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A B S T R A C T

Earth-abundant copper-tin (CuSn) electrocatalysts are potential candidates for cost-effective and sustainable
production of CO from electrochemical carbon dioxide reduction (eCO2R). However, the requirement of high-
overpotential for obtaining reasonable current, low Faradaic efficiencies (FE) and low intrinsic catalytic activ-
ities require the optimisation of the CuSn nanoarchitecture for the further advancement in the field. In the current
work, we have optimised Sn loading on Cu gas diffusion electrodes (GDEs) by electrochemical spontaneous
precipitation. Samples with various Sn loadings were tested in a three-chamber GDE reactor to evaluate their CO2

reduction performances. The best performance of 92% CO Faradaic efficiency at a cathodic current density of
120 mA cm�2 was obtained from the 20 min Sn deposited Cu2O sample operated at �1.13 V vs. RHE. The
electrocatalyst had ~13% surface coverage of Sn on Cu GDE surface, and had Sn in oxide form and copper in
metallic form. The catalyst also showed stable performance and was operable for >3 h under chronoamperometric
conditions. The surface of the GDE reduces from Cu2O to Cu during eCO2R and goes further reconstruction during
the eCO2R. This study demonstrates the potential of Cu–Sn for selective CO production at high current densities.
1. Introduction

Carbon dioxide (CO2) is a major greenhouse gas which is driving the
climate change. CO2 capture at the emission sources and from air followed
by conversion to fuels/chemicals can achieve carbon neutral energy
cycle.1 Electrochemical CO2 reduction (eCO2R) is one of the most prom-
ising methods for the direct production of fuels and chemicals from CO2
and water.2,3 With electrical energy supplied by a renewable sources and
oxygen as the by-product at the anode, eCO2R can be environmentally
friendly and sustainable. However, several issues including low current
density, catalyst instability, poor product selectivity and carbon loss as
carbonate hinder practical applications of the process.4,5 In this study, we
worked on improving selectivity towards carbon monoxide (CO) in a
three-chamber GDE reactor. The reactor has been shown to deliver higher
current than traditional H-cell due to enhanced CO2 mass transport.6
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CO is a valuable chemical feedstock which can be converted to
methanol via hydrogenation and liquid hydrocarbons using established
industrial methods like Fischer-Tropsch process.7,8 Due to its inherent
simplicity (2e� transfer), profitability and potential for further utilisation
by electrochemical or chemical methods, CO2 to CO conversion can also
be a good target for scale-up experiments.9–11 However, the requirement
of noble metal (such as Ag, Au and Pd) electrodes, make the process less
economically attractive.12,13 Therefore, there is a need of developing
catalysts free of noble metals. Carbonmaterials have delivered promising
results in terms of Faradaic efficiencies (FE) but have not been able to
deliver desired CO FE at higher current densities (>50 mA cm2).14–16

Therefore, non-binary metals-based nano-catalysts in alloy, hetero-
structure and surface modified structures have been explored for
obtaining sustainable and cost-effective catalysts with enhanced
performances.17–20
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Bimetallic electrodes based on copper and tin (Cu–Sn) have shown
some promising results in terms of selectivity for CO production.21,22 The
results are different from either of Cu and Sn based catalysts which are
known for producing higher carbons and formate, respectively.23,24 In
our previous work, Sn modified Cu metallic foil demonstrated a CO FE of
91% at 1.0 V vs. RHE in an H-cell.22 Sarfraz et al. electrodeposited Sn on
oxide derived Cu sheet and utilised it for determining CO2 reduction
performance in a two-chamber reactor.21 They obtained >90% CO FE
and 3 mA cm�2 cathodic current density at �0.8 V vs. RHE. In another
study, Perez et al. investigated the atomic layer deposited Sn on the top of
Cu(OH)2 nanowires and obtained 3.2 mA cm�2 current density and 77%
selectivity towards CO at �0.7 V vs. RHE.18 They, by a combination of
in-situ X-ray absorption spectroscopy, X-ray photoelectron spectroscopy,
and density functional theory calculations, determined the optimal Sn
content on the surface to be 13%. Beyond 45% surface coverage of Sn,
their system behaved similar to pure Sn electrode and produced formate,
selectively.

