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ARTICLE INFO ABSTRACT

Keywords: Rising levels of carbon dioxide in the atmosphere have precipitated considerable research efforts aimed at
Carbon dioxide reduction generating energy from renewable sources, such that consuming this energy does not lead to further increases in
Electrocatalysis

atmospheric CO». Simultaneously, atmospheric CO, represents a useful feedstock for the storage of renewably-
generated energy, in particular through electroreduction of CO, powered by renewables to give hydrocarbon
fuels that when burned do not increase net CO; levels in the atmosphere. In order to bring such renewable-
powered production of hydrocarbons from CO, to reality, improved electrocatalysts for carbon dioxide reduc-
tion are required. For example, Cu is the only single metal that demonstrates appreciable Faradaic efficiency for
CO> reduction products that are reduced by more than two-electrons, but pure Cu is not an especially active or
selective catalyst for this process. Hence there has been considerable interest in making bimetallic catalysts using
Cu in combination with other metals in order to find systems that can reduce CO to products such as methane,
methanol, ethanol and beyond. In this minireview, we give an overview of recent progress in COy electro-
reduction using bimetallic cathodes composed of copper and various other metals in combination, with a

Copper alloys
Copper bimetallics

particular focus on studies going beyond two-electron reduction products from the last two years.

1. Introduction to CO5 electroreduction

Climate change driven by the historically high levels of carbon di-
oxide in the atmosphere is one of the biggest challenges facing our so-
ciety [1]. Electrochemical COy reduction has been put forward as a
viable technique to produce desirable hydrocarbon fuels (for example,
as a means of storing renewably-generated power) which can be
consumed without increasing the overall amount of CO5 in the atmo-
sphere, as part of a closed carbon cycle [2]. Electrochemical CO,
reduction is a promising technique as it (1) often only requires ambient
temperatures and pressures, (2) has the potential to be incorporated into
existing renewable energy systems, and (3) the desired products can (in
theory) be selected by changing parameters such as the applied potential
and electrolyte [3]. A variety of products can be produced using elec-
trochemical CO, reduction, some of which are listed in Table 1. The
hydrogen evolution reaction (HER) is also shown, since this process is in
constant competition with CO, reduction when protons are available.

The large number of products and possible reaction pathways (Fig. 1)
means that selectivity for a given CO4 reduction product can be poor and
the energy efficiency for a desired product low. Thus, a variety of
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electrocatalysts, copper-based and otherwise, have been studied
including pure metals [5], metal oxides [6], metal-ligand complexes [7]
and graphitic carbon nitrides [8]. The presence of catalytically-active d-
electrons and/or vacant orbitals of transition metals can allow the ab-
sorption and desorption of CO5 and its products; metals are often chosen
based on their binding strength towards a given reaction intermediate.
Cu electrodes have gained attention for CO, electroreduction since
Hori’s seminal papers [9-11] wherein it was found that Cu displayed a
unique activity towards the production of hydrocarbons compared to
other pure metal electrodes. CO, reduction proceeds via multiple,
simultaneous pathways, where all the reaction intermediates relate to
each other in an approximately linear fashion [12]. To be selective for a
single product these scaling relations must be broken; methods for this
include ligand stabilisation, tethering, mixed metal phases and alloying
[13].

Alloying is used in heterogeneous catalysis to tune the chemical
environment at various binding sites. For example, the addition of a
metal with a high oxygen affinity would aim to stabilise the *CHO in-
termediate relative to *CO (where * indicates a species that is adsorbed
to the surface). Metals are combined, whether as alloys or separate
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Table 1
Standard electrochemical potentials for CO, and proton reduction at 25 °C and 1
atm. [4]

Reaction E/V vs. RHE
COy + e — COx"™ -1.48
CO, + 2H" 4 2e” — CO + H,0 -0.10
COy + 2H" + 2e” - HCOOH -0.19
COy + 4H" + 4e” — HCHO + H,0 -0.06
COy + 6H" + 6e” — CH30H + Hy0 +0.03
CO, 4+ 8H" + 8¢~ — CHy4 + 2H,0 +0.17
2C0, + 12H" + 12¢” - CyHsOH + 3H,0 +0.09
2C0, + 12H" + 12 — CyHy + 4H,0 +0.08
2CO, + 14H" + 14e” — CyHg + 4H,0 +0.14
2H" + 2e” — H, 0.00

phases, to favour more complex and useful products than CO and Hp.
The most effective catalysts will be highly selective towards a single
multi-carbon product at a low overpotential. They will also be stable
over long periods of time and multiple catalytic cycles.

