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Abstract: Electrochemical reduction of carbon dioxide, using the electricity generated from renewable energy
sources, has the potential of rendering a carbon-neutral energy economy. Developing selective, efficient and
robust electrocatalysts is the key step towards establishing this promising technology. While different nanostruc-
tures of Cu have been extensively studied for the formation of C,—C, alcohols and hydrocarbons, Cu-based bime-
tallic catalysts showed better activity compared to monometallic Cu. In this review, we will first summarize recent
advances in designing Cu-X bimetallic catalysts. We categorized the bimetallic catalysts into different groups
based on the CO, reduction activities of the ‘X* metal, including hydrogen-producing metals, formate-producing
metals and CO-producing metals. The key factors in determining the selectivity are discussed. Additionally, rep-
resentative examples of Cu-free bimetallic catalysts, with appreciable selectivity towards hydrocarbons/alcohols,

will also be presented. We will conclude this review with challenges and promising research directions.
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University places Gritzel in the first position on a list of 100,000
top scientists across all fields.

1. Introduction

Harvesting solar radiation and converting the energy to stor-
able forms, i.e. chemicals and fuels, are of great importance for a
carbon-neutral future.l'l While photovoltaics have reached indus-
trial scale for solar energy harvesting, there is still a lack of effec-
tive ways for energy storage. Electrocatalytic reduction of carbon
dioxide (CO,) to energy-rich chemicals using renewable electric-
ity is one of the promising ways for energy storage to address
the intermittency of solar radiation.?! This process also serves as
a means of carbon dioxide utilization and has attracted intense
research attention, as well industrial interests.[?]

While most of the metal electrodes catalyze the two-electron
transfer process of CO, reduction to CO or HCOO-, Cu is unique
in catalyzing the production of hydrocarbons and alcohols, as first
discovered by Hori and co-workers.¥l However, the selectivity
of polycrystalline Cu is poor with the formation of at least 16
products.l’ Tuning the preference of Cu catalysts towards specific
products has become one of the major research topics. Different
strategies such as modifying crystal facets,[® changing morpholo-
gies,[”l engineering electrolyte,[®! tuning oxidation states[®! as well
as designing electrolyzers!!9 have been deployed. Recent advanc-
es on these methodologies for improving the selectivity of Cu
catalysts have been summarized in several excellent reviews.[!1]

Apart from these advances on monometallic Cu catalysts, bi-
metallic catalysts using a second metal to modify Cu have also
been investigated.['21 These Cu-X bimetallic catalysts could either
be in alloy form or phase separated. Interestingly, the performance
of Cu can be dramatically changed, dependent not only on the sec-
ond dopant but also on how Cu combines with the second element.
In this review article, we will summarize the recent progress in
the development of Cu-based bimetallic catalysts. Representative
examples on non-Cu-based bimetallic catalysts for the production
of hydrocarbons and alcohols will also be given. Inspired from
these studies, we will discuss the key factors that affect the cata-
Iytic activities of these bimetallic catalysts and provide an outlook
on future development of bimetallic catalysts for CO, reduction.

2. Activity towards CO, Reduction on Monometallic
Catalyst

It is of great importance to understand the catalytic properties
of each monometallic catalyst before designing bimetallic combi-
nations. The catalytic performances of different metal substrates
are summarized in Fig. 1 with their corresponding binding ener-
gies with *H and *CO.[13] In general, these metals, excluding Cu,
can be categorized into three groups. The first group can be clas-
sified as formate-producing metals (shown in the right corner of
Fig. 1). These metals, including Cd, Pb, Hg, In and Sn, bind very
weakly with *H and *CO. The second group has relative weak
binding with *CO, including Zn, Au and Cu. These metals, known
as CO-producing catalysts, are selective for CO, conversion to

CO. Their weak bindings with CO inhibit the further reduction of
CO to hydrocarbons, aldehydes and alcohols. The third group in-
cludes Pd, Ni, Pt, Rh, Ir, Fe, Ru and has strong binding with *CO,
resulting in CO poisoning of the catalyst, with hydrogen (H,) be-
ing the major product in CO, electroreduction. It is well noted
that hydrogen is a common by-product in CO, reduction due to
the competitive reduction of water from the aqueous electrolyte.