A variety of reactor architectures have been explored using Cu–Sn for
selective conversion of CO2 to CO. Most of the early investigations on
Cu–Sn electrocatalysts were carried out using a standard H-cell where
cathode and anode chambers are separated by a membrane.25–27 The
advantage of H-cell lies in its robustness and simple architecture. Gao
et al. employed a two-chamber flow reactor using Cu–Sn electrode in
KHCO3 electrolyte to obtain 180 mA cm�2 current at 0.9 V cathodic
potential with >83% Faradaic efficiency of CO.28 Due to the poor solu-
bility of CO2 in water, low current densities of <20 mA cm�2 were ob-
tained in most of the reports (Table S2, ESI). This motivated the
researcher to explore three-chamber GDE cells. In the GDE cells, the mass
transport of CO2 to the catalyst surface is significantly improved. For
instance, Tan et al. obtained 265 mA cm�2 partial CO current density
with >90% FE using co-precipitated Cu/Sn electrodes.29 The researchers
utilised anion exchange membrane to separate the cathode and anode
chambers. However, anion exchange membrane can allow liquid prod-
ucts like formate to pass through, which can lead to inaccurate estimation
of the Faradaic efficiency of the products. In the current work, we have
utilised a cation exchange membrane which should provide a more ac-
curate estimate of the produced formate by containing products on the
cathode side. The issue of reactor flooding and mass-transport losses
encouraged researchers to explore fuel cell type MEA (membrane-elec-
trode assembly) reactors, also known as zero-gap cells. Ju et al. were able
to obtain 125 mA cm�2 current with >80% CO FE at �1.2 V in a MEA
cell. They also demonstrated the stability of performance for over
130 h.30

In this work, a series of Cu–Sn samples were prepared via surface
modification of Cu2O GDE by Sn using electrochemical spontaneous
precipitation (ESP). Thereafter, the eCO2R performances of the catalysts
were evaluated in a three-chamber GDE cell. The activity assessment was
performed at �1.13 V vs. RHE to determine the electrocatalyst with
optimal Sn deposition time for further analysis. The best sample was
utilised for determining the activity at various potentials and stability of
the electrodes in the three-chamber reactor configuration. A variety of
characterisation techniques were applied for determining the changes in
the catalysts before and after the eCO2R, which further contributes to
understanding the changes in catalyst composition, surface species,
structure and reaction mechanism.

2. Experimental section

2.1. Preparation of Cu2O GDE

The preparation of Cu2O GDEs has been reported in our previous
work.6 In brief, 15 mg commercial Cu2O catalysts were sonicated in
200 μL (99.5%, Sigma-Aldrich) isopropanol. After 10 min, 33 μL Nafion
binder (5 wt%, Sigma-Aldrich) was added. The catalyst ink was then
sonicated for 1 h before layer-by-layer painting onto a 2 cm2 surface area
of carbon gas diffusion layer (H2315 I2 C6, Freudenberg). The GDEs were
2

dried between coats at 50 �C for 2 min. The final loadings of the catalyst
on GDEs were ~5 mg cm2. The samples were dried at 50 �C for 30 min
before employing for eCO2R. SnO2 GDEs were also prepared by starting
with 15 mg SnO2 nanoparticles following the above protocol.
2.2. Preparation of Cu–Sn GDE

ESP of Sn on Cu GDEs was performed using Cu2O GDEs and Sn foil
electrodes in an electrolyte comprising 0.1 M SnCl4⋅5H2O and 0.05 M
citric acid.22 The solution was stirred well to ensure dissolution of Sn salt.
The ESP was performed at room temperature on a stirrer with both the
electrodes connected by an external wire. The effect of the reaction time
was investigated by depositing Sn in 5–60 min. Accordingly, the samples
of Sn modified Cu2O GDE were named using the convention CuSn5_min,
CuSn10_min and so on.
2.3. Electrochemical CO2 reduction measurements

eCO2R measurements were performed in a three-chamber GDE cell in
a three-electrode mode. The details of the cell structure and assembly are
provided in our previous work.17 The current set-up consists of GDE as
working electrode, Pt coated Ti mesh as counter electrode, and Hg/HgO
(RE-5B, BASI, 1 M KOH, 0.118 V vs. RHE) as reference electrode. 1 M
KOH was utilised as catholyte, and 5 M KOH was used as anolyte. The
electrolyte chambers were separated by a cation exchange membrane
(F-1050, Fumapem) to stop the cross-over of the liquid products. Cyclic
voltammetry measurements were conducted on fresh samples in the
presence of N2 and CO2 gases (flow rate 15 sccm) sequentially in�1.05 to
þ0.95 V vs. RHE. The chronoamperometric measurements for various
samples at various potentials were taken in the reactor in batchmode. For
determining the stability of the GDE electrode, the reactor was operated
in flow-mode, connected to an electrolyte reservoir, for enabling the
collection of liquid samples at regular intervals. Pure CO2 gas (99.9995%
purity, BOC) flow was controlled via a Bronkhorst digital mass flow
controller and maintained at 15 mL min�1 for the measurements.

