybridization.” Furthermore,
electrons were transferred from the electrocatalyst to the Cu
foam, which favored the adsorption of *OCHO intermediates by
maintaining Sn in a positive oxidation state.” A series of Bi/
CeO, catalysts were prepared, exhibiting high production rate
(2600 umol h™! em™2) and FE (92%) at high current density (149
mA cm ™ ?).”® The enhanced performance of Bi/CeO, was attrib-
uted to its larger electrochemically active surface area (ECSA),
plentiful catalytically active sites, facilitated CO, adsorption and
activation, faster charge transfer, and reaction intermediate
stability by the supporting amorphous CeO, matrix.”” Hetero-
structured intermetallic CuSn electrocatalysts (CuzSn/CugSns)
supported on porous copper foam demonstrated an FE of 82%
and a current density of 18.9 mA cm™> at —1.0 V vs. RHE.”®
Theoretical calculations revealed that the high catalytic activity
was primarily due to the interfaces between the CuesSns and
Cu;Sn intermetallics, where the adsorption of the *OCHO
intermediate was stronger than that of *COOH. The free energy
of adsorbed hydrogen was also upshifted, leading to the
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suppression of the HER and the selective production of
HCOOH.” Bimetallic In,Cu, (x and y are the molar ratio)
nanoparticle (NP) electrocatalysts, with different growth direc-
tions of crystal facets with varying In/Cu ratios, realized 90% FE
at —1.2 Vvs. RHE.”” DFT calculations further revealed that the
In(101) facet of In,Cu, NPs stabilized the *OCHO intermediate
more effectively, thereby reducing the potential barrier for CO,
to HCOOH conversion.”” In-Zn bimetallic nanocrystals out-
performed In NCs because of the In-Zn interfacial sites, with
a high FE of 95% and a formation rate of 0.40 mmol h™" em™2 at
—1.2 Vvs. RHE.”®

2.3 Methane

Electroreduction of CO, to CH, is more economically advanta-
geous, considering that CH, has the highest gravimetric energy
density (13.9 kW h kg ') among all the hydrocarbon
compounds and has been utilized as an alternative energy
carrier to replace traditional fossil fuels.” However, the elec-
troreduction process is more difficult because of the eight-
electron step, which requires a higher overpotential.

Cu-based heterogeneous catalysts have attracted consider-
able attention due to their propensity to produce