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The increasing CO, concentration in the atmosphere has caused profound environmental issues such as
global warming. The use of CO, as a feedstock to replace traditional fossil sources holds great promise
to reduce CO, emissions. The electrochemical conversion of CO, has attracted much attention because
it can be powered by renewable sources such as solar energy. In this review article, we provide insight
into the important parameters when studying CO,RR and give a comprehensive review on the

description of synthesis methods with electrocatalytic CO, reduction over bimetallic copper-based
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1. Introduction

The intensification of human industrial activities has gradually
disrupted environmental stability on earth, causing more CO,
production.® The increasing CO, concentration level in the
atmosphere has resulted in severe problems such as the
greenhouse effect, leading to global warming, melting glaciers,
and more disastrous weather.> Therefore, it is of critical
importance to reduce atmospheric CO, concentration. To this
end, much effort has been devoted to define potential methods
to mitigate CO, emissions. An appealing solution is to use CO,
as the carbon source to produce value-added products such as
carbon monoxide (CO), formic acid (HCOOH), formate
(HCOO™), methanol (CH;0H), methane (CH,), ethylene (C,H,),
ethanol (C,H;OH), as well as others by applying the renewable
energy as energy input.® A variety of alternative CO, utilization
approaches are being studied, including biological,* thermo-
chemical,>® photochemical”™*° and electrochemical
methods. For thermochemical CO, conversion via
a reforming process, it requires not only high reaction
temperatures and pressures but also an equal amount of
hydrogen as the reducing agent, which is energetically
hazardous for large-scale applications. For the photochemical
process, the selectivity and production rate of the photocatalytic
active systems are too low to be economically valid. In contrast,
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CO, electrochemical reduction (CO,RR) appears to be one of the
most promising technologies owing to its feasible operating
conditions, scalability, and the increasing sources of green
electricity with zero-CO, emissions.'> However, challenges still
exist such as slow electron transfer kinetics resulting in low
exchange current densities, low energetic efficiency, and poor
selectivity.*

The development of efficient electrocatalysts plays a key role
in the electrochemical reduction of CO, in terms of activity and
selectivity.”” Over the last few decades, enormous efforts have
been devoted into investigating CO, electrocatalysts for the
electrochemical CO, reduction reaction (CO,RR).> The most
commonly explored electrocatalysts for CO, reduction can be
divided into three groups: metallic; non-metallic; molecular
catalysts. Polycrystalline monometallic catalysts offer unique
merits such as simple structure, ease of handling, robustness,
and other advantages, making them particularly appealing
candidates for fundamental research." Based on the primary
CO, reduction product, four distinct groups of monometallic
catalysts have been identified: (1) CO selective metals such as
(Pd, Au, Zn, Ag, and Ga); (2) metals that mainly produce HCOOH
(e.g., Hg, Pb, Cd, In, Sn, and Ti); (3) metals that form hydro-
carbons such as CH, and C,H, (e.g., Cu); (4) metals that mainly
produce hydrogen, H, (Ni, Pt, Fe, and Ti). Among all the
aforementioned monometallic CO, electrocatalysts, copper (Cu)
is the only metal that can deeply reduce CO, to products such as
hydrocarbons and alcohols with acceptable activity and effi-
ciency.'® However, the selectivity of Cu toward certain products
is typically poor." Recently, there has been growing interest in
bimetallic catalysts for CO, reduction; they represent new
trends and opportunities in electrochemical CO,
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conversion.””** Metals and metal oxide-based catalysts espe-
cially the Cu based electrocatalysts have been substantially re-
ported as efficient CO,RR catalysts.”*>*

They are easy to synthesize, relatively stable in working
conditions. These materials do not require special preparation
conditions compared to other molecular. Many remarkable
contributions that have been reported using serious prepara-
tion control of structures in morphological tailoring,* steering
surfaces,”® Metal atom decoration,® atomic scale structura-
tion,” guided alloying,®* electrolyte design,*® and strained
surfaces.*' As robust as Cu based electrodes are, they still suffer
from a reconstruction during electrolysis. This double-edged
sword can degrade the efficiency of the catalysts with altering
the well-defined Cu morphology and highly active sites,**** or
reconstructs the generating unique Cu active sites with
increased catalytic activity for specific products.**

The focus throughout this article will be on the use of copper-
based bimetallic materials to reduce carbon dioxide into value-
Added products. We have reviewed the Cu-M electrocatalysts (M:
Sn, In, Pd, Zn and Ag) as they the most important reported elec-
trocatalysts for CO,RR in the last decade. In this article, we will
start by discussing the basic principles of CO, electroreduction,
including thermodynamics, reaction mechanism, and factors
influencing CO, electroreduction. Next, we will look at the elec-
trochemical methods for CO, electroreduction. Finally, copper-
based bimetallic materials will be discussed in detail, including
synthesis approaches and catalytic performance.

2. Fundamentals of electrocatalytic
CO, reduction
2.1 Thermodynamics of CO, reduction

In thermodynamic, the Gibbs free energy (G) can be used to
determine the maximum amount of reversible work that can be
derived from any system at constant pressure (P) and temper-
ature (7). The change in Gibbs energy AG can be used to
measure the spontaneity of a specific reaction. If the Gibbs free
energy decreases while the reaction proceeds, the reactants will
spontaneously be converted into products. If G increases, the
reaction will spontaneously proceed in the opposite direction,
thereby making the starting materials.*

In electrochemistry, Gibbs energy can be accurately controlled
by applied potential as shown in equation (Qiao et al. 2016):*

AG = —}’lFEceH (1)

where n represents the number of electrons transferred during
the electrochemical process, E.e is the cell potential, and F is
Faraday's constant.

This equation indicates the quantitative relationship
between chemical energy and electrical energy in cell reactions
(Table 1).

2.2 Reaction mechanism

Researchers across the world have devoted tremendous effort to
understand the mechanism for CO, electrochemical reduction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Standard Gibbs energies of formation at 298 K, 1 atm (ref. 37)

Gibbs free energy

Product AG (k] mol ™)
C 0
CcO —-137.3
co, —394.4
CH, —50.8
C,H, —68.1
CH,OH ~161.6
H,O (steam) —228.6
H,O (water) —237.2
0O, 0
H, 0

Especially, why different metals generate different products. In
this regard, they have proposed many pathways for electro-
chemical reduction (ERC), and continue to propose novel
reaction pathways based on their understanding of CO,
reduction on metallic electrodes. However, since ERC is
a surface phenomenon, there is no generalized reaction towards
the products obtained. The mechanism must depend on the
type and morphology of the catalyst.*®** The electrochemical
reduction of CO, is a multi-step reaction process that may
proceed via two to fourteen electron reaction pathways (Table 2)
and yielding diverse reduction products. This multi-step reac-
tion generally involves three major steps: (1) chemical adsorp-
tion of CO, on the surface of the catalyst; (2) electron/proton
transfer to separate C-O bonds and/or form C-H bonds; (3)
desorption of products from the surface of electrocatalyst and
diffusion into the electrolyte.*

In a typical CO, electrolyzer, anode and cathode are placed
into two chambers separated with an ion-conducting
membrane. At the anode, water is oxidized to form molecular
oxygen, while CO, is reduced to form carbon species at the
cathode. The thermodynamic potential that allows the one-
electron reduction of CO, to form CO, "~ is —1.90 V vs. SHE in pH
7.0 aqueous solution, making the reaction uphill and
unfavorable.*’~** The first step involves one-electron transfer to
generate a key intermediate CO, , which is the rate-limiting
step in the reaction. In contrast, proton-assisted multi-electron
transfer processes are more advantageous and take place almost

Table 2 Standard electrochemical potentials for CO, reduction'®54

E° (V) vs.

Product Reduction potentials of CO, SHE (pH 7)
Carbon CO, +2e~ +2H" — CO(g) + H,0 —0.53
monoxide

Hydrogen 2e” +2H" — Hy(g) —0.42
Formic acid CO, +2¢e~ +2H" — HCOOH(l) + H,0  —0.61
Formaldehyde CO, + 4e” + 4H" — CH,O(l) + H,0 —0.50
Methanol CO, + 66~ + 6H" — CH;0H(l) + H,0 —0.39
Methane CO, + 8¢~ + 8H' — CHy(g) + H,O —0.25
Ethylene CO, +12e~ + 12H" — CyH,(g) + 4H,0  —0.38
Ethane CO, + 14~ + 14H" — C,H4(g) + 4H,0 —0.28
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Fig. 1 Most possible pathways for electrocatalytic CO,RR on metal electrodes in aqueous solutions. Reproduced with permission from ref. 14.