The potentials in the current work have been reported vs. RHE, ac-
cording to Equation (1).

E ðvs: RHEÞ¼E
�
vs

Hg
HgO

�
þ 0:118þ 0:0591� pHþ iR (1)

The samples were analysed in the potential range of�0.55 to�1.35 V
vs. RHE range to determine the effect of overpotential. The resistance
measured in GDE cell at high frequency (1 � 105 Hz) and at 10 mV RMS
amplitude by electrochemical impedance spectroscopy was around
0.1Ω. The resistance value was utilised to calculate the iR drop at various
currents.31

The current densities were determined by dividing the obtained
current by the GDE area of 2 cm2. The current densities in text are
described as cathodic current density and without any negative sign.
2.4. Product yield and Faradaic efficiency calculations

The CO2 reduction products were analysed by gas and ion chro-
matographic techniques. The gaseous products were measured by online
gas chromatography using ShinCarbon Micropacked Column (Shimadzu
Nexis GC-2030) where the outlet of the gas chamber was directly con-
nected with the injection port of GC for taking out samples at regular
intervals. The liquid products were analysed manually after the collec-
tion. Alcohols were detected by GC (Shimadzu Nexis GC-2030, DB-Wax
column), and organic acids were analysed by ion chromatography (Eco
IC, Metrohm).

The Faradaic efficiency describes the fraction of current used for
generating a particular product, represented by Equation (2).
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FE¼ znF
Q

(2)
Where, Q is the total charge passed, F is Faraday's constant
(96,485 C mol�1), z is the number of electrons required per mole of
product, and n is moles of products generated. The total Faradaic effi-
ciency for samples ranged from 80% to 101%. Several factors could affect
the total Faradaic efficiency values including the side reaction of catalyst
reduction along with the CO2 reduction process, cross-over of gaseous
products via the GDE and membrane, and averaging the obtained cur-
rent. The issue with averaging the current is that liquid products get
accumulated over a period of time, which should have been correctly
identified. However, the gaseous products are injected in GC at particular
instances/time-points, leading to the possibility of not accounting for the
actual current. The obtained Faradaic efficiency values for the samples
are reported in Table S3. Total Faradaic efficiencies were normalised to
100% to have a direct comparison between different samples.

Energy efficiency for the overall reactor was determined by multi-
plying the full-cell voltage efficiency with product Faradaic efficiency.
The measured full-cell voltage at �1.13 V and �120 mA cm�2 for the
CuSn20_min GDE reactor is 2.7 V.

2.5. Materials characterisation

X-ray diffraction (XRD) analysis was carried out on a Bruker D2
phaser benchtop X-ray diffractometer using Cu Kα radiation source (λ:
1.5406 Å) in 2θ range of 10–80�. Elemental composition and chemical
valence states analysis was completed by X-ray photoelectron spectros-
copy (XPS) using a Thermo Scientific K-Alpha instrument with Al Kα X-
ray (1486.6 eV) source on 400 � 400 μm2 spot size. The energy cali-
bration was performed by using C 1s peak at 284.8 eV. Scanning electron
microscope (SEM) (Jeol JSM 7100 F FEGSEM) was used to analyse the
morphology of the materials. The elemental analysis was carried out
using Oxford instruments energy dispersive X-ray (EDS) detector coupled
with the SEM at 10 kV accelerating voltage. The samples were coated
with a thin layer of Au–Pd before loading in the SEM chamber to enhance
the conductivity.

3. Results and discussion

3.1. Cu–Sn synthesis and effect of Sn deposition time

3.1.1. Mechanism of the Sn deposition on Cu2O GDE
The ESP of Sn on Cu2O GDE was carried out in acidic Sn4þ solution

using Cu2O GDE and Sn metal electrodes. The mechanism of Sn ESP is
very similar to the ESP of In on Cu2O GDE, discussed in detail previ-
ously.17 Based on the standard reduction potentials for the Sn and Cu
species, the following mechanism of the electrochemical surface modi-
fication of the GDE is proposed.