In 1991, Watanabe published an investigation into Cu-M alloys
where M = Ag, Cd, Ni, Pb, Sn and Zn; this was the first reported study
into alloys for electrochemical CO, reduction [14]. The most note-
worthy alloy was that of copper and nickel (Cu/Ni 90:10), which
supressed CO production in favour of methanol at a peak Faradaic ef-
ficiency of 7% at —0.9 V vs. SHE. These results indicated a synergistic
effect between Cu and Ni. This deviation from linear scaling relations
has since been recognised as a combination of two effects: the electronic
effect, which modifies the binding environment for intermediates, and
the geometric effect, which changes the arrangement of the atoms at the
active site [15].

A large variety of bimetallic materials have been investigated for CO,
reduction, yet since Cu metal is unique in its ability to produce hydro-
carbons, there is a particular focus on research into Cu-M bimetallics.
Generally, the selectivity of Cu-M alloys is modified by varying the
nature of M. Although this is simple in theory, results can be mixed,
especially since the catalyst composition and metal arrangement both
affect which reaction pathway dominates. This complexity continues to
fascinate and tantalise many researchers. The use of copper and copper-
based bimetallic catalysts for carbon dioxide electroreduction was
reviewed by Su, Hwang and co-workers in 2018 [16], by Zhao et al at the
start of 2020 [4], and by Xiao and Zhang [17] and Fontecave and co-

non- O0.=~9 4 OO\_'__,O-
coordinating 2y OH
s
O0=C=0 o OH
e Os =, (0]
coordinatm Y HO_

H

(Y |
3e'3H+
H H
HsC._| |

HT Yo 20 nwc? Yo 3¢

I
v

2 | e G
V3

Electrochemistry Communications 135 (2022) 107212

workers [18] specifically for CO, reduction to Cy products. However,
considerable progress in the field continues to be made. In this review,
we review some papers in this area that have emerged in the last two
years. Even focussing on such recent works, it is impossible to be
comprehensive in a minireview of this length. Hence we have chosen to
focus our in-depth discussions on reports where carbon-based products
that are more deeply reduced than two-electrons are obtained in sig-
nificant Faradaic yield. A selection of pertinent Cu-based bimetallics
published recently can be found in Table 2.

2. CO; electroreduction with bimetallic electrodes containing
Cu

In recent years, several Cu-Ag based mixed metal catalysts with high
selectivity towards methane have been developed. Choi et al.[21] syn-
thesised Cu-Ag interfaces on the surface of Cu nanowires. Silver was
chosen as Cu and Ag are essentially immiscible, thus the catalyst would
contain a mixture of Ag and Cu phases rather than an alloy phase. It was
suggested that the creation and maximisation of these atomic Ag-Cu
interfaces would benefit electrochemical CO5 reduction towards prod-
ucts beyond CO. After synthesis of the nanowires by galvanic displace-
ment (Fig. 2), X-ray diffraction (XRD) confirmed that no
alloyed CuAg phase was present and Energy Dispersive X-ray (EDX)
mapping depicted a thin layer of Ag on the surface of the Cu nanowire.
COgreductionin a sealed H-cell revealed that the CugAg; cata-
lyst displayed a Faradaic efficiency towards CyH4 of less than 21%
across all potentials; however, the selectivity towards CH4 was increased
compared to pure Ag nanoparticles, which produced mainly CO, and
pure Cu nanowires, whose highest reported Faradaic efficiencies were
55% + 8% for CH4 at —1.23 Vgryg, and 60% =+ 4% for CoH4 at —1.06
Veye. CugAg; gave a maximum Faradaic efficiency for methane pro-
duction of 72% at —1.17 Vryg, decreasing to 66% =+ 4% at —1.20 Vryg.
These are very high selectivities and Faradaic yields for methane; the
challenge now will be to increase the relevant current densities
(currently > 5 mA/cm?) towards industrially relevant figures.