Copyright ©1994, Elsevier.

instantaneously within the potential range of —0.2 Vto —0.6 V
relative to SHE, resulting in a variety of CO, derivative products
depending on the catalyst and electrolyte used.'*** There are
two possible pathways in which CO, ™ can be reduced after it has
been formed (Fig. 1). The first one is based on the protonation
of CO,  oxygen atom, thus forming *COOH, which is further
reduced to CO and desorbs from the electrode surface.*** The
second pathway is the protonation of CO,” carbon atoms to
form HCOO* at high overpotential levels, which is further
reduced to HCOO™."”

The types and the number of target products are controlled
by tuning the binding energy of the adsorbed intermediate such
as (CO*, COOH*, CHO*, COH*).***° For example, when the
interaction between the surface of the electrocatalysts and the
reduction intermediates is not strong enough, CO and HCOO™
are the main reduction products. Because in the case of weak
binding strength C-O bond does not dissociate. However, the
electrocatalysts that bind CO* strongly produced a limited
amount of CO and HCOOH because CO* intermediate will stick
much longer on the surface of the catalyst, thus will be further
reduced to other products.”® Most CO, reduction electro-
catalysts produce mainly CO and HCOO™ products. However,
only a few electrocatalysts, such as Cu, can further reduce CO to
alcohols and hydrocarbons at low overpotentials.*®*>** The
basic explanation for its potential to generate products apart
from CO is that Cu binds *CO neither too weakly nor too
strongly.*

3. Copper-based bimetallic materials

In literature, there is numerous method used to deposit a layer
of metal onto another metal, ranging from physical deposition
methods:* electron beam evaporation, pulsed layer deposition,
sputtering to the chemical deposition methods:***” chemical
vapor deposition, atomic layer deposition; some of these

30058 | RSC Adv, 2022, 12, 30056-30075

methods are expensive due to the need of vacuum system and
others lack safety. However, electrochemical methods are
generally simple and low-cost.*® The electrodeposition is one of
the major electrochemical techniques used to produce inor-
ganic electrodes with more complex compositions.* It provides
the main advantage of monitoring and controlling the thick-
ness of the samples by simply varying the deposition current/
potential.®® This technique can be applied to various types of
materials including oxides, phosphates, chalcogenides, and
metals (e.g;, monometallic, bimetallic, ternary compounds).
Due to its low cost and easy scalability, electrodeposition is
particularly appealing for producing catalyst electrodes for use
in solar fuel production.® In this technique, the cations are
reduced in the cathode, and the reactive metal anodes are dis-
solved and re-deposited to load onto the surface of cathode.

Copper, which is the magical element for CO, electro-
catalysis giving a variety of C2 to C3 chemicals, holds a unique
interest in the CO, electrocatalysis community. This unique-
ness of Cu may lie in its moderate binding energy for some key
intermediates, such as adsorbed hydrogen *H and adsorbed
*CO,** which favors the protonation of *CO into deeper reduc-
tion products. The Cu surfaces can be modulated, tuned and
controlled on various supports which leads to different reac-
tions tracks and pathways encompassing intermediates, *CO
dimerization, C-C coupling, C1-C2 coupling etc. Some authors
have highlighted that the coalescence, fragmentation and
aggregation of copper nanoparticles might cause a stability
issues in Cu based electrocatalysts and others suggested that
many factors are affecting the CO,RR efficiency of Cu cata-
lysts.>*®* It is well known that properties of bimetallic catalysts
are significantly different from their monometallic counterparts
because of the change in the electronic structures. Additionally,
the bimetallic configuration provides new active sites, thus
optimizing the binding strengths between intermediates and
active sites.®*%

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Up): (a) Faradaic efficiencies, (b) current densities for electrochemical CO, reduction at a Sn/Cu-PVDF GDE at (—0.6 to —1.2 V vs. RHE).

(Bottom): (a) Scheme and (b) cross-sectional SEM image of a Sn/Cu-PVDF/AEM assembly used for electrocatalytic reduction of gaseous CO,.

Reproduced with permission.®® Copyright ©2019, Wiley-VCH.

3.1 Cu-Sn bimetallic materials

Wang et al.®* have reported the unexplored phase and structural
engineering of Cu/Sn catalysts for enhancing CO, reduction
reaction by simple thermal annealing of CuSn core-shell NPs in
controlled conditions. Cu-SnO, catalysts were engineered with
three distinct structures: the CuO/hollow SnO, heterostructure
of CuSn NPs/C-A, the Cu,;Sn,;@SnO, core-shell structure of
CuSn NPs/C-H and the Cu NPs/hollow SnO, Janus structure of
CuSn NPs/C-AH. The electrocatalytic performance results
showed that CO was the main product of the CO, reduction
reaction under the potential of —0.7 V vs. RHE. The CuSn NPs/C-
A catalyst achieved (70.1% FE¢o) and CuSn NPs/C-AH (45.1%
FEco), which outperformed CuSn NPs/C-H (20.1% FEco), Cu
NPs/C (13.5% FEo), and SnO, NSL/C 8.4% FE¢c). Furthermore,
at the same potential (—0.7 V vs. RHE) the CuSn NPs/C-A
exhibited the highest current density of CO approximately (1.66

© 2022 The Author(s). Published by the Royal Society of Chemistry

mA cm™ %), which surpassed the CuSn NPs/C-AH (0.86 mA cm )
and Cu NPs/C (0.28 mA cm ™) and was far better than the CuSn
NPs/C-H (0.21 mA cm™~?) and SnO, NSL/C (0.05 mA cm ™ 2). It is
clear that there was a selectivity transformation from CO to
HCOOH when the electrolysis potential is changed from —0.7 V
vs. RHE to —1.0 Vvs. RHE. For all catalysts except Cu NPs/C, the
main product of CO, reduction reaction was HCOOH. By
contrast, CuSn NPs/C-A still exhibited the highest FEgcoon of
71.5%. Moreover, at —1.0 V vs. RHE, CuSn NPs/C-A reached the
maximum partial current density of HCOOH around (12.6 mA
cm %), which was higher than the values of the CuSn NPs/C-AH
(mA cm ™2 Cu NPs/C-H (10.5 mA cm™ ), Cu NPs/C, and SnO,
NSL/C. In addition, the investigation of the stability using
chronoamperometry at —0.7 V vs. RHE indicated that CuSn NPs/
C-A, CuSn NPs/C-AH, CuSn NPs/C-H catalyst exhibited stable
current densities in the span of 10 h. Ju et al.*® demonstrated the
importance of using CO, gaseous as a feedstock to enhance CO,

RSC Adv, 2022, 12, 30056-30075 | 30059
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mass transport and achieve high CO partial current density. In
this regard, the authors employed Sn/Cu-nanofiber electrodes
as freestanding gas diffusing electrodes GDEs. They fabricated
electrospun polyvinylidene fluoride (PVDF) nanofibers with
uniform Cu coating and then used electrochemical under-
potential deposition (UPD) to decorate the surface of Cu with
Sn. The faradaic efficiencies for CO (Fig. 2) were above 80% at
potential = —0.9 V and the partial current densities for CO
exhibited 104 mA cm™? at —1.2 V. However, at potentials < —1.0
V a sparse amount of C,H, less than 8.2% has been detected
with current densities lower than 10 mA cm > (Fig. 2).
Furthermore, the Sn/Cu-PVDF GDE maintained long-term
stability of 135 h at —1.0 V with the average CO FE (84.9%),
while the average FEs for H, and C,H, were 10.6% and 4.4%,
respectively. In addition, it has been shown that the relatively
high permeability of Sn/Cu nanofiber GDEs was essential for
ensuring high CO, to CO conversion rates and inhibiting the
hydrogen evolution reaction. Jiang et al.*” provided a method for
producing a high-performance bimetallic catalyst using an
electronically regulated Cu in a heterogeneous bimetallic cata-
lyst of Sn nanoparticles. The performance of the BM Sn-Cu
catalyst was investigated under a wide potential range (from
—0.75 V to —1.15 V vs. RHE). The BM Sn-Cu catalyst generated
HCOO™ as the primary product during CO, electrochemical
reduction. As shown in (Fig. 3a) the BM Sn-Cu electrode

30060 | RSC Adv, 2022, 12, 30056-30075

demonstrated the higher faradaic efficiency toward HCOO™
about 92% at —0.95 V vs. RHE, while the total faradaic efficiency
of CO and H, on the BM Sn—Cu electrode was less than 10%
(Fig. 3b). The authors suggested that Sn plays a key in the
enhanced catalytic performance of BM Sn-Cu catalyst toward
HCOO . The electrocatalytic activity of Cu polished, BM Sn-Cu,
and M Sn electrodes was examined under potentiostatic
conditions in potential ranges from 0 to —1.2 V vs. RHE. The
current density measurements (Fig. 3c) showed that among all
electrodes, BM Sn-Cu electrode exhibited a higher HCOO™
partial current density of 10.8 mA cm ™2 at —0.95 V vs. RHE. This
finding confirms that the embedded structure of BM Sn-Cu
electrode can provide more active sites for CO, reduction. The
DFT calculations were performed to understand the electronic
structure of BM Sn—Cu catalyst for CO, electrochemical reduc-
tion. It was found that regulating the electronic structure of the
catalyst promotes the formation of the HCOO* intermediate.
Fig. 3d illustrates the proposed mechanism reaction for CO,
electrochemical reduction to HCOO™  on the BM Sn-Cu
electrode.