Anode reaction, which takes place on Sn metal electrode
(Eo ¼ �0.13 V)

Sn → Sn2þ þ 2e� (3)

Cathode reaction, which takes place on Cu2O GDE electrode
(Eo ¼ 0.463 V)

Cu2O þ 2e� þ 2Hþ→ 2Cu þ H2O (4)

The deposition of Sn takes place locally by the precipitation of
Sn(OH)4 on the surface of Cu2O GDE. Upon enhancement of local pH due
to CuOx reduction, the additional hydroxides get consumed by Sn4þ,
which leads to the production of Sn(OH)4. Sn(OH)4 readily converts to Sn
oxide in ambient conditions as shown in Equation (5).
3

Sn4þ þ 4OH� → Sn(OH)4 → SnO2 (5)

3.1.2. Physicochemical investigations of the prepared catalysts
The change in the crystalline nature of CuSn20_min before and after 1 h

of eCO2R at �1.13 V was determined using XRD, shown in Fig. 1a. The
diffractograms of Cu2O and SnO2 GDE electrodes are also shown for
reference. The diffractogram of Cu2O GDE and CuSn20_min (best sample
for electrochemical CO production, discussed later in the section) is very
different, where without surface restructuring there should have been
some additional peaks corresponding to Cu2O species. However, it is
observed that fresh CuSn20_min has predominantly Cu metallic phase as
compared to the Cu2O which is mostly Cu2O with a small contribution of
CuO. The reduction of Cu during ESP has also been observed in our
previous work.17 No peaks corresponding to Sn species were identified.
This indicates that Sn layer is very thin on the surface or Sn is deposited
as amorphous clusters. After undergoing eCO2R, the small peak corre-
sponding to Cu2O gets even smaller, indicating further reduction of the
Cu on the GDE surface. The values of full-width at the half-maximum of
the XRD peaks vary between the samples. Therefore, the crystalline size
was calculated by using Scherrer's equation (D ¼ Kλ/βcosθ, where D is
crystalline size, K is shape factor, β is FWHM, and θ is peak position). It
was assumed that all the particles should be spherical in shape for easier
comparison. According to the equation, the average particle sizes of
CuSn20_min before and after eCO2R are 55 and 35 nm, respectively.
Further comparison with the particle size of Cu2O GDE films (28 nm in
average) indicates that Cu2O surface reconstructs and transforms into
metallic copper on the surface during ESP. During eCO2R, the Cu surface
undergoes further reconstruction and breaks into smaller crystallites as
discussed further below.

SEM-EDX results further supports the XRD analysis. As shown in
Fig. 1b, the Cu2O GDE surface has Cu2O nanoparticles bound together by
Nafion binder, and the clusters are in 30 nm to 2 μm size range. The SEM
image of as-prepared CuSn20_min is very different with the surface
showing well-defined crystals (Fig. 1c). The Cu0 clusters on the surface
have a size range of 20–200 nm. As shown in Fig. 1d, the surface of
CuSn20_min reconstructs during the eCO2R due to the weak interatomic
cohesion and high surface activity of Cu at high overpotentials, which
changes the particle size and morphology.32,33 The copper particles from
the surface come together to form clusters, and individual crystals are not
as well-defined as before eCO2R. It is noted that the thickness of Cu2O
film is ~8 μm and the reconstruction brings together the particles from
the surface. No peaks corresponding to Sn metal or oxide were observed.
However, from EDX spectra shown in Fig. 1e, Sn signal can be clearly
observed on the surface of the electrodes before and after eCO2R.
Further, the Sn particles are present homogenously on the surface
(Fig. S2). It is believed that due to a very small size and non-crystalline
nature, SnO2 could not be detected by XRD or SEM.