It is generally regarded that the reaction pathways towards CH4 and
CoH4 deviate after the formation of the *COH intermediate [39]: the
addition of adsorbed hydrogen to this intermediate leads to CH4 whilst
coupling with CO leads the pathway towards CoHy, Fig. 3. Preferential
CO binding on Ag is confirmed by electrochemical CO5 reduction on Ag
nanoparticles (Faradaic efficiency for CO > 90% at all potentials). In
contrast, Cu promotes high hydrogen coverage at voltages more
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Fig. 1. Schematic of some of the possible CO, reduction pathways available on metal electrodes.
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Table 2
Summary of recently reported Cu-based catalysts for electrochemical CO, reduction.
Electrode Synthesis Technique Morphology Electrolyte Potential (V Carbon product(s) Faradaic Ref
vs. RHE) Efficiency (%)
Cu-Ag Physical vapour deposition Pyramid textured 0.2 M KHCO3 -1.1 Methane 62 Liu 2021
[19]
Cuz5-Ag; (Cus- Electrophoretic deposition of Spherical 0.1 M KHCO3 -0.8 Methane (Co, 20.6 (15.7) Wu 2021
Ag1) nanoparticles nanoparticles products) [20]

CugAgy Galvanic replacement of Cu Nanowires 0.1 M KHCO3 -1.17 Methane 72 Choi 2021
nanowires [21]

Cu(Ag-20)29 Dropcasted CuyO nanowires and Ag Composite Cu 0.1 M KHCO3 -1.1 Ethanol 16.5 Ting 2020
powder nanowire and Ag [22]

powder

3Au:1Cu Modified Brust method Nanoparticles 0.1 M NaHCO3 -0.7 Formate 16 Shang 2021

[23]

AuCus;@Au Oxidative etching of AuyoCugg 3D bicontinuous 0.1 M KHCO3 -0.6 Cco 97.27 Ma 2020

nanoporous structure [24]
CuAuz Electrodeposition Nanowire array 0.1 M KHCO3 -0.5 Ethanol 48 Zhu 2019
[25]
Bi-Cu Co-electrodeposition Tight moss-like 0.5 M KOH / -0.91 Formate 94.37 Peng 2021
microstructure 0.5 M KHCO3 [26]
Cu-Bi Electrodeposition Dendritic 0.5 M KHCO3 -1.0 Formate 94.7 + 2.8 Xiong 2021
[27]
Cu-Co (14% Electrodeposition Small grain aggregates 0.1 M KHCO3 -1.19 Methane 47.7 Takatsuji
Co) 2019 [28]
Cu-In Electrodeposition Dendritic 0.1 M KHCO3 -0.85 Formate 87.4 Shao 2020
[29]
Cu-In/C Co-reduction Nanoparticles 0.1 M KHCO3 -0.7 Syngas: ratios vary H, = 39.8 CO Shen 2021
based on phase/ =243 [30]
structure
Ni-Cu (0.82% Galvanic replacement of Cu Nanowires 0.1 M KOH -0.88 Cy. products 62 Zhang 2021
Ni) nanowires [31]
Cu-Ni (19 at% Oxide-derived Nanoparticles 0.05 M KHCO3 -1.2 C, products 35 Suzuki 2020
Ni) [32]

Cu-Pd(100) Thermal reduction treatment Nanoparticles 0.1 M KHCO3 -1.4 C, products 50.3 £1.2 Zhu 2021
followed by in situ growth [33]

Pd-Cu (70% Pd, Low-temperature solution method Nanodendrites 0.1 M KHCO3 -0.3 Formate 99.4 Zhou 2021

30% Cu) [34]

Sn-Cu Lithography, electroplating of Cu Cones 0.1 M KHCO3 -0.6 co 82.7 Dong 2021
film, and electroless coating of Sn [35]
nanoparticles