Cu is the only metal that has suitable binding with both *CO
and *H. The optimum binding between Cu and *CO enables suf-
ficient residence time for intermediated *CO to be coupled with
nearby intermediates. This leads to the further dimerization of
*CO or protonation of *CO, to produce hydrocarbons and alco-
hols as the major products. It is also noted that the relatively strong
binding with *H is critical in the protonation of these intermedi-
ates. As a result, the suppression of H, evolution on monometallic
Cu is extremely challenging.

The combinations between Cu and these metals for CO, re-
duction have been investigated by many research groups. The
presence of a second metal element could significantly change the
catalytic behaviour via different ways: a) modifying the electronic
structure of Cu; b) introducing strain effect on Cu; ¢) bifunctional
catalysis via providing active sites for producing critical interme-
diates and d) acting synergistically for CO, reduction.

3. Combination between Cu and H,-producing Metal
Among all the H,-producing metals, Pd is the most widely
studied as the dopant for Cu catalysts. One of the representative
works reported Cu-Pd nanoalloys supported on polymer for CO,
reduction, which were investigated by Meyer and co-workers.[14]
Compared to Cu nanoparticles, Cu-Pd nanoalloys exhibited im-
proved selectivity towards CH, with lower onset potential (Fig.
2a). The faradaic efficiency of CH, could be further improved
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Fig. 1. The binding energies of intermediated *CO and *H on different
metal surfaces. Reproduced with permission from ref. [13]. Copyright @
John Wiley and Sons 2017.
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to 51% by tuning the ratio of Cu/Pd to 2:1 (Fig. 2b). The im-
proved CH, formation is believed to be caused by the synergetic
effect between Pd—H sites and Cu—CO sites. Pd is known for the
optimum binding with *H, which enables further protonation of
nearby *CO on Cu to CH,. At the same time, the Cu atoms are
mostly isolated from each other due to the alloy nature of CuPd,
resulting in the reduced number of active sites (adjacent Cu at-
oms) for C—C coupling.

Yeo and co-workers have reported the selective production of
C,H,, using oxide-derived Cu with PACI_as the co-catalyst.!'5I The
PdCI, was suspended into the electrolyte and is believed to be ad-
sorbed on oxide-derived Cu electrode in the form of PACI , which
provides binding sites to *H. C,H, produced on oxide-derived Cu
sites is believed to diffuse to PdCI_sites and be further proton-
ated to C,H,. Later, Kenis and co-workers systematically stud-
ied Cu-Pd bimetallic catalysts with different mixing patterns.[16]
The phase-separated Cu-Pd is found to show higher selectivity
towards C, hydrocarbons and alcohols, whereas ordered Cu-Pd
alloy is more favourable towards the formation of CO with the
suppression of C, products.

From the above studies, it appears that the introduction of
H,-producing metals could effectively facilitate the protonation
process, such as CO to CH, and C H, to C2H6. The constitution of
the bimetallic structure established between Cu and H,-producing
metals will also affect the performance greatly. If an alloy is
formed, the isolated nature of Cu atoms will assist in the sup-
pression of C—C coupling with decreased activity towards multi-
carbon products. This is also believed to be applicable to other
Cu-X bimetallic systems, discussed below.

4. Combination between Cu and Formate-producing
Group

Metals from the formate-producing group have also been
mixed with Cu for CO, reduction. Takanabe and co-workers have
systematically studied these bimetallic systems and found a tun-
able selectivity between CO and formate.[!7-18] Optimized Cu-In
alloys were found to be selective for the production of CO (Fig. 3).

Specifically, Cu-In alloy exhibited similar current density com-
pared to oxide-derived Cu catalyst and the presence of In changed
the activity of Cu dramatically to CO over a wide potential range
from -0.35V to -0.70 V vs. RHE in 0.1 M KHCO, (Fig. 3a—c).
With the support of density functional theory calculations, the au-
thors proposed that In could induce local geometric and electronic
effects on Cu, which will assist in weakening the adsorption of
*CO and *H. The further reduction of CO to hydrocarbons and
alcohols is thus impaired. Recently, our group has also developed
CuSn bimetallic alloy by atomic layer deposition of SnO on CuO
nanowires. The reduced form of CuSn exhibited excellent selec-
tivity of CO.["1 Chemisorption of CO on CuSn was found to be
different from that on Cu. The reduced binding between CuSn and
COis believed to be the major reason for the suppressed formation
of hydrocarbons and alcohols on CuSn alloy.