Ye et al.®® developed a new approach for designing the Cu-Sn
alloy catalyst toward the electroreduction of CO, to HCOO™
through a modified electrodeposition method. For the electro-
catalytic performances, the Cu-Sn catalyst was evaluated under
a wide potential range (from —0.7 Vto —1.2 Vvs. RHE). The Cu-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Sn catalyst produced HCOO™ as the main product during CO,
electrochemical reduction. The catalyst reduced the faradaic
efficiency for H, evolution from (>90% at —0.75 V vs. RHE) to
(less than 10% at —1.14 V vs. RHE) and improved the HCOO™
faradaic efficiency reaching 82.3% at —1.14 V vs. RHE. In
contrast, Sn on CFC catalyst exhibited HCOO™ faradaic effi-
ciency of greater than 55% at —1.14 V vs. RHE while few
amounts of H, and CO were also obtained. The authors attrib-
uted the improved performance of Sn—Cu alloy catalyst towards
HCOO™ production to the stepped (211) surface of the Cu-Sn
alloy. The HCOO™ mass activity of Cu-Sn alloy catalyst
increased along with increasing the applied potential reaching
the maximum (1490.6 mA mg ') at —1.14 V vs. RHE. However,
the HCOO™ mass activity of the Cu-Sn catalyst decreased with
the increase of the deposition time. The result showed that the
highest mass activity was achieved at a deposition time of 0.01 s.
Moreover, the authors investigated the correlation between
CO,RR performance and Sn deposition time. To this end, the
results demonstrated that the faradaic efficiency of HCOO™
remained stable at higher than 82% under various electrode-
position times. Dong et al.** demonstrated the effect of the local
corrosion phenomenon of Cu-Sn catalysts on the catalytic
selectivity of CO, reduction via the pattering of the Sn layer on
Cu foil. They found that the thickness of Sn patterns has
a significant impact on the surface composition of Cu and Sn. In
the Cu-Sn catalyst preparation, the Cu foil was electrochemi-
cally polished in the H;PO, solution for 180 s by applying an
anodic potential of 2.5 V versus the IrO, counter electrode. Then,
the Cu foil was cleaned with deionized water and dried using N,
blowing.

For the photolithography process, the photoresist was spin-
coated for 40 s at 6000 rpm and softly baked for 60 s at 110 °C.
The photoresist-coated sample was moved to a mask aligner,
and then the samples were contacted with a patterned photo-
mask. The prepared Cu-Sn catalyst was sealed with epoxy except
for the active area of the electrode (0.283 cm?®). In order to
investigate catalytic performances, the authors prepared four
samples denoted as Cu foil, Cu/Sn 3 nm, Cu/p-Sn 3 nm, and Cu/
p-Sn 20 nm and they evaluated them at different applied
potentials from —0.6 V to —1.2 V vs. RHE. The Cu foil obtained

© 2022 The Author(s). Published by the Royal Society of Chemistry

a faradaic efficiency of greater than 50% at all potentials and
began to produce CH, at high potentials (—1.2 Vgyg). In
contrast, constructing a thick Sn layer 3 nm on Cu foil sup-
pressed the H, evolution (FEy, < 5.5%) and increased the
selectivity towards HCOOH (FEpcoon > 80%) at high potentials
(from —0.8 Vgyg to —1.2 Vgyg). The Cu/p-S 3 nm exhibited
unique selectivity towards CO, the faradaic efficiency reached
the highest value (FEco = 58.1%) at —1.0 V vs. RHE. At
a potential of —1.2 Vryg the FEco of Cu/p-Sn catalyst decreased
and FEcy, increased. On the other hand, Cu/p-Sn (20 nm)
showed an increased selectivity towards HCOOH about 61.6% at
—1.2 Vrye. Furthermore, the authors investigated the effect of
the pattering of Sn (¢s,) on the catalytic selectivity of bimetallic
Cu-Sn catalyst. They measured the faradaic efficiencies of Cu/
Sn and Cu/p-Sn for various tg, values. The Cu/Sn catalyst with
a thin Sn layer (5, = 1 nm) exhibited a high CO FE of 86.1% at
—1.0 Vgyg. However, the Cu/Sn catalyst with (¢s,, > 2 nm) showed
a high FEgcoon of greater than 80% at —1.0 Vgye. In compar-
ison to Cu/Sn, the Cu/p-Sn catalyst with thin Sn patterns
(between 2 nm to 4 nm) exhibited a high FE¢o of greater than
51.2%. However, increasing Sn patterns (s, > 5 nm) resulted in
a decrease in CO FE (40%) and an increased in HCOOH FE to
59.7%. Hu et al.”® synthesized Cu-Sn core-shell nanowire array
catalysts based on 3-D macroporous nickel (Ni) foams through
two-step deposition annealing and electroreduction treatment.
The electrochemical characterizations for CO,RR revealed that
constructing a Sn shell on Cu nanowires reduced faradaic effi-
ciencies for H, from 55.7% to 10.1% and HCOOH formation
from 12.3% to 2% and improved CO faradaic efficiency reaching
90% instead of 32% at an applied potential of —0.8 V vs. RHE.
The authors attributed the improved performance to the sup-
pressed adsorption of H* and the ordered arrangement of Sn
and Cu atoms. Moreover, the authors investigated the correla-
tion between CO,RR performance and Sn deposition time. The
results showed that the efficiency of CO increased with
increasing the deposition time reaching the maximum at 10 s
and then decreased with time while HCOOH, H, efficiencies are
on an opposite trend. Furthermore, the effect of applied
potential of ¢/s Cu-Sn NW foam was also investigated, indi-
cating that the production selectivity toward CO remained
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stable between —0.6 to —1.2 V with a faradaic efficiency higher
than 90% and, the total current density reached —13.2 and
—19.3 mA em™” between —0.8 to —1.2 V vs. RHE. In terms of
stability, the Cu-Sn core/shell nanowire array catalyst exhibited
good stability. After 8 cycles of use, the catalyst achieved stable
current densities of 2 h for each cycle (Fig. 4). According to the
authors, good stability could be ascribed to the formation of
CueSn; in the interface.

Sarfraz et al.”* prepared a highly CO selective catalyst by the
electrodeposition of Sn on the surface of oxide-derived copper
(OD-Cu). To elucidate the catalytic performance the authors
prepared three samples: Sn deposited on OD-Cu denoted as
(Cu-Sn), OD-Cu, and Sn deposited on Sn. The CO,RR electro-
catalytic showed that Cu-Sn exhibited a CO faradaic efficiency
of greater than 90% over a wide potential range (from —0.5 to

Hydrogen Cu?
bubbles

Sn0, film

posilion

Electrode,
u nlnopnrliclc/
O )
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—0.8 V vs. RHE), while only trace of HCOOH and H, were
detected. Moreover, the Cu-Sn catalyst maintained long-term
stability at least 14 h. The CO faradaic efficiency of OD-Cu
catalyst increased with increasing the potential and reached
a maximum (=63%) at —0.6 V vs. RHE and then drop to 32% at
—0.8 V vs. RHE. In comparison, HCOOH faradaic efficiency
increased along with increasing overpotential, reaching 45% FE
at —0.8 V vs. RHE. On the other hand, Sn deposited on Sn
electrode showed completely H, production. In addition, the
authors have elucidated the effect of Sn deposition amount on
the pre-reduced OD-Cu. The optimal amount of Sn was ob-
tained at 3.9 pmol cm 2, achieving selectivity of 90% CO FE and
5% HCOOH FE at —0.6 V vs. RHE; however, the excess of Sn
deposited on OD-Cu favored H, generation. In order to inves-
tigate the catalytic performance of core-shell Cu-SnO,
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30 min l Electrodeposition

_—Sn0, film
]

Anncaling
Cu foam — = Cu foam
200 C,6h
Cu foil = Cu foil
pn--mduction pm-mluction
A-Cu/Sn0O, Cu/SnO,
[0H, N CO EHCOOH [W7H, INCO INHCOOH
() 100 (b) 100
)
— < 804 I I I
E 60 ,§ 60
o - o -
g g
@
':; 40+ g 40+
g 54
= =
20+ = 204 .
0 04
0 5 15 30 45 60 0 5 15 30 45 60
SnO, deposition time (min) SnO, deposition time (min)