Cug_ 26Sn5 Electrochemical deposition Dendritic rice spike- 0.1 M KHCO3 -1.08 Formate 97.8 £ 2.4 Li 2021 [36]

like

CuZnyg Co-precipitation Nanoparticles 0.1 M KHCO3 -0.8 Ethanol (Cy, 34.25 (50.14) Dongare

products) 2021 [37]

MCuM = Cd Galvanic replacement reaction on Nanofibers 0.5 M NaHCO3 -1.05 Formate 70.5 (48.9, Mosali 2019

(Sb, Pb, Zn) sub-micron diameter copper rods 58.7, 48.6) [38]

Synthesis of Cu nanowires

Galvanic Replacement
Cut+e”=Cu
+0.34V

Fig. 2. Schematic of the preparation of Cu-Ag nanowires by galvanic
replacement.

negative than —0.8 Vgyg. Thus, a synergistic effect based on *CO at Ag
sites and *H on Cu could lead to higher selectivity towards CHy4
production.

Wu et al. exploited the immiscibility of Cu and Ag to develop mixed
metal nanoparticles that were resistant to low-temperature catalyst

sintering during electrochemical reduction [20]. As shown in Fig. 4,
nanostructured Cu electrocatalysts have poor stability and a decreased
active surface area caused by a degradation phenomenon that is widely
ascribed to the agglomeration or dissolution-redeposition of smaller
nanoparticles into larger ones [41].

Mixed Cu-Ag nanoparticles were prepared using an electrophoretic
deposition method. Following electroreduction at —0.8 Vgyg notable
sintering was seen by Scanning Electron Microscope (SEM) imaging on
the pure Cu nanoparticles, whereas upon the addition of Ag nano-
particles, sintering was significantly reduced (Fig. 5). It was proposed
that the immiscibility of the neighbouring Cu and Ag nanoparticles
prevented dissolution and redeposition.

Although sintering was reduced, electrochemical CO; reduction on
Cuy5-Ag; predominantly produced hydrogen. Initially, the highest
Faradaic yield for a carbon-based product was 10.3% at —0.8 Vgyg to-
wards methane. However, after the synthesis of a series of more dense
Cu-Ag catalysts, to further investigate the stabilisation caused by Ag, it
was found that the selectivity of the nanoparticle electrodes could be
easily adapted by shifting the Cu:Ag ratio. Dense Cuy5-Ag; favoured
methane production (FEcu4 20.6% at —0.8 Vryg), whilst a Cu:Ag ratio of
1:1 produced an enhanced activity towards Cy, products (Faradaic ef-
ficiency of 15.7% at —0.8 Vryg), and Cu;-Agy 5 was the best ratio for CO
production. Although these efficiencies are not the highest seen in recent
years, the increased catalyst stability, due to being sinter-resistant, could
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Fig. 3. Schematic of the possible reaction pathways towards methane [39] and ethylene [40].
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Fig. 4. Schematic showing the structural changes that occur to a) Ag, b) Cu, and c¢) Ag-Cu nanoparticles under CO, reduction (“CO,R™) conditions.
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Fig. 5. SEM images of pure Cu nanoparticles (“Cu-thick”) and a 2.5:1 Cu-Ag alloy (“Cuzs5-Ag;”) before (panels A and B) and after (panels C and D respectively)
performing the CO, reduction reaction at —0.8 V vs. RHE for 1 h. The red circles highlight nanoparticles that have sintered during the CO; reduction reaction.
Adapted from reference [20]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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prove vital for applications.

Ting et al.[22] achieved increased CO2 reduction activity towards
ethanol via a composite catalyst containing oxide-derived Cu nanowires
and Ag particles. It was found that ethanol production increased with
the amount of CO evolved from Ag sites. Thus, in excess *CO, Ag and Cu
worked in tandem to access a reaction pathway towards ethanol at a
Faradaic efficiency of 16.5 % at —1.1 Vggg. This pathway utilised the
coupling of *CO + *CHy (x = 1, 2) at Cu-Ag boundaries which could then
be reduced to ethanol.