From these preeminent studies, we can infer that the formate-
producing metals could modify the selectivity of CO, reduction
on Cu towards CO if a phase-blended alloy is formed. If we refer
to the volcano plot of CO binding on different metal surfaces (Fig.
1), the binding of CO on Cu is relatively strong while the CO bind-
ing on formate-producing metals is rather weak. The alloy form
of their combinations exhibits properties of metals in between
Cu and formate-producing metals in terms of CO binding energy,
showing enhanced selectivity for CO like Au, Ag and Zn. These
studies demonstrate that alloying another metallic component is
effective in changing the binding energy of *CO on Cu surfaces.

5. Combination between Cu and CO-producing Metal
CuZn, CuAg and CuAu are the most intensively studied bime-
tallic combinations for CO, reduction since these CO-producing
metals facilitate the production of CO, which is the key inter-
mediate for hydrocarbon and alcohol production. The sequential
CO,-to-CO and CO-to-hydrocarbons/alcohols process could thus
be achieved. This concept was first proposed by us in our study
using CuZn bimetallic catalysts,[?l which was inspired by the CO
reduction studies on nanocrystalline Cu.[2!l The well-mixed bi-
metallic CuZn showed significantly improved selectivity towards
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ethanol. Afterwards, Lee and co-workers reported similar perfor-
mance on phase-blended CuAg catalyst.[221 On the contrary, CuAg
alloy has been reported to be selective for oxygenates or ethylene,
by Bell’s group and Ager’s group respectively.[23] CuAg bimetallic
catalysts prepared by different methods were also employed for
CO, reduction in many later reports.[> The varying performances
observed on CuAg, as well as on CuAu catalysts reflect the dif-
ficulties in revealing the key factors determining the catalytic ac-
tivities.[25] Below, we will summarize these recent findings and
provide insights into the key factors in affecting the performance
of these bimetallic catalysts for CO, reduction.

5.1 CuZn Catalysts for Ethanol Formation

The first reported mixture of Cu and CO-producing catalysts
for the production of hydrocarbon and alcohols were Cu-Zn bi-
metal-oxides, prepared by electrodeposition from an alkaline so-
lution containing Cu?** and Zn>* ions.!20] The selectivity of Cu was
found to be tuned towards ethanol by changing the atomic per-
centage of Zn. The key factor in promoting ethanol formation is
believed to be the enrichment of CO near the surface of electrode,
as supported by catalytic activities of other metal combinations
such as Cu-Ni and Cu-Ag.

To further investigate the enhanced formation of ethanol on
CuZn, we have recently prepared bimetallic CuZn catalysts which
were derived from atomic-layer-deposited ZnO onto CuO nano-
wires. Compared to monometallic oxide-derived Cu, our CuZn
catalyst exhibited a significantly improved faradaic efficiency for
C,, liquid fuels (Fig. 4a). The ratio between ethanol and ethylene
has been improved by 5 to 8 times if Zn is doped into Cu (Fig.
4b). More interestingly, we found key factors in determining the
selectivity of ethanol by analyzing the trends of the electrochemi-
cal activities of representative products including CO, CH, and
C,H,OH (Fig. 4c).

The incorporation of Zn introduces active sites for the formation
of CO, which tends to desorb as gas from Zn catalyst due to the
weak metal-CO binding. It appears that the formation of ethanol
follows a pathway involving reduction of excess free CO near the
electrode, since CO formation on CuZn decreased while the etha-
nol formation improved as compared to Cu catalyst. Moreover, the
reaction rate of CH, formation on CuZn is only % of that on mono-
metallic Cu catalyst over the potential range from —1.10 V to —1.20
V. This indicates that adsorbed *CH, species on Cu, the critical
intermediates for the CH, pathway,!>”! are likely to be consumed for
the production of other carbonaceous products. Concurrently, CuZn
outperforms Cu catalyst in terms of ethanol formation at —1.15 V.
These trends strongly support that ethanol is likely to be produced
through the C~C coupling between CO and *CH,. A similar path-
way has also been proposed for the formation of n-propanol.[28]

5.2 Performances of Different CuAu Catalysts

Cu-Au bimetallic nanoparticles in alloy form for CO, reduction
were investigated by Yang and co-workers.[25d Uniform Au,Cu
nanoparticles showed better activity towards CO, reduction to CO
as compared to pure metallic Au. By analyzing the surface valence
band spectra, the authors proposed that the electronic effect plays
an important role in determining the catalytic performance. In
Au-Cu combinations, the gravity center of d-band gradually shifts
downwards from Cu to Au. This electronic modification, together
with the geometric effect due to the formation of alloy, is believed
to affect the binding of key reaction intermediates.