Fig. 5

HCOOH for (a) Cu/SnO, and (b) A-Cu/SnO, electrodes with different deposition times at
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(Up) Schematic drawing of the fabrication of Cu/SnO, and A-Cu/SnO,. (Bottom) Comparison of faradaic efficiencies of H,, CO, and

—1.0 V vs. RHE in CO,-saturated 0.1 M KHCO3.”3
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nanoparticles, Li et al” synthesized two types of CuSnO,
nanoparticles with the same core radius (7 nm) but different
SnO, shell thicknesses (0.8 nm and 1.8 nm). They found that the
thickness of Sn shell has a significant effect on product selec-
tivity. The nanoparticles with thinner SnO, shell 0.8 nm (Fig. 5a)
reached a maximum FE of 93% toward CO at —0.7 V vs. RHE
with a current density of 4.6 mA cm 2. The nanoparticles with
thicker SnO, shell 1.8 nm (Fig. 5b) could produce 85% HCOO™
at —0.9 Vvs. RHE and less than 1% of CO formation. Based on
density functional theory (DFT) calculations, the high selectivity
of 0.8 nm SnO, shell toward CO was ascribed to the large
compressive strain on the surface (10%), Cu doping on 0.8 nm
Sn0,, and the less negative overpotential for CO (—1.87 V vs.
RHE) compared to HCOO™ (—2.21 Vvs. RHE). To investigate the
activity and the selectivity of Sn-Cu catalysis toward CO,
reduction. Li et al.”® engineered Cu/SnO, electrode by electro-
depositing SnO, films on porous copper foam followed by
electrochemical pre-reduction. The same procedure was used to
fabricate the A-Cu/SnO, electrode, but with an additional
annealing step. The Cu foil was mechanically polished with 200-
grade sandpaper, electropolished in 85% of phosphoric acid,
and washed with acetone and deionized water. Epoxy resin was
used to encapsulate the back of Cu foil. The Cu foam was
deposited on the pretreated Cu foil at a current density of —3 A
cm ? for 15 s in a plating bath containing (0.2 M CuSOy, 1.5 M
H,S0,). The Sn foil (2 cm x 2 cm) was electrodeposited on Cu
foam electrode via electrodeposition method using a constant
potential of —0.3 V while varying deposition time (5, 15, 30, 45,
and 60 min) in the electrolyte consisting of (0.02 M SnCl,, 0.1 M
NaNOj3, 0.075 M HNO3). The electrochemical pre-reduction was
carried out in a CO,- saturated 0.1 M KCO; at —0.5 V vs. RHE for
1 h. The resultant electrode was labeled as Cu/SnO, electrode. A-
Cu/SnO, electrode was obtained by applying an additional
annealing step (200 °C for 6 h in muffle furnace) between
electrodepositing and pre-reduction processes (Fig. 5).

For the electrocatalytic performance, Cu/SnO, and A-Cu/
SnO, were evaluated under a wide potential range (from —0.8 V
to —1.2 Vvs. RHE). The Cu/SnO, catalyst achieved 75% of H, FE
and 25% of CO FE at —0.8 V vs. RHE. In contrast, A-Cu/SnO,
exhibited a higher selectivity reaching nearly 60% FE at —0.8 V
vs. RHE and a significant decrease of FE of H, approximately
40% at —0.8 V. This comparison indicated that A-Cu/SnO, has
not only higher selectivity toward CO than Cu/SnO,, but also
higher CO, reduction activity. Furthermore, the authors inves-
tigated the effect of SnO, deposition time on Cu foam for both
electrodes Cu/SnO, and A-CuSnO, at —1.0 Vvs. RHE. In the case
of Cu/SnO, electrodes, the efficiency of HCOOH increased with
increasing the deposition time reaching the maximum at 60
min, while H, efficiency decreased along with increasing the
deposition time. In contrast, CO FE achieved a higher level at 30
min and then decreased dramatically at 45 min of SnO, depo-
sition time, and has since continued to decline. For A-Cu/SnO,
with different deposition times of SnO,, the production selec-
tivity remained almost constant at greater than 70% FE for CO,
and the least formation product was for HCOOH with FE (<5%),
with a remarkable suppression of hydrogen evolution reaction.
In terms of stability, A-Cu/SnO, catalyst with a deposited time of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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15 min exhibited long-term stability of about 10 h. The selec-
tivity for CO was maintained around 75% during the 10 h
electrolysis, and the total current density was kept well at —8.5
mA cm 2,

This class of bimetallic is very interesting as it can be tuned
by different synthesis method to prepare active electrode for
CO,RR. However, one of the main drawbacks of these Cu-Sn
materials is their shortcoming to further reduce CO, to multi-
carbon hydrocarbons and other oxygenates value added chem-
icals. Accordingly, these materials do not offer a promising way
to obtain a clean renewable fuel of high energy density and close
the carbon loop cycle. The main products of Cu-Sn are carbon
monoxide and formic acid or it can be tuned from one to
another by varying the Cu/Sn composition.” This is barrier
towards viable utilization of these materials for CO, valorization
to C2 and oxygenates.

3.2 Cu-In bimetallic materials

Luo et al.” synthesized Cu-In catalyst by simply depositing In**
on Cu(OH), NWs followed with mild oxidation and in situ
electroreduction treatments. The Cu(OH), nanowires were
synthesized via simple chemical oxidation. For this purpose, Cu
foil (1 em x 1 cm) was cleaned with water and sonicated in
acetone for 5 min. Then, it was further etched in a solution
containing 2 M of HNO; for 5 min to remove surface impurities.
After immersing the Cu foil in a solution consisting of (2.5 M
NaOH, 0.125 M (NH,), S,;Og) for 10 min to grow Cu(OH), NWs,
the color of the solution changed from reddish to dark cyan,
indicating the formation of Cu(OH), NWs.”* Tin (In) was
deposited by dipping Cu foil into a solution containing InCl; for
30 s. The catalyst was obtained by in situ electroreduction before
the CO, electroreduction experiments.

The electrocatalytic performance showed that the CO fara-
daic efficiency of CuNWs has increased gradually reaching the
maximum (45%) at —0.6 V before dropping significantly to 16%
at —1.0 V. HCOOH selectivity increased steadily along with
decreasing the applied potential reaching the highest FE at —0.9
V and then decreased gradually at —1.0 V. While H, exhibited
a high FE > 50% at a potential between (—0.4 to —0.5 V).

In contrast, the Culn,, catalyst produced CO as a main
product throughout the entire examined potential range. Thus,
CO FE of Culn,, reached almost 95% in the range of —0.6 to
—-0.8 V.

The current density measurements of Cu NWs and Culny,,
under potentiostatic conditions showed that the CO partial
current density of Culn,, was 5 times higher than that of Cu
NWs catalyst. The stability test of Culn,, and Cu NWs was
carried out at an applied potential of —0.6 V. Initially, Cu NWs
catalyst exhibited 50% CO FE and dropped to 32% after 12 h of
operation. Whereas, the Culn,, catalyst exhibited a stable
current density of nearly 1.7 mA cm > and maintained an
average (90%) of CO FE in the span of 60 h. According to the
authors, the long-term stability of Culn,, catalyst could be
ascribed to its low sensitivity to metal impurities.

The role of the In deposition amount on the CO,RR was
studied by immersing Cu NWs in various concentrations of
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InCl; solution. The result showed that the current density and
CO faradaic efficiency depended strongly on the In amount. It
was found that CO FE increased with increasing In amount
(0.52 pmol em~?) reaching a maximum of approximately 93%
for Culn,, catalyst and then decreased for a higher amount of
In.

Rasul et al”” developed a highly selective Cu-In electro-
catalyst for the electrochemical reduction of CO, to CO. The Cu
foil (1 cm x 3 cm) was cleaned in 1 M HCI for several seconds,
rinsed with Milli-Q water, and dried at room temperature. The
foil was further dried with Kimwipes to avoid partial oxidation
of the electrode. OD-Cu electrode was obtained by thermally
oxidizing Cu metal sheet at 500 °C for 2 h under static air in
a muffle furnace. Afterward, Cu-In electrode was obtained
through the in situ electrochemical reduction of the OD-Cu
electrode in a solution consisting of (0.05 M InSO,, 0.4 M citric
acid) at a current density of —10 mA for 90 min.

The electrocatalytic performance of In-Cu and OD-Cu cata-
lysts was investigated under a wide potential range potential
from (—0.3 to —0.7 Vvs. RHE). The results indicated that OD-Cu
catalysts (Fig. 6b) produced mainly H, at —0.3 V. However, CO

30064 | RSC Adv, 2022, 12, 30056-30075

and HCOOH selectivity increased along with increasing the
applied potential and reached a maximum of 40% and 30%,
respectively, at —0.6 V vs. RHE. In contrast, Cu-In electrode
(Fig. 6a) exhibited a CO selectivity of 23% and a negligible H,
level at —0.3 V vs. RHE. The conversion of CO, to CO increased
with more negative polarization of the electrode, reaching
a maximum faradaic efficiency of 95% at —0.7 V vs. RHE.