Oxide-derived Cu-Ni alloy nanoparticles were developed by Suzuki
et al.[32] with an enhanced selectivity towards ethylene and ethanol.
Typically, Ni is regarded as increasing activity towards hydrogen evo-
lution, binding *CO too strongly and effectively poisoning the catalyst
surface.[42] Furthermore, theoretical calculations have suggested that
no advantage will be seen upon alloying Ni with Cu compared to the
activity of pure Cu [43]. However, it may be beneficial for an interme-
tallic catalyst to contain separated Ni as surface-bound or adjacent
catalytic sites (which we note would agree with the results reported by
Zhang et al [31] — see below). Ni could aid the production of Ca,
products by providing the required *H.

After the initial synthesis of the Cu-Ni nanoparticles it was found that
a pre-electrolysis activation step was required for more desirable (non-
CO and Hj) products to be favoured. Cu-Ni (19 at% Ni) was found to
show the best increase in the activity towards Cy products, with a
Faradaic yield for these species of 35%. Subsequently, Hs evolution was
greatly decreased to a Faradaic efficiency of 9%, compared to > 80% at
83 at% Ni, the highest nickel content tested. Given the dramatic change
in activity, the surface of the catalyst was examined by X-ray Photo-
electron Spectroscopy (XPS), which found that a mixture of Cu, Ni, Cu-O
and Ni-O phases were present. Suzuki et al. maintain that the mixture of
these components could be intrinsic to the amplified activity.

Previous density functional theory (DFT) calculations [39] indicated
that CO5 activation and CO dimerisation benefit from the electrostatic
tension between Cu® and Cu™; thus, it must be determined whether the
presence of Ni is truly affecting the selectivity of the catalyst. It is
possible that the electronic structures of the Cu active sites are altered by
the adjacent Ni and Ni-O phases. Alternatively, Ni could supress a
different pathway that does not lead to Cy products, such as that towards
HCOOH. There is also the possibility that an optimal dispersion of
atomically disperse Ni sites on Cu could increase CO coverage enough to
enhance the kinetics of C-C coupling without poisoning the surface [44].
Certainly, more exploration into the benefits of adjacent Ni sites on Cu is
required.

Ni suffers from segregation within Cu-Ni alloys creating a non-
uniform catalyst, thus Zhang et al.[31] developed a synthesis to delib-
erately create a highly dispersed Cu-Ni surface. Following their syn-
thesis, Cu nanowires containing unsaturated sites were immersed in
acetonitrile and Ni(NOg3), for various time periods, 0.5-5 mins. The
introduction of nitrile ligands from acetonitrile lowered the reduction
potential of Cu, allowing galvanic replacement by Ni to occur.

CO4 reduction was tested in a two-compartment H-cell using a CO»-
saturated 0.05 M NaHCOj solution as the electrolyte. CuNi (0.82 at% Ni)
produced the most significant results, displaying a Faradaic yield for
hydrogen of only 17% at —0.87 Vyyg and a Faradaic efficiency of 16%
for ethanol production at —0.77 Vgryg, whilst the highest efficiency for
CoHy4 was recorded as 24% at —0.97 Vgyg. A volcano type relationship
was observed when the amount of dispersed Ni was varied; a CuNi
electrode with 0.13 at% Ni displayed only slightly higher activity to-
wards Cy products than pure Cu nanowires, and a CuNi mixture with 1.3
at% Ni mainly produced Hy (with Faradaic yield > 81% at all poten-
tials). Thus, the increased activity towards Cy products was ascribed to
the intrinsic catalytic properties facilitated by the presence of both Cu
and Ni at specific ratios. Further catalytic testing, in a flow-cell elec-
trolyser in KOH electrolyte, allowed the activity of CuNi (0.82 at% Ni) to
be optimised, with a measured Faradaic efficiency towards Cy; products
of 62% at —0.88 Vgyg; similar increases in activity when using KOH in

Electrochemistry Communications 135 (2022) 107212

flow-cells have been reported before [45]. Whilst this CO5 reduction
activity is significant, further work is required to tune the selectivity
towards specific C, products. DFT calculations were completed to learn
more about the reaction pathways available on the CuNi catalyst. It was
found that Ni decoration reduced the energy barrier for *CO,, *COOH
and *CO. The chemisorption of CO, was found to be the rate deter-
mining step. This work is significant in that it suggests that a bulk Cu-Ni
alloy is not required in order to provide high activity for CO5 reduction
to Cy, products, but instead that decoration of only the surface is suf-
ficient to endow the ability to perform such deep reductions.