XPS, a surface sensitive technique that provides signals from first few
atomic layers, can provide information about the chemical nature of
different elements. The survey scans from the as-prepared samples are
shown in Fig. 2a. As depicted in the figure, with the ESP duration, Sn 3 d
intensity enhances, whereas Cu 2p intensity goes down. This indicates
the enhancement in the surface coverage with the Sn deposition time.
The samples were utilised for determining the elemental concentration
on the surface. The Sn/Cu ratio for fresh CuSn5_min is 2.65%, CuSn20_min is
13.1% and CuSn60_min is 155%. ~13% is an optimal loading of Sn on the
surface for the selective eCO2R to CO, which is also supported by another
report.18 The Sn/Cu ratio decreases for all the samples after eCO2R,
indicating the structural transformation of Sn and Cu on the surface
(Table S4). There is a possibility of Sn loss in the solution which is needed
to be explored by inductively coupled plasma analysis. Fig. 2b–d shows
the Sn 3 d, Cu 2p and C 1s spectra from the fresh (above) and used



Fig. 1. (a) XRD diagram of CuSn20_min sample before and after eCO2R; Cu2O and SnO2 diffractograms are plotted for reference. (b) SEM image of unused Cu2O GDE.
SEM images of CuSn20_min sample surface (c) before and (d) after eCO2R reaction. (e) EDX spectra of CuSn20_min sample before and after eCO2R at �1.13 V for 1 h.
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(below) CuSn20_min samples. As shown in Fig. 2b, the Sn 3 d has two
peaks corresponding to Sn3d5/2 and Sn3d3/2 at 487.3 and 495.7 eV,
respectively. The peak position and FWHM (of 1.97 eV, for both) corre-
spond to Sn oxide species.34 After eCO2R, the Sn3d5/2 peak at 486.4 eV
and Sn3d3/2 peak at 494.0 eV were observed with the FWHM of 1.42 eV
(same for both), which was assigned to Sn0. The conversion of Sn oxide to
Sn during eCO2R was further corroborated by the shift in SnMNN peak
kinetic energy from 423.4 to 425.2 eV (data not shown). Cu 2p XPS also
show reduction of Cu species, where the fresh sample shows peaks cor-
responding to Cu0 and Cu2þ (as labelled in Fig. 2c). From XPS, it is not
4

possible to distinguish between Cu0 and Cuþ, but from XRD, the major
peak corresponds to Cu0, not Cuþ. That's why it is assumed that the Cuþ

fraction of the composition is negligible. Further, from XRD, Cu2þ (or
CuO) is absent but is a dominating species on the surface (from XPS). As
XRD has much higher penetration depth (of the order of μm), it can
conclude that the electrode is mostly metallic in nature with oxide
presence on the surface. The surface Cu2þ transformation might have
happened via the heat treatment by of the electrode for drying at 60 �C
for 1 h. The presence of additional satellite features confirms the Cu2þ

species. After eCO2R, major peaks correspond to Cu metal, which was



Fig. 2. (a) Survey scans of as-prepared CuSn samples. (b) Sn 3d, (c) Cu 2p and (d) C 1s spectra of CuSn20_min samples before (top) and after (bottom) eCO2R at �1.13 V
for 1 h.
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corroborated with XRD. The CuSn20_min species had a small fraction of
Cu2þ on the surface which has probably emerged due to drying of sam-
ples after eCO2R in oven at 50 �C. The C 1s spectrum for the fresh
CuSn20_min sample had peaks which were corresponding to adventitious
carbon (Fig. 2d). Nafion was absent from the surface as indicated by the
absence of C–F peak (at 292.8 eV). After eCO2R, additional peaks cor-
responding to K 2p (from KOH electrolyte) were identified. The area ratio
of 2:1 between K 2p3/2 and 2p1/2 further confirmed the absence of C–F
peak on the surface. The enhancement of CO3 peak indicates the depo-
sition of carbonate on the electrode surface, which is one of the mecha-
nisms of CO2 loss.35 Furthermore, the combined analysis using XRD, SEM
and XPS indicates that electrode surfaces have Cu and Sn species and
Nafion binder is missing from them.

3.1.3. Effect of Sn deposition time on the eCO2R performance of CuSn
The CV measurements were taken in �1.05 to þ0.95 V vs. RHE range

for 4 cycle, and the results from 3rd cycle for CuSn20_min samples are
shown in Fig. 3a. The CVs were recorded under N2 and CO2 atmosphere,
sequentially. Under N2 flow, the major peaks at 0.15 V and �0.137 V
were assigned to Sn(II) to Sn reduction and Sn(IV) to Sn(II) reduction,
respectively.36,37 A minor peak at 0.5 V was also observed and was
assigned to Cu(I) to Cu reduction. Under CO2 flow, major peak corre-
sponding to Cu(I) to Cu reduction was observed and the previously
assigned Sn peaks were minor. The corresponding oxidation peaks for the
materials could not be found under both N2 and CO2 atmosphere. This
indicates the preferential reduction of oxides to the metals under the
reactor conditions. The difference in the peaks between CO2 and N2 is
5