Cu-In and OD-Cu catalysts (Fig. 6¢) exhibited similar values
for total current density in the same electrochemical condi-
tions. On the other hand, the stability of Cu-In catalyst (Fig. 6d)
was evaluated at —0.6 V in 0.1 M KHCOj;, indicating good
stability for 7 h with 85% CO FE.

3.3 Cu-Pd bimetallic materials

Palladium is as an intriguing catalyst owing to its low barrier
toward H, adsorption and ease of formation of the metal
hydride (PdHx).”*" It is regarded as a promising candidate for
catalyzing CO, hydrogenation reactions and electrochemical
CO, reduction reactions because it facilitates the hydrogenation
and gives mainly CO in CO,RR due to the hydride formation,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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which inhibits *CO binding and affects selectivity toward
*COH/*CHO for further CO,RR C, byproducts.*®*

For CO,RR, Mun et al.,*® have prepared monodisperse Cu-Pd
nanoparticles (NPs) with various compositions via a colloidal
method. Different products were obtained for when comparing
with bulk copper catalyst. It was observed that alloying Cu to Pd
suppresses hydrocarbon evolution and leads to CO production
with a 1:1 Cu-Pd being the best electroactive catalyst giving
87% CO at —0.9 V vs. RHE (Fig. 7). The DFT results indicate that
alloying Pd to Cu enhances the energy barrier of the CO
protonation step, which is the potential-determining step for
hydrocarbon production, resulting in a change in CO,RR
selectivity: Pd alloying causes H* to be more firmly adsorbed on
CuPd(211) than on Cu(211), and the energy binding of adsorbed
H* on Cu-Pd alloy is much lower energy than that of Cu(211),
indicating that the HER is suppressed. The limiting potential of
the favored CO* protonation step is higher on CuPd(211) (—1.03
V) than on Cu(211) (—0.60 V) and as reported elsewhere®**>%* the
HCO* formation is much more favored than COH* formation
on Cu(211), and on CuPd(211). This indicates the hydrocarbon
suppression on Cu-Pd alloy.

Recently, Xie and coworkers® have prepared Cu-Pd hetero-
structures via dual potential electrochemical deposition which
promotes CO, reduction and stabilizes CO* to preferable CH,
formation. A small amount of HCOOH and C,H, were observed.
The aforementioned heterostructure exhibited a higher CO,-to-
CH, selectivity of 32% at high potentials of —1.2 and —1.25 Vvs.
RHE compared to the bare Cu and Pd metals. Using the DFT
calculations, it was determined that adsorbed CO is the key

© 2022 The Author(s). Published by the Royal Society of Chemistry

intermediate for CH, and C,H, production which was in
agreement with previous reports.***’

A pyridine derivative abbreviated PYD was entrapped in Cu-
Pd alloy to prepare and organically PYD@Cu-Pd composite for
the CO,RR to combine two active sites for alcohols electrosyn-
thesis in a single catalyst. Cu nanoparticles (NPs), Pd NPs, Cu-
Pd alloy, PYD@Cu and PYD@Pd composite were also prepared
and tested as control experiments.*® The PYD@Cu-Pd gives
26% and C,H;OH with 12% faradaic efficiencies at —0.04 and
—0.64 V vs. RHE, respectively. Remarkably, the PYD@Pd and
Cu-Pd yielded respectively 35% faradaic efficiency of CH;OH at
—0.04 Vvs. RHE and 11% of C,H;OH at —0.64 V vs. RHE. This
means that the PYD@Cu-Pd catalyses CO, to both CH;0H and
C,HsO0H 1 using two active regions: Cu-Pd (For C,H;OH) and
pyridine ring of PYD@Pd to PYD H* (CH;0H).* Other control
catalysts did not lead to alcohol formation. Longer stability
screening for the PYD@Cu-Pd composite at constant cathodic
potential of —0.04 and —0.64 V vs. RHE was reported for 14 h.
The current density remained constant for both potential
values, reaching 21 mA cm ™ ? and 5 mA cm™ 2 for CH;OH and
C,H;O0H production, respectively, throughout the test. More-
over, the CH3;0H FE could maintain around 25% for 15 times
repeated electrolysis and a small drop on the faradaic efficiency
to C,HsOH was observed throughout the 15 cycles. This work
shows the importance of the synergic effect of gathering organic
catalyst and metal alloy in a very engineered fashion to put in
work two alcohol sites for the CO,RR.

Whereas, Wang and coworkers® have investigated the CuPd
alloy with Pd rich surface supported on carbon for the CO,RR to

RSC Adv, 2022, 12, 30056-30075 | 30065
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HCOO™ with 2 electron transfer. The prepared Cu,,P8,,/C
catalyst using adsorbate-induced surface segregation method
shows a modest faradaic efficiency for the HCOO™ electrosyn-
thesis of 7.37%. When the same catalyst composition was
prepared using by the NaH,PO, reduction solution method
instead of the H, thermal reduction process, the faradaic effi-
ciency for HCOO™ production increased to 60% at —0.75 V vs.
Ag/AgCl. The authors have confirmed using ex situ XPS that the
catalytic activity of the catalyst can be attributed to the lower
bonding strength of H* (adsorbed hydrogen) on the Cu,oPdg,/C
surface, which is promoted by the ligand effect between Cu and
Pd as confirmed by the opposite band energy shift on Pd 3ds,,
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and Cu 2p3,, as well as the upshift of the d-band center for
Cu,oPdgy/C NPs. Then, the lower bonding strength of hydride
on the surface catalyst would reduce the activation energy
barrier of the catalyst to transfer hydrogen from its surface to
CO, and to form the HCOO* intermediate. Long-term chro-
noamperometry of 140 h have led to the CO catalyst poisoning
and deactivation.

Carbon monoxide electroformation from CO,RR was re-
ported by Chen et al.,”* using bimetallic Cu-Pd nanoalloys with
different compositions and morphologies: spherical (noted as
S) Cu-Pd nanoalloys with Cu/Pd molar ratio of 1/0.3 have the
highest faradaic efficiency toward CO conversion (93%), while
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Fig.8 LSV curves (a) of bimetallic Cu-Pd-S, Cu-Pd-0.1, Cu-Pd-C, Cu-Pd-0.3, Cu-Pd-D, Cu—Pd-0.8 nanoalloys, commercial Pd/C catalyst in
CO, saturated 0.5 M KHCOx solution with a scan sweep of 10 mV s, the CO faradaic efficiency at different applied potentials (b—d), the CO and
H, faradaic efficiency at a fixed potential of —0.87 V (e), and CO partial current density of these nanoalloys (f). Reproduced with permission.*
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the dendritic Cu-Pd nanoalloys (noted as D) have the highest
faradaic efficiency for H, (65.2%) via hydrogen evolution reac-
tion at a polarized potential of —0.87 V vs. RHE (Fig. 8). While
the concave nanocubes of Cu-Pd-C (noted as C) shows much
lower CO FE. This work has shed light on the effect of
morphologies on CO,RR electroconversion, this will pave the
way towards to catalysis by design and morphology dependent
activity.

C, byproducts can be also formed through direct CO,RR. For
instance, Feng and coworkers®® have prepared Cu-Pd catalysts
using simple electrodeposition method on carbon paper. The
electrochemical CO,RR performance of the Cu-Pd/CP outper-
forms the bare Cu/CP and Pd/CP leading to higher current
density suggesting favorable bonding and CO, activation. The
faradaic efficiency of C,H, reached 45.23%, at —1.2 V vs. RHE,
whereas, Cu/CP recorded only 30% and no C,H, on Pd/Pd
catalyst. This reported C,H, efficiency outperformed the state-
of-the art metal catalysts reported elsewhere.”**® Ma et al.®’
investigated the effect of geometric arrangement on the Cu-Pd
activity and selectivity. To this end, the authors synthesized
different bimetallic Pd-Cu catalysts with disordered, ordered,
and phase-separated atomic arrangements.