ZnO is cheaper than most of the secondary metals that are normally
combined with Cu for CO; electroreduction. Pure Zn gives low HER
activity, mainly producing CO, so it is expected that the combination of
Cu and Zn will further reduce levels of hydrogen evolution. The use of
carbon-based materials as catalyst supports has also proven beneficial,
with N-doped carbon in particular aiding CO adsorption and activation.

CuO and ZnO-derived nanoparticles on N-doped graphene (CuZny/
NGN) were synthesised using co-precipitation by Dongare et al. [37].
Those with a Zn loading of less than 20 wt% were evenly dispersed on
the N-doped graphene; further Zn content led to agglomeration.
Brunauer-Emmett-Teller (BET) analysis found the catalyst had a meso-
porous structure which led to plentiful exposed active sites and high
catalytic activity. Only liquid-phase product analysis was completed
upon catalytic testing; the study focussed on the production of ethanol.
On all catalysts, productivity towards ethanol increased with more
negative potentials; CuZngo/NGN showed the highest Faradaic yield for
ethanol (34%) at —0.8 Vgrug.

Dongare et al. suggested a mechanism for the production of ethanol
on CuZnyo/NGN wherein CO is generated on Zn and passed on to
neighbouring CuO sites for further reduction towards ethanol. It has
been proposed that C-C coupling between hydrogenated C; species is
more favourable than the combination of two *CO species [46]. Thus, a
mechanism containing the coupling of *CHy with *CO was proposed
(Fig. 6). According to this mechanism, CO5 is absorbed on Cu, Zn, and
pyridinic-N sites, where proton-electron transfers occur to produce *CO.
Then hydrogenation forms *CHy which can couple to the *COH gener-
ated at neighbouring sites to give *CH2COH. A final hydrogenation step
and release from the catalysis surface gives ethanol. However, this
suggested mechanism does not reveal how each individual site, or the
mixture of Cu and Zn sites is beneficial. Computational analysis based on
this mechanism could be useful in this regard.

3. Conclusions and outlook

In this minireview, we have given a short overview of some of the
more recent developments in the field of the CO, electroreduction with
bimetallic copper cathodes. The main focus of our overview was on
systems that are capable of reducing CO5 by more than two electrons
(producing species of more interest and utility than CO and formic acid/
formate). Cu-based Ni and Zn catalysts are currently the most promising
in this regard, with Cy products having been successfully reported at
significant Faradaic efficiencies. However, it is perhaps somewhat sur-
prising how few are the reports of deeper reduction of CO, beyond two
electrons compared to the reports for CO and/or formate production.
This is probably the biggest challenge facing the field at the current time.
Electrochemical reduction of CO5 to CO can be performed in aqueous
solution at current densities in excess of 0.8 A cm™~2 with Faradaic yields
> 98% [47]. In many respects then, electrochemical reduction of CO3 by
two electrons is a solved problem. The challenge for the community now
is to devise ways in which CO2 may be cleanly and efficiently reduced by
more than two electrons, so as to access species with multiple carbon-
—carbon bonds, and so to produce genuine chain hydrocarbons. The
reports that we have highlighted in this minireview point the way to-
wards this goal, but clearly significant knowledge gaps remain. A deep
mechanistic understanding behind why particular bimetallic combina-
tions are effective (whilst others are less so) is required. The field would
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Fig. 6. Schematic of the possible reaction pathways towards ethanol outlined by Dongare et al.

also benefit from a more systematic approach in terms of how materials
are screened and selected [48]; this can only aid in the discovery of
catalysts capable of reducing CO5 by more than two electrons. Finally, a
wider selection of materials needs to be screened in depth, including
(but not limited to) molecular systems and more complex multi-metallic
catalysts. By careful and systematic study, leveraging some of the recent
progress in the field as summarised above, the dream of selectively
electro-reducing CO» to multi-carbon products can be made a reality.
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