Our group has recently investigated Cu-Au bimetallic cata-
lysts without the formation of alloy for carbon dioxide reduction
(Fig. 5a). Au nanoparticles were galvanically deposited onto Cu,O
nanowires. After the electrochemical pre-reduction, bimetallic
CuAu catalysts showed improved selectivity towards C,_products
formation. The faradaic efficiency of C,, products reached close
to 70% at —1.05 V vs. RHE, which is significantly higher than
the 55% of C,, products on oxide Cu catalyst at the same applied
potential (Fig. 5b). The major reason for the improved selectivity
of C,, products is believed to be the spillover of CO from Au to
Cu. This increases the coverage of CO on Cu, which has been pro-
posed to be critical for C-C coupling towards C,H,.[) The further
reduction of CO also competes with water reduction, leading to
the suppressed hydrogen formation on bimetallic catalyst.

Other than oxide-derived bimetallic CuAu catalysts, metallic
CuAu combinations have also been investigated.[2>-301 Jaramillo
and co-workers deposited Au nanoparticles on polycrystalline Cu
surfaces for CO, reduction. The alcohol products were found to
be produced at low overpotentials, though the faradaic efficiency
is only < 10% at potentials > —0.95 V vs RHE. By analyzing the
electrochemical trends, the authors proposed a sequential cata-
lytic pathway for the production of alcohols, similar to what we
have proposed before.[291 Shen er al. recently also reported the
selective ethanol formation on well-dispersed CuAu bimetallic
catalyst.l3! The faradaic efficiency of C,H,OH could reach 29 +
4% while the faradaic efficiency of C,H, was suppressed to 16 =
4% at —1.0 V vs. RHE. The presence of Au is proposed to lower
the energy barrier of ethanol formation pathway as compared to
the reaction pathway of ethylene, supported by density functional
theory calculations.

Recently, Sun and co-workers found that bipyridine-assisted
Au assembly on Cu nanowires exhibited excellent selectivity to-
wards aldehyde production, with the faradaic efficiency of 25%.
Excellent control experiments using "*CO, for reduction showed
that the products are from the reduction of CO,. It is surprising
that the aldehyde is not further reduced to alcohol on the Au-
bipyridine-Cu catalyst at 0.9 V vs. RHE, which is negative
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enough for the reduction of aldehyde to ethanol.3?! The presence
of bipyridine might have played a role in the catalytic behaviour
of Cu, which requires further investigation.

Despite these efforts, the understanding of CuAu bimetallic
catalysts is still far from satisfactory. While insights on the bind-
ing of *CO and *H on CuAu alloy have been gained by recent
operando Raman spectroscopic studies,33 how the intermediates
bind on the non-alloy bimetallic systems is still unknown. Besides
density functional theoretical calculations, operando Raman/IR
spectroscopic studies on these reported Cu-Au bimetallic cata-
lysts shall be performed to gain more information of the catalytic
sites and the key intermediates.

5.3 Performances of Different Cu-Ag Catalysts

Various approaches, including electrodeposition,[22.23b.24a]
annealing,[?3al galvanic replacement reaction and hydrothermal
synthesis[?4] have been explored for designing Cu-Ag combina-
tions as catalysts for electrochemical CO, reduction. Different
forms of Cu-Ag have been prepared, including alloy, phase-
blended bimetallic and phase-separated bimetallic. One repre-
sentative work reported that phase-blended Ag-Cu,0 showed
improved selectivity of ethanol in 0.1 M KCl, compared to phase-
separated Ag-Cu,O and Cu,O (Fig. 6a). Besides the increased
amount of CO molecules provided by the catalytic reduction of
CO, on Ag sites (Fig. 6b), the number of phasic boundaries is
also believed to be critical in determining the ethanol selectiv-
ity. This is also consistent with our recent work, showing the
improved ethanol selectivity on phase-blended CuZn bimetallic
catalysts.[26l The authors also proposed that chloride and residual
oxygen are important for C—C coupling process, though detailed
evidence is still lacking.