The electrocatalytic performance of CuPd bimetallic nano-
particles with distinct geometric arrangements exhibited
different selectivity toward C; and C, products. For the ordered
CuPd nanoparticles the faradaic efficiency toward C; products
(mainly CO) achieved 80%, while C, products exhibited the
lowest FE < 5%. However, the disordered CuPd nanoparticles
reached a higher FE for CH, the ordered or phase-separated
nanoparticles. In contrast, the phase-separated exhibited the
highest FE 50% toward C, products (primarily C,H,). This could
be due to the fact that the binding *CO in the phase-separated is
less affected by the segregation of the two sites. Regarding the
current density measurements, the phase-separated sample
exhibited the highest total current density of 370 mA cm ™2,
while the ordered sample achieved the lowest total current
density. Furthermore, the authors investigated the correlation
between the catalyst composition and its activity and selectivity.
Therefore, they prepared two samples with different (Cu: Pd)
ratios for the disordered structure: CuzPd and CuPd;. The
electrochemical characterization showed that the CH, FEs for
disordered CuPd were higher than that for both Cu;Pd and
CuPd;. In addition, the FEs of C, products increased along with
increasing Cu concentration.

Zhang et al.®® reported an electrodeposition strategy for
designing highly dispersed, ultrafine PdCu catalysts. PdCu
catalyst exhibited a greater than two-fold enhancement in FE for
CO, reduction to CH, as compared to the Cu catalyst. The
maximum FE for CH, was 33% at —1.8 V (vs. Ag/AgNO;). They
indicated that the improvement was originated from a syner-
gistic reaction between the Cu-CO and Pd-H sites during
electrochemical CO, reduction. The onset of CO, reduction to
CH, at the PdCu catalyst appeared at ~400 mV and ~200 mV
more positive than at the Pd and Cu catalysts, respectively.

Chen et al.®® prepared nanostructured Cu,O-derived Cu
catalyst and PdCl, for CO, to C,Hg conversion. The Cu,O-
derived Cu catalyst was prepared by the electrochemical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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deposition on Cu discs. When the addition of PdCl, was added
into the catholyte during the CO, reduction at —1.0 V (vs. RHE),
the C,H, formation could be achieved with an FE of 30.1% at
the same potential. According to their mechanistic studies,
C,H, was first produced from CO, reduction at the Cu sites. The
hydrogenation occurred with the help of adsorbed PdCl, to
produce C,Hg. The efficient conversion of C,H, to C,Hg
required both copper and PdCl, sites. However, adding of other
palladium-based particles to the electrolyte, such as Pd°, PdO,
or Pd-Al,03;, did not reach the same conversion efficiency.

Zhu et al.' employed thermal reduction treatment and in
situ growth to prepare the CuPd catalyst. According to the
electrocatalytic results, the FE of CuPd(100) catalyst achieved
50.3% at —1.4 V vs. RHE, which was higher than that of the Cu
catalysts (23.6%) at the same potential. The CuPd(100) catalyst
also had the highest electrochemically active surface area of
7.04 x 10> mF cm 2. These results were consistent with the
DFT prediction, implying that CuPd(100) could provide enough
CO* for the C-C coupling by lowering the energy barrier of the
CO,* hydrogenation step.

Lai et al' used a pulse program consisting of an open-
circuit voltage (OCV) and a cathodic potential to investigate the
effect of spontaneous reoxidation on the catalytic performance
of Cu-Pd bimetallic catalysts. The results showed that the
simultaneous presence of Cu and Pd was critical for achieving
high CO FE for the bimetallic catalysts. Among all Cu-Pd cata-
lysts, the CusPds reached the maximum FE of 88% with the
partial current density of —132 mA h g~ ' at an applied cathodic
potential of —0.7 V for 210 s and anodic potential at OCV for 450
s. The DFT calculation suggested that such efficient CO,
conversion to CO resulted from the reduced *CO binding
strength.

Li et al.*” constructed a novel Cu-Pd catalyst Cu@PIL@Pd by
impregnating PdCI2 into the Cu@PIL with Cl-as the anion. It
was found that the Cu@PIL@Pd-2 catalyst exhibited the highest
FE toward C,. of 68.7% with a high partial current density of
178.3 mA cm 2 at a cathodic potential of —1.01 V vs. RHE. The
catalyst also showed the highest CH, FE of 42.5% with a partial
current density of 172.8 mA cm 2 at —1.24 V vs. RHE. The
authors attributed the high selectivity of the Cu@PIL@Pd-2
catalyst toward C,. products to the synergy effect between the
adjacent Pd and Cu sites. The Cu was found to promote the CO
generation on the Pd sites, while the abundant Cu-Pd interfaces
promoted the *CO spillover from Pd sites to adjacent Cu sites,
promoting the C-C coupling reaction.

Shen et al.'® investigated CO electroreduction on a series of
Cu-Pd catalysts prepared with different compositions:
CuoPd3y, CuyoPdsy, and Cu,3Pd,,. The results showed that the
Cu;(Pd;, catalyst produced acetate with a FE of >14% at —0.5V
vs. RHE and ethanol with a FE of 29% at —1.2 V vs. RHE. For the
Pd-rich Cu,;Pd;; catalyst, H, was the main product with a FE of
>40% throughout the investigated potential range. In contrast,
the Cu,oPds, achieved a high selectivity toward acetate with a FE
of >65% at —1.2 V vs. RHE. The acetate selectivity of CuygPds; in
the alkaline electrolyte was explained by the asymmetrical C-C
coupling mechanism via *CO-*CHO coupling.
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3.4 Cu-Zn bimetallic materials

Zinc (Zn) is environmentally friendly and less expensive as
compared to other co-catalysts such as Ag, Pd, and Au.'* Zn has
attracted more attention due to its ability to reduce CO, to CO,
HCOOH, and syngas at different overpotential.'*>**®

Because hydrogen evolution reaction occurs more slowly on
Zn electrodes than on Cu electrodes,'”” forming bimetallic Cu-
Zn catalyst is one approach to enhance the electrocatalytic
activity of Cu electrode toward CO, reduction and promotes
multicarbon products. Ren et al.’®® prepared a series of oxide-
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derived Cu,Zn catalysts to promote the reduction of CO, to
C,H;0H. They revealed that introducing a co-catalyst improved
the selectivity and the efficiency of CO, reduction.

Cu,Zn oxide films were prepared by dissolving 0.3 M CuSO,
and 2.3 M lactic acid in ultrapure water. NaOH was added to the
solution to adjust the pH to 12, 10.6, or 9. Then 10 mM of ZnCl,
was added to the solution. The oxide films Cu,Zn were depos-
ited onto Cu disks using a current density of —0.92 mA cm ™2 for
10 min. During the deposition process, the electrolyte was kept
at 960 °C and stirred at 300 rpm. The Cu,Zn catalysts exhibited
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Fig. 9 Operando Raman spectrum of (a and b) Cu catalyst and (c) CuZn catalyst at different potentials in 0.1 M KHCO3 under laser radiation at
785 nm; (d) partial current density (normalized against the electrochemical surface area) of C,HsOH, methane and carbon monoxide as
a function of applied potential; (e) electrochemical reduction of acetaldehyde on Cu and CuZn catalyst; and (f) proposed mechanism of Co,HsOH
formation. Reproduced with permission.*** Copyright ©2019, Wiley-VCH.
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distinct selectivities toward C,H, and C,H;OH formation. The
faradaic efficiency of Cu,Zn catalysts toward C,HsOH increased
along with increasing the amount of Zn, achieving the
maximum FE of 29.1% on Cu,Zn at —1.05 V vs. RHE. On the
contrary, the faradaic efficiency toward C,H, decreased along
with increasing Zn amount, achieving the lowest FE of 4.1% on
Cu,Zn.

At —1.05 V vs. RHE, Cu,Zn catalyst reached the highest
partial current density of C,HsOH approximately —8.2 mA
em ™2, CuyoZn catalyst achieved a partial current density of
almost —4.0 mA cm™ > toward C,HsOH. Whereas Cu,Zn
exhibited the lowest partial current density of almost —2.3 mA
cm™? toward C,H;OH. Furthermore, CusZn catalyst maintained
remarkable stability toward C,HsOH with a faradaic efficiency
of 29.1% in the span of 5 h. However, the FE of C,H;OH
decreased to 25% for 10 h electrolysis. The authors proposed
a mechanism to elucidate the electroreduction of CO, to
C,H;O0H. In the first step, CO, is reduced to *CO at Cu or Zn
sites and is then reduced to CHO or CH, (x = 1-3) intermedi-
ates. Because of the weak adsorption of CO on Zn sites, des-
orbed CO could diffuse and overflow on the Cu sites. This CO
could insert between Cu sites and *CH,, to form *COH, which is
further reduced to acetaldehyde and finally C,HsOH.