believed to be due to the thin Sn layer, which have mostly reduced in the
presence of N2 and hence does not appear as a major peak in the presence
of CO2. To confirm this, the CV measurement in CO2 environment on a
fresh sample was carried out. Peaks missing in the CuSn20_min sample for
CO2 CV after N2 CV are now present. Further, CV on CuSn1_min sample is
also shown. The presence of relatively stronger Cu(I)/Cu0 peak and
absence of Sn related peaks indicate the domination of Cu species on the
surface. Another factor for higher Cu(I)/Cu0 peak intensity could be that
for 1 min sample, and Cu2O have been only partially reduced on the
surface which reduces further during CV. The higher current in CO2 at-
mosphere suggests a faster kinetics for CO2 reduction.

Fig. 3b shows the normalised FE (%) for the various Cu–Sn GDE
samples at �1.13 V. The FE for SnO2 and Cu2O GDEs are shown for
reference. As shown in the figure, SnO2 is selective towards the pro-
duction of formate, and Cu2O is able to produce multicarbons. These
results tally with a variety of the literature reports,2,22 listed in Table S2.
Upon addition of Sn on the Cu2O GDE surface, the product distribution
changes significantly. For instance, the CuSn5_min sample showed only
H2, CO, HCOO� and C2H4 as the majority products, different from Cu2O.
Upon further enhancement of the Sn loading, no ethylene was detected
for the CuSn samples, with CO, H2 and HCOO� being the only detected
products.

Further, the current densities during the operation (shown in
Table S1), were in 100–120 mA cm�2 range for CuSn samples with
CuSn20_min showing current density of 120 mA cm�2. The reason for
20 min sample showing the highest current density is believed to be the
faster/preferred kinetics for CO production, and similar results were



Fig. 3. (a) Cyclic voltammetry curves of CuSn20_min sample under N2 and CO2 flow, sequentially. The CV curves of CuSn20_min and CuSn1_min samples are shown for
comparison. The measurements were performed in �0.95 to 1.05 V range using 1 M KOH electrolyte. (b) Faradaic efficiencies of products and CO partial current
densities for various CuSn samples at �1.13 V. Product distribution from Cu2O and SnO2 samples is shown for comparison. (c) Gas chromatogram from CuSn20_min

sample during eCO2R at �1.13 V. (d) Pathways for major products for Cu–Sn, Cu and Sn electrodes.
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obtained in our previous work with optimal loading sample showing
highest currents.17 The current densities for the reference samples of
Cu2O and SnO2 were 102 and 142 mA cm�2, respectively. The current
densities were used to determine the partial current densities for prod-
ucts, and CO partial current density has been plotted in Fig. 3b, right-y
axis. As shown in the figure, CuSn20_min sample demonstrates the best
performance in terms of CO Faradaic efficiency (92.0%) and CO partial
current density (110.0 mA cm�2). The gas chromatogram from
CuSn20_min is shown in Fig. 3c, and ion chromatogram is shown in Fig. S5.
Upon further enhancement of the Sn loading, HCOO� FE enhances which
dominates at higher Sn loading (CuSn60_min) and SnO2 GDE sample.

Although there are multiple pathways and mechanisms proposed for
obtaining a eCO2R product,2 the major pathways for the CO2 reduction
on Cu, Sn and Cu–Sn samples have been shown in Fig. 3d. The first step,
which is also rate-limiting for CO2 utilisation, is the bending and
adsorption of CO2 molecule on the catalyst surface.38 The initial steps for
the production of CO and multicarbon products are same. In the process,
CO2 gets attached to the catalyst surface by carbon atom and an electron
transfer. In the next step, proton transfer results in –COOH species on the
surface, which upon further attack by proton releases H2O and stays on
the surface as–– C––O. For multicarbon products, another carbon (*CO)
gets adsorbed in the vicinity and formation on C–C eventually leads to
multi-carbon products on Cu surface.39 However, on the Sn modified Cu
sample, the *CO adsorption energy is reduced which results in CO
desorbing as a product.28,40 So, for the optimal system (CuSn20_min in this
case), CO would be the major product. Upon sub-optimal loading, more
Cu sites are exposed, and not enough Sn close by to optimally influence
6