Instead of oxide-derived Cu-Ag, pure metallic Cu-Ag alloy was
investigated by Bell and co-workers for electrocatalytic CO, reduc-
tion.[23] It was found that the activity towards the formation of oxy-
genates (mainly acetate and aldehyde) is improved while hydrogen
evolution is suppressed (Fig. 6¢,d). This is believed to be caused
by the strain within the CuAg alloy. It is interesting, yet not fully
understood, that ethanol selectivity is not greatly affected by this
strain. The proposed mechanism of acetaldehyde to acetate forma-
tion is also in contrast with most literature reports, which show
acetaldehyde is reduced to the exclusive formation of ethanol.[32]

Recently, our group has prepared oxide-derived CuAg with
separated phase of Cu and Ag (Fig. 7a).34 This catalyst is pre-
pared via the galvanic exchange between Ag* and Cu,O nanow-
ires, showing isolated nature between Ag nanoparticles and Cu,O
nanowires (Fig. 7b). This metallic catalyst showed 76% faradaic
efficiency of C,, products (Fig. 7c). As a contrast, oxide-derived
Cu exhibited only 58% faradaic efficiency of C, products.
Specifically, in terms of ethylene production, the faradaic efficien-
cy is improved from 33% to 52% if Ag is decorated in the nanow-
ire structure. Unlike the two cases before (Fig. 6), the selectivity

-0.90 -0.95

-1.00 -1.05 -1.10
Potential (V) vs. RHE

-1.15

for liquid products such as ethanol and acetate remained almost
the same. We propose that the improved selectivity is mainly due
to the CO spillover from Ag to Cu sites.

We also performed state of the art operando Raman spectros-
copy to gain mechanistic insight into the catalytic difference of
Cu and CuAg (Fig. 8). The adsorbed *CO on Cu sites in both Cu
and CuAg catalyst is demonstrated by Raman peaks at 282, 355—
366 and 2057-2092 cm™'. Moreover, adsorbed *CO on Ag sites
is also revealed by additional Raman peaks at 460, 491-494 and
2011 cm™. This demonstrates that both Cu and Ag could reduce
CO, to adsorbed CO. Interestingly, the vibration of C-H was also
observed at region from 2700 to 3000 cm™'. Two peaks at ~2850
and ~2920 cm™ were detected on both Cu and CuAg catalysts.
These peaks could be attributed to reaction intermediates con-
taining C-H bonds (such as *CHO, *C,H,O, efc.). Remarkably,
two new peaks at 2713 and 2816 cm™ appeared on CuAg, which
indicates the enhanced coverage of CH-containing intermediates.
It is believed that these intermediates, from reduction of CO pro-
vided by Ag sites, are critical for the formation of hydrocarbons.

5.4 Critical Factors that Affect the Catalytic
Performance of CuAu, CuAg and CuZn

CO intermediates: 1t is generally believed that these catalysts,
alloy or not, could significantly enhance the production of CO.
This is not surprising since Au, Ag and Zn are all ideal catalysts
for selective CO, reduction to CO. The produced CO may either
release as gas product or be further reduced to other products.
Once CO molecules desorb from Au/Ag/Zn surface, they could
either couple with adsorbed C,/C, intermediates or re-adsorb on
Cu surfaces for further reduction. Both pathways are possible, de-
pending on the amount of CO produced and the binding strength
of CO on Cu sites. The excessive amount of CO nearby Cu sites
are proposed to be critical for alcohol production on phase-blend-
ed CuAg/CuZn. This proposition is further corroborated by the
observation of higher alcohol selectivity on Cu surface for CO
reduction.2 If the amount of CO is optimal for further binding on
Cu sites, these adsorbed CO species tend to undergo the ethylene
formation pathway,[23*1 i.e. CO dimerization.[3]

Oxide-derived nature of Cu: As supported by extensive stud-
ies on oxide-derived Cu catalyst, the C—C coupling process is
believed to be facilitated by the grain boundaries, defects, un-
dercoordinated sites, surface/subsurface oxygen, or residual Cu*
species.[”b:361 Thus, whether the Cu sites in bimetallic systems are
derived from oxide or are intrinsically metallic makes a difference
to the selectivity of C, products. For example, the CuAg nanocoral
catalyst, reported by Ager and co-workers, does not effectively
suppress the formation of CH, since these Cu sites are not oxide-
derived. It might even be feasible to design a CuAg catalyst for
selective CH, formation.