Keerthiga and Chetty'” used a simple electrodeposition
approach to design a hierarchically structured Zn electrocatalyst
on Cu electrode. They prepared two samples Cu/Zn-A (in elec-
trolytic bath containing 0.6 M of sodium zincate) and Cu/Zn-B
(in electrolytic bath containing 6 M of sodium zincate). For the
electrocatalytic performances, the prepared catalysts were
evaluated under a wide potential range (from —0.7 V to —1.8 V
vs. NHE). The Cu/Zn-B catalyst produced a maximum CH,
formation of 52%, C,He formation of 24%, and H, formation of
8.7% at a potential of —1.6 Vvs. NHE. Furthermore, the Cu/Zn-B
catalyst exhibited a higher current density of 0.70 mA cm™> for
CH, at a potential of —1.6 V vs. NHE compared to the Cu (0.14
mA cm ) and Zn (0.01 mA cm ™ ?) electrodes. However, Cu/Zn-A
catalyst produced mainly H,, with only minor hydrocarbon
formation. The results suggested that Zn deposition on Cu
reduced hydrogen evolution and favored the addition of
protons to form CH,. The porous nature of hierarchically
structured Zn could allow the diffusion of CO, through the Cu/
Zn interface for the reduction while maintaining high catalytic
activity due to the of the large electrode area of the hierarchical
structure reducing the surface poisoning.

Su et al."** demonstrated the catalytic synergies of Cu and Zn
to enhance the CO, electroreduction towards liquid C, products
using hierarchically porous Cu/Zn catalysts.

The bimetallic catalysts were prepared based on an interfa-
cial self-assembly method, in which the alloy composition of the
catalysts can be adjusted by varying the ratios of metal precur-
sors. The electrocatalytic performance results showed that
hierarchically macroporous-mesoporous (HMMP) CusZng
demonstrated a high C,HsOH selectivity of 46.6% with C,H;OH
current density of —2.3 mA cm™2 at —0.8 V vs. RHE. The CusZng
electrocatalyst maintained an excellent stability of 11 h towards
CO, electroreduction. Grétzel and coworkers™* prepared CuZn
bimetallic catalyst by applying 100 atomic layer deposition

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cycles of ZnO precursor on CuO nanowires. The obtained CuZn
bimetallic catalysts exhibited 32% FE for C,H;OH production
and C,HsOH current density of —10.5 mA cm > at —1.15 V vs.
RHE. Based on their understanding, the authors proposed
a mechanism of C,HsOH formation on Cu and CuZn catalysts
(Fig. 9). On Cu catalyst, C,H, and C,H;O0H are produced
through the dimerization of two adsorbed CO, resulting in the
formation of C,H,. On CuZn catalyst, the CO produced on Zn
sites tends to be released into the electrolyte due to the low
binding energy between CO and Zn. At low overpotential, the
formation of *CH; intermediate is minimal, and most of CO is
released as CO gas. At higher overpotential, the *CH; interme-
diate is produced in large amounts and combines with the CO
present near Cu sites to form C,H;OH.

Dongare et al.'*? engineered oxide derived CuO-ZnO, bime-
tallic catalysts via a simple co-precipitation method followed by
an air atmosphere calcination step. The loading percentage of
Cu to Zn in the electrocatalysts was adjusted by varying the
precursor concentrations from x = 5 to 20 wt%. The perfor-
mance of the CuO-ZnO, electrocatalysts was investigated under
a wide potential range from —0.4 V to —1 V vs. RHE. The CuO-
ZnO, electrocatalysts demonstrated different FE for HCOOH,
C,H;0H, CH;0H, and n-propanol depending on the precursor
concentrations. The CuO electrode showed low selectivity for
C,H;0H about 7.10% of FE. In contrast, incorporating ZnO into
CuO improved C,HsOH selectivity while suppressing the
formation of HCOOH. Interestingly, CuO-ZnO,, electrode
showed the highest faradaic efficiency of 22.27% for C,HsOH at
—0.8 V vs. RHE. While, further increase in Zn concentration
decreased the FE of C,H5OH to approximately 16.41% for CuO-
Zn0,, electrode. Similar trend was found in the case of n-
propanol and CH3;OH. The FE of n-propanol increased from
4.5% to 10.23% using CuO and CuO-ZnO,, respectively at —0.6
V vs. RHE, and the FE of CH;0H increased from 7.44 to 15.02%
on CuO and CuO-ZnO,, electrodes at —0.6 V vs. RHE. The
authors claimed that the balanced CuO and ZnO percentage for
maximum C-C coupling was responsible for the improved
selectivity. The CuO-ZnO,, electrode gave a balanced CO
supply, resulting in increased CO dimerization. The ZnO
provided additional CO to increase the local CO concentration
on the Cu surface and as a result, *CO surface coverage,
resulting in a faster conversion of CO-to-C,HsOH products.
Furthermore, increasing Zn concentration in the CuO-ZnO,
electrode beyond 10% results in as oversupply of CO, which
lowered the *CO dimerization.

The stability and long-term durability of CuO-ZnO,, elec-
trode was also investigated. During 12 hours of operation, the
CuO-ZnO,, electrode maintained a total current density of
—3.75 mA cm ™ ? with no change in the electrode morphology.
The reproducibility experiments on CuO-ZnO,, electrode
revealed that the selectivity of C,HsOH was maintained for first
three cycles but decreased for subsequent cycles.

3.5 Cu-Ag bimetallic materials

Hoang et al.™*® aimed to enhance CO, selectivity towards C,
products such as C,H, and C,HsOH. For this purpose, Cu-Ag
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(a—c) FEs for each gaseous product and for the main liquid product over (a) Ag NPs, (b) Cu NPs, and (c) Ag;—Cuy 1 NDs. (d and e) Total

current density (d) and partial current density for the electroreduction of CO, (e) over Ag NPs, Cu NPs, and Ag;—Cuy ; NDs. (f) CO and C,H,4 mass
activity of Ag NPs, Cu NPs and Ag;—Cuy; NDs at —1.1 V vs. RHE. Reproduced with permission.*** Copyright ©2018, American Chemical Society.

catalysts were electrodeposited at a constant current density of 4
mA cm ™ in a plating bath containing 0.1 M CuSO,-5H,0 + 3.5
diamino-1,2,4 triazole (DAT), with or without 1 mM Ag,SO,, at
pH = 1.5 adjusted by using H,SO,. (1 cm x 2.5 cm) of carbon
paper was activated by immersing it in concentrated HNO; for
60 min and used as a gas diffusion electrode before being
electrodeposited with 2 C cm™ of CuAg. The catalytic activity
and selectivity of Cu and CuAg catalysts during CO, electro-
reduction were evaluated in a flow electrolyzer. CO, C,H,4, and
C,H;O0H were the major products using Cu-wire 0% Ag named
(Cu-wire), CuAg-wire (6% Ag) electrodeposited with DAT named
(CuAg-wire), and CuAg-wire (6% Ag) electrodeposited without
DAT named (CuAg-poly).

The electrocatalytic results showed that the -catalysts
exhibited different activities and product selectivities in 1 M
KOH electrolyte. The CuAg-poly catalyst exhibited the lowest

30070 | RSC Adv, 2022, 12, 30056-30075

faradaic efficiency nearly 30% toward C,H, and 20% toward
C,H;OH at —0.7 V vs. RHE. Furthermore, CuAg-poly catalyst
exhibited a low current density approximately —20 mA cm >
toward CO, C,H,, and C,HsOH. Cu-wire catalyst achieved high
faradaic efficiency as well as high current density toward C,
products. The faradaic efficiency for C,H, increased along with
increasing the potential reaching the maximum (40%) at low
potential (—0.5 V vs. RHE), and C,H, current density reached
—100 mA cm ™2 at —0.7 V vs. RHE. However, for the C,H;OH
product, Cu-wire exhibited a faradaic efficiency of 20% at —0.5V
vs. RHE and a current density of —75 mA cm™ > at —0.7 V vs.
RHE. In contrast, CuAg-wire catalyst achieved both high FE
(60%) toward C,H, and high C,H, current density about- 180
mA cm ™2 at —0.7 V vs. RHE. This high FE of C,H, could be
ascribed to the high pH solvent. Huang et al."** have prepared
Ag—-Cu nanodimers for CO,-to-CO reduction, authors performed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a synthesis Ag-Cu with different compositions. The catalytic
activity enabled by the addition of Ag to Cu in the form of
segregated nanodomains within the same catalyst accounts for
a 3.4-fold increase in faradaic efficiency for C,H, and 2-fold
increase in partial current density for CO, reduction when
compared to the pure Cu counterpart. The FE of C,H, electro-
synthesis reached around 40% at —1.1 V vs. RHE (Fig. 10).

The Cu-Ag alloy was also used by Wang et al.™*® as an inter-
facial catalyst for the electrochemical reduction of CO, to C,H,.
The faradaic efficiency for C,H, formation reached over 42%,
which is more than twice as high as that of pure Cu catalyst at
—1.1 Vvs. RHE. The Cu-Ag catalyst remains stable and produce
steady state C,H, for 30 h electrolysis. The mechanism forma-
tion C,H, was explained by the steps as follows: (i) Ag nano-
particles capture CO,, (ii) CO, molecule accepts one proton and
one electron to form *COOH intermediate on Ag nanoparticle
surface, (iii) *COOH accepts one proton and one electron to
form *CO intermediate on Ag nanoparticle surface. (iv) Transfer
of CO intermediate from Ag nanoparticle to Cu side via the Ag/
Cu interface and finally (v) C,H, is formed by coupling two CO
molecules.