the product selectivity towards CO. At higher loading (>20 min Sn
deposition in the present system), due to presence of additional Sn sites,
the selectivity shifts towards formate. A similar behaviour was observed
for Cu–In electrodes prepared by electrochemical precipitationmethod in
a previous investigation, where at low EPS time, along with CO, ethylene
was also produced and at higher ESP time, formate started to contribute
heavily.23 So, the optimisation of Sn loading and its interaction with Cu is
vital for the selective CO production from eCO2R. For the eCO2R to
HCOO�, the terminal oxygen atoms are bound to the surface of the
catalyst with an e� transfer. In the next step, a proton transfer to the
carbon atom takes place which promotes the desorption of HCOO* fol-
lowed by electron transfer to obtain HCOO� in solution. For H2 evolu-
tion, surface bound protons are attacked by a second proton, and H2
evolution takes place.
3.2. Product selectivity over time for CuSn20_min

For determining the selectivity at fixed potential, CuSn20_min sample
was kept at �1.13 V. The change in product distribution and current
density over time for sample at �1.13 V is shown in Fig. 4a. CO FE re-
duces overtime from 91.8% to 47.1%, while H2 FE enhances from 5% to
50.6% over time. Formate FE also decreased over time from 3.2% to
2.2%. Soon after 3 h, the reactor flooded (the catholyte crossed over from
cathode chamber to gas chamber), and GC sampling was stopped. The
current vs. time plot at fixed potential of�1.13 V is shown in Fig. 4b. The
prominent mechanism of reactor flooding in the alkaline systems is the
formation of carbonate or bicarbonate salts in the GDE structure which



Fig. 4. (a) Change in product FEs and CO partial current density (y-axis, right) over time and, (b) Current vs. time for CuSn20_min electrode at �1.13 V. (c) Cross-
sectional SEM-EDX of CuSn20_min after eCO2R.
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changes the hydrophobicity of the GDE.41 Another mechanism is the
change in the hydrophobicity of carbon GDE at higher overpotentials due
to hydrogen evolution at GDE support sites along with catalyst.42

Experimental confirmation of the reactor flooding was obtained by per-
forming the cross-section SEM-EDX of the GDE electrode post eCO2R.
Fig. 4c shows the cross-sectional SEM image and corresponding K Kα EDX
map of CuSn20_min GDE. Because KOH electrolyte is the only source of K,
the Kα elemental map should represent the extent of electrolyte-electrode
interaction. As shown in the figure, the K is present beyond the catalyst
later and can be observed in the microporous layer. This indicates the
flooding of the electrolyte from catalyst to the GDE support. The
enhancement in the H2 FE when electrolyte creeps into the GDE paper
has been observed by other authors and results from electrolyte creeping,
and the electrolyte-electrode-gas interface shifts to the carbon paper
away from the catalysts.43 Carbon paper has hydrogen as predominant
product as shown in Fig. S6, and that's why the H2 FE enhances when the
interface shifts away from catalyst. Also, the average current density of
carbon GDE paper during the eCO2R is 41 mA cm�2. The cathodic current
density also decreases overtime and in first 3 h it drops from 142 to
94 mA cm�2, a 33% decrease. The decrease in the current density is also
indicative of the shift of the reaction interface to carbon GDE rather than
change in the intrinsic activity of the catalyst.

While the selectivity towards CO has been significantly improved
using inexpensive and abundant CuSn based electrodes, the low stability
is still a significant challenge. For eCO2R to be economically viable, the
stability target is > 50,000 h, CO2 utilisation efficiency of 90%–100%,
7

energy efficiency of >50%, and the system should be operable at
industrially relevant current density of >300 mA cm�244 The system
demonstrated in the current work is stable for 3 h during operation, has
CO2 utilisation efficiency of ~7%, has energy efficiency of 45%, and
delivers a current density of 120 mA cm�2. Even though the current is
one of the highest ever reported for Cu–Sn systems, it is still far from the
commercialisation target (Table S2). However, the areas which need
most attention for realising the commercialisation potential is improving
the GDE stability and drawing higher current out of the system. For the
further improvement in the intrinsic activity of the catalysts, novel nano
structures should be tested, and catalysts should also be investigated
using in-situ characterisation techniques for improved structure-activity
correlation and mechanistic understanding. The novel catalysts of 2D
heterostructures like MoS2 and MXenes are potential candidates for
enhanced performance of the electrocatalysts by either forming hetero-
structures or utilising them as catalyst support.45,46 Regarding advancing
the GDE reactor stability, one approach can be to manage flooding and
recirculating the flooded electrolyte. For instance, Jeanty et al. used a Ag
GDE in three-chamber reactor and observed flooding after 30 min of
reactor operation.11 By capturing the water coming out on the other side
of GDE and continuing to operate the GDE, they were able to keep the
reactor running at 150 mA cm�2 for hundreds of hours with >60% CO
Faradaic efficiency. Along with trying out novel reactor designs, the GDE
electrode stability and structural integrity should also be improved.47