Phase boundaries: The phase boundaries seem to be critical
in catalyzing the formation of alcohol products, as shown in the
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Fig. 6. Faradaic efficiency of (a) 254

CO and (b) C,H,OH on phase- (a) A Ag-CU,0ps
separated Ag-Cu,0, phase-blend- 204 ® Ag-Cu.Opg
ed Ag-Cu,0 and Cu,0 catalysts; W Cu,0

normalized activity for (c) hydro-
gen formation and (d) oxygenates
(aldehyde and acid) formation on
CuAg alloy as the function of near-
surface composition. Reproduced
with permission from ref. [22] and
ref. [23a]. Copyrights @ American 0
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studies for ethanol production. In contrast, the bimetallic catalysts
showing selectivity for ethylene are either phase-separated or iso-
lated nanoparticles. However, the reason why phase boundaries
are important remains unclear at this stage. It might be related to
the binding with some key intermediates for ethanol formation.

6. Non-Cu-based Bimetallic Catalysts for the
Production of Hydrocarbons and Alcohols

Though Cu is the only metal that could catalyze the forma-
tion of hydrocarbon and alcohols in appreciable amounts, recent
studies showed the formation of products with >2e" transfer using
Cu-free bimetallic catalysts. One representative work is reported
by Lewis and co-workers using Ni-Ga alloy for CO, reduction.[37!
Specifically, Ni,Ga, alloy catalyzes the formation of CH,, C,H,
and C,H_ with the total Faradaic efficiency close to 4%. Moreover,
the onset potential for the formation of these products is more
positive as compared to the one on polycrystalline Cu. Recently,
Paris et al. studied Ni-Al and Ni-Ga bimetallic catalysts for CO,
reduction and reported the formation of C, and C, products on
both combinations. 38!

Pulse-deposited Zn dendrites on Ag foam were recently re-
ported to be selective for the formation of methanol, an uncom-
mon product in electrocatalytic CO, reduction, by Yeo and co-
workers.[31 The Faradaic efficiency of methanol reached as high
as 10.5% at a constant geometric current density of —26 mA cm™.
By means of control experiments and DFT calculations, the au-

thors proposed that strained undercoordinated Zn atoms are the
active sites for methanol formation and formaldehyde is the key
intermediate involved. These representative works showed the
possibility of designing Cu-free bimetallic catalysts for hydrocar-
bon and alcohols formation.

7. Challenges and Outlooks

The rapid development of bimetallic catalysts has enriched the
materials library for CO, reduction to different products, especial-
ly hydrocarbons and alcohols. Among these bimetallic catalysts,
combinations between CO-producing metals and Cu are the most
intensively studied due to the improved performance for the C—C
coupling process towards the formation of ethylene or ethanol.
Our recently developed CuAg catalyst showed 52% faradaic ef-
ficiency of ethylene in an H-cell. Once coupled with perovskite
solar cells connected in series, we obtained a record 4.2% solar to
ethylene energy conversion efficiency.

Despite these advancements, the understanding of key factors
in bimetallic catalysts is still lacking. The strain, oxidation state,
and level of phase blending have all been proposed to affect the
catalytic performance. How to decouple these factors remains a
great challenge. For example, our recently developed CuAg and
CuAu catalysts where Ag/Au nanoparticles are isolated from Cu
substrate with minimum amount of phase boundaries. However,
the effect of phase boundaries could not be fully excluded for the
observed catalytic performance.
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The reaction intermediates for the product formation also re-
quire further investigation. While the presence of CO and pro-
tonated dimer has been supported by operando Raman and IR
spectroscopy,20401 most of the reaction intermediates proposed
in the reaction pathways are still missing in spectroscopic stud-
ies. Our recent Raman spectroscopic studies on CuZn and CuAg
suggest the presence of C—H vibrations, which might originate
from C.H O, intermediates for ethylene and ethanol formation.
The identification of these vibrations could be supported by future
studies using density functional theory calculations and Raman
spectroscopy with isotopically labelled H,O or CO,,.

The studies of CO, reduction is also transitioning from using
an H-cell to employing an electrochemical flow cell.[*!l The sig-
nificant improvement in reaction rates could enable the detection
of more reaction intermediates. However, there is still a lack of
studies using operando spectroscopy in an electrochemical flow
cell system. Investigating the performance of bimetallic catalysts
for CO, reduction and probing the surface of catalysts using ope-
rando Raman spectroscopy in an electrochemical flow cell will
definitely be an interesting topic that is worthy of study.
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