Wang et al."*® synthesized Cu-Ag bimetallic nanowire arrays
as catalysts in three steps. First, thermal oxidation was used in
ambient air to grow CuO/Cu,O nanowires on copper mesh.
Then, in the presence of H,, thermal reduction was carried out
to obtain Cu nanowires. Finally, the Cu-Ag bimetallic nano-
wires were produced via galvanic replacement between Cu
nanowires and the Ag' precursor. This catalyst leads to
a reduction of CO, to a multitude of C; and C, byproducts with
HCOO™ being the highest in faradaic efficiency at —0.6, —0.7
and —0.8 V vs. RHE. Interestingly, at —0.8 V CH;OH, C,H;0H
and propanol were observed with small faradaic efficiency
(around 8%).

Meyer's group™’ have succeeded to reduce CO, to acetate
using monodispersed, ultrasmall Ag and Cu bimetallic nano-
particles on electrochemically polymerized poly-Fe(vbpy);(PFs),
films. The authors showed that the 8 electrons transfer to
produce acetate can be obtained using a ratio variation of Ag/
Cu. The maximum faradaic efficiency for acetate production
reached 21.2% at —1.33 V vs. RHE. The presence of Ag on the
surface of the cluster pair Cu,-Ag; plays a crucial role in
maximizing acetate production.

Whereas, Jaramillo's group*'® have prepared CuAg thin films
using nonequilibrium Cu/Ag alloying by physical vapor depo-
sition technique. The prepared thin films prepared were tested
for CO, electroreduction, the faradaic efficiencies of different 2
electrons byproducts including H,, CO and HCOOH and further
reduced (>2e”) hydrocarbon, alcohol, and carbonyl CO,RR
products were analyzed. The films containing Cu-rich and Ag-
rich phases with substantial nonequilibrium interphase misci-
bility demonstrated that Ag miscibility into Cu is an effective
strategy to promote the electrocatalytic CO,R selectivity and
activity toward liquid carbonyl products. This was attributed to
lower surface binding energies of oxygen-containing interme-
diate species. The catalytic activity of CuAg versus Cu toward
more reduced products was decreased, while the activity toward
hydrocarbons and HER was significantly suppressed. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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decreasing activity and selectivity to hydrocarbons and sup-
pressing hydrogen was explained to be due to the Ag doping
which weakens the Cu binding energy of *H species.

3.6 Summary of the performance of Cu-based catalysts for
CO,RR

Highlighted product with

Catalyst Conditions FE
Cusn core-shell NPs:*> 0.1 M KHCOs3, -0.7
V vs. RHE
CuSn NPs/c-A CO (70.1%)
CuSn NPs/c-AH CO (45.1%)
CuSn NPs/c-H CO (20.1%)
Sn/Cu-PVDF electrode®® 0.1 M KHCO;,  CO (80%)
—0.9 Vvs. RHE
Cu-5Sn core shell 0.5 M KHCO3;,  CO (90%)
nanowire”’ —0.8 Vvs. RHE
Sn/OD-Cu’" 0.1 M KHCO;,  CO (90%), HCOO™ (5%)
—0.6 Vvs. RHE
Core-shell Cu-SnO, 0.5 M KHCO;
NPps”
0.8 nm thick —0.7Vvs. REH CO (93%)
1.8 nm thick —0.9Vvs. RHE HCOO™ (85%)
A-Cu/SnO, (ref. 73) 0.1 M KHCO;,  CO (70%)
—1.0 Vvs. RHE
Culny, (ref. 75) 0.1 M KHCO;,  CO (95%)
—0.6 Vvs. RHE
Cu-In electrode’” 0.1 M KHCO;,  CO (95%)
—0.7 Vvs. RHE
Cug.75Ing .05 0.5 M NaHCO;, CO (81%)
—0.7 Vvs. RHE
Cu,zn'"? 0.1 M KHCO;,  C,H;O0H (29.1%)
—1.05 Vvs. RHE
CusZng (ref. 120) 0.05 M KHCO;,  CO (80%)
—1.5 Vvs. RHE
CuogsAgs (ref. 113) 1 M KOH, —0.7 V C,H, (60%), C,H;OHj
vs. RHE (25%)
Cuy6Ags, (ref. 121) 0.5 M KHCO;,  CO (45%)
—0.83 Vvs. RHE
Ags,Cuy; (ref. 121) 0.5 M KHCO;,  CO (40%)
—1.5 Vvs. RHE
Ag-Cu core-shell (surface 0.1 M KHCO3, CO (5%), CH, (18%), C,H,
Ag:Cu =1:0.6) —1.06 Vvs. RHE (25%)
Ag-Cu core-shell'*? 0.1 M KHCO;,  CO (82%)

(surface Ag:Cu=1:7.63) —1.06 V vs. RHE
Cu4Cdg, (ref. 123) 0.05 M KHCO;,
—1.12 Vvs. RHE
1 M KOH, —0.55V CO (80%)

vs. RHE

1M KOH, —0.75 V CO (17%), C,H, (48%),
vs. RHE C,H;0H (15%)

1 M KOH, —0.60 V CO (60%), CH, (1%), C,H,

CO (43%), HCOO™ (10%)
Ordered CuPd®’
Phase separated CuPd®’

Disordered CuPd®’

vs. RHE (4%), C,HsOH (2%)
Pdg;Cuys (ref. 124) 0.1 M KHCO;,  CO (86%)

—0.89 V vs. RHE
0-AuCu'*® 0.1 M KHCO;,  CO (80%)

—0.77 V vs. RHE
Cu@Au'** 0.5 M KHCO;,  CO (30%)

—0.65 Vvs. RHE
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4. Challenges and prospects

Over the next few decades, fossil fuels may remain the main
energy source. Mitigating the impact of waste CO, emissions is
still a key issue in modern society. Electrocatalytic CO, reduction
provides an intriguing method for reducing CO,, by which CO, as
a feedstock can be converted into fuel or value-added chemicals.
Copper is a magic element that can give various CO,RR byprod-
ucts. Controlling, tuning and modulating Cu surfaces and Cu-
based bimetallic materials is necessary to achieve stable multi-
carbon (i.e. targeted product) production. Regardless of structural
control, fundamental understanding of electrolyte engineering,
cell design, pressure, temperature should be also elucidated to
give the working state of Cu electrodes. In this review, we have
discussed the mechanism of CO, electrochemical reduction on
various copper-based catalytic materials and how certain factors
determine the product distribution and its selectivity including
synthesis method, modification, surface morphology and struc-
ture. Copper-based catalyst materials currently occupy an
important position in electrolysis due to their exceptional prop-
erties. Efficient and robust copper-based materials have been
successfully prepared through enhanced synthetic strategies.
These efforts embody the most important areas to understand the
basics of CO, reduction and contribute positively to the devel-
opment of new bimetallic catalysts. Regardless of the important
steps that have been made in this direction and the encouraging
research labor and production, we still feel that these following
prospects should be taken into account:

e Develop other or existing chemical synthesis and modifi-
cation technique that requires a straightforward design of the
active sites in the general catalysis by design procedure. Thusly,
more exploration of the modification steps should be explored.

e Explore and investigate other metals as they can give
a better energy efficiencies and selectivity, for instance Sultan
and coworkers have developed Al,CuO, nanosheets uniformly
covered with CuO nanoparticles giving high FE for ethylene
(82.4%) and remarkable stability in reaction condition to 100 h;
this material achieved high current density of 421 mA cm™? in
a flow cell.””

e In depth-understanding of CO,RR mechanisms is still
a challenging task due to the evolution of the active site and the
reconstruction of Cu materials under reaction conditions.

e Apply advanced operando techniques and theoretical
calculation methods are highly recommended to probe the
oxidation state, the CO, activation, and possible reaction
intermediates of the electrochemical synthesized Cu-based
catalysts. This will help to reorient and guide synthesis
researchers to efficiently prepare a desired active site for a given
CO,RR byproduct as well as understanding the reaction mech-
anism and provide further guidance for the catalyst
development.

e Tremendous efforts should be directed towards the design
and construction of larger CO, electrolyzer pilots. It should be
noted that the high currents of the electrolyzer as well as the
overall energy efficiency are key requirements for further
commercialization of this technology.
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It is trustworthy to note that the catalytic activity and stability
of the reported electrocatalysts are still far away from the
industrialization that usually requires long-term stability of
more than 1000 h at a high current density of over 200 mA cm 2,
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