GDE electrodes usually consist of carbon fibre support layer which have a
top microporous layer and PTFE coating to improve hydrophobicity. On



Fig. 5. (a) Variation of FEs and current densities at different potentials and, (b) partial current densities of the products for CuSn20_min samples.
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the top of GDE paper, catalyst material with a binder is added which
works as the active electrode. There are opportunities to improve the
GDE stability by improving the microporous layer and catalyst binder. As
catalyst/binder is the first line of defence against flooding, the degra-
dation of binder canmake the metal leach in the electrolyte or change the
hydrophobicity of the layer.48 Xing et al. based on testing a series of
binders deduced that PTFE was a better binder as it did not change the
electrode hydrophobicity much (contact angle change from 150� to 144�

after eCO2R at 250 mA cm�2) and delivered stable performance.49

Carbonaceous catalyst support and microporous layers present opportu-
nities for the enhancement in the catalyst activity and stability.50 We
have some ongoing experiments on the stability of the GDE improvement
by engineering binder and microporous layers.
3.3. Effects of applied potential for CO2 reduction on CuSn20_min

Fig. 5a shows the product distribution for CuSn20_min samples at
various potentials in �0.15 to �1.32 V range. The product distribution
largely remained the same except at �1.32 V, where ethylene and
ethanol were also observed. Upon closer look, it is observed that the CO
FE% decreases slightly to 92% at �1.13 V with the enhancement in the
cathodic potential from the highest value of 99.4%. It is because at higher
cathodic potentials, higher current is drawn out of system and avail-
ability of CO2 at the interface becomes a limiting factor at higher current,
which is compensated by the higher hydrogen production even though it
may not be a thermodynamically favourable reaction. The cathodic
current density, as expected, enhanced from �10.8 to �136.4 mA cm�2

upon increasing in the cathodic potential from �0.15 to �1.32 V. The
values of partial current densities for H2, CO and HCOO� at various
potentials have been shown in Fig. 5b. As expected, the FEs for CO and
HCOO� enhance, even though there is higher H2 production. At�1.32 V,
the decrease in the CO partial current density is due to the production of
other CO2 reduction products. Henceforth, the higher utilisation of CO2
at �1.32 V is not reflected in the CO partial current density. The change
in product selectivity towards higher carbon at high overpotentials have
been observed by other researchers also.28,51,52 For instance, Kim et al.
using electropolished Cu electrode obtained only CO, H2 and HCOOH as
the products52 in �0.5 to �0.8 V vs. RHE range. In the potential range of
�0.9 to �1.2 V vs. RHE, additional products of CH4, C2H4, C2H5OH,
C3H7OH were observed, which became dominant at > 1.0 V vs. RHE,
depicting the potential dependant FEs of the products.
8

4. Conclusions

Sn modified Cu2O GDEs have delivered selective CO production via
electrochemical CO2 reduction. The Cu2O GDE with 20 min Sn ESP
(CuSn20_min) sample demonstrated the highest CO FE of 92% and highest
CO patrial current density of 110 mA cm�2 at �1.15 V vs. RHE. The
electrocatalyst showed stable performance at various potentials in �0.15
to �1.35 V vs. RHE range. CO, HCOO� and H2 were the only products
obtained at lower potentials till �1.15 V, with ethylene and ethanol
being the additional products at �1.35 V. The GDE electrocatalyst
showed stable performance for >3 h at fixed potential of �1.15 V vs.
RHE. It is demonstrated experimentally that flooding of the reactor
hinders the reactor operation for longer durations. XRD and SEM ana-
lyses indicates the change in crystalline nature of Cu2O by reduction to
Cu. After eCO2R, the nature of Cu GDE remains the same, but the crys-
tallite size reduces from 55 to 35 nm. From XPS, pristine CuSn has Sn in
the oxide form which reduces to Sn metal during the CO2 reduction.
Overall, this study demonstrates the potential of CuSn binary electro-
catalysts for selective CO2R to CO production at high current densities.
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