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Abstract

The electrochemical reduction of CO2 offers a sustainable approach to transforming carbon
dioxide into value-added products when powered by renewable energy. However, current
electrocatalysts lack efficiency and selectivity, hindering commercial application. Combin-
ing tin’s high formate selectivity with copper’s ability to reduce CO2 via COOH* pathway
offers a promising strategy. This synergy mitigates copper’s low selectivity, providing
a cost-effective catalyst with enhanced performance over pure Sn-based systems. This
work investigates CuSn bimetallic electrocatalysts synthesised by scalable electrodeposi-
tion onto gas diffusion layers to boost formate production. Catalytic performance and
cell potential were evaluated at current densities ranging from 50 to 200 mA cm−2 and
varying Sn compositions. Catalysts with Sn content below 4% predominantly formed CO
and H2, but smaller particles and improved metal dispersion increased formate produc-
tion. A catalyst containing 12% Sn achieved a maximum faradaic efficiency (FE) of 52%
at 50 mA cm−2 with an iR-corrected potential of −0.56 V vs. SHE. At 200 mA cm−2, it
exhibited a 30% FE for formate, along with 31% FE for CO and 9.3% FE for H2, while other
gases contributed to less than 4% FE, indicating potential as syngas feedstock. Higher Sn
content, combined with smaller, well-distributed particles, effectively suppressed H2, CO,
and other by-products, highlighting a strong dependence of FE on Sn content and bimetallic
distribution, demonstrating compositional tuning importance via electrodeposition.

Keywords: CO2 electrolysis; electrocatalysis; electrodeposition; copper; tin; gas diffusion
electrodes

1. Introduction
Greenhouse gases (GHGs) trap heat in the Earth’s atmosphere, resulting in an increase

in the average temperature of our planet. Both natural processes and human activities
contribute to GHG emissions, with key gases including CO2, methane and nitrous oxide,
among others [1]. Rising GHG levels in the atmosphere intensify air pollution, affect
ecosystems and impact human life by increasing both the frequency and severity of extreme
weather events and or even increasing respiratory diseases [2–4].

Anthropogenic activities have disrupted the natural carbon cycle, causing CO2 emis-
sions and atmospheric concentrations to reach record highs annually since instrumental
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measurements have started to be reported [5–7]. Among all industrial sectors, the chem-
ical industry consumes the most energy and is the third-largest contributor to direct
CO2 emissions, exceeding 6% globally [8–11]. Clean renewable energy technologies have
grown significantly since 2019, supported by strong government policies, which have
contributed to slowing the growth of global CO2 emissions (mitigating a potential tripling
of emissions) [9,12]. In this regard, despite a 1.1% rise in emissions driven by energy de-
mand, the deployment of clean renewable energy technologies, including a 360% increase
in electrolyser capacity for hydrogen production, mainly in China, contributed to avoid
a far more substantial increase in 2023 [9,12]. These efforts have indeed contributed to
the slowest emissions growth since the Great Depression, at about 0.5% per year, despite
GDP growth of 1.7% [9,12]. However, this progress alone is not sufficient to decarbonise
energy-intensive sectors like the chemical industry.

Given the scale of emissions from the chemical industry, use of renewable energy
alone in industrial processes seems insufficient [13,14], as achieving meaningful decarbon-
isation in this sector will require fundamental shifts in feedstock, processes and carbon
management strategies [15]. Strategies to reduce emissions can be grouped into three
categories [16]: (1) reduction at the source focused on decarbonisation while maintaining
economic growth [17,18], (2) carbon capture followed by sequestration (CCS) aiming at
preventing CO2 release into the atmosphere while accepting continued emisions [19–21],
and (3) capture followed by utilisation (CCU) [22]. CCU is particularly attractive, as it
transforms CO2 into valuable chemicals. Therefore, captured CO2 can be valorised as a
sustainable energy source or raw material, rather than merely as a pollutant.

CO2, with C in its +4 oxidation state, is the most oxidised form of carbon and requires a
transference of electrons for its valorisation, a process known as CO2 reduction (CO2R) [23].
This differs from the thermodinamically favoured mineral carbonation, where CO2 binds
into stable carbonates with little energy input [24]. In contrast, CO2R requires energy to over-
come its negative free energy of formation, achievable through (a) chemical [24–30], (b) pho-
tochemical [31–34], (c) biochemical [35–37], and (d) electrochemical methods [38–52], and
(e) combinations of some or all of these techniques. Each method has its own challenges
affecting commercial viability, in addition to CO2’s inherent kinetic and thermodynamic
stability [28,40,53]. However, CO2R using captured CO2 and electricity from renewable
energy sources under ambient conditions offers a sustainable route forward. The pos-
sibility of producing high-value carbon-based compounds such as ethylene [41–44] and
formate [45–47], or fuels such as methanol [48–50] and ethanol [51], rather than simply
sequestering CO2 underground, further supports this idea. Among these, formate is an
attractive product from CO2R due to its simple two-electron, two-proton formation path-
way. Several transition and post-transition metals such as Pb, Hg, Tl, In, Sn, Cd, and Bi can
be classified as formate producers catalysts [16]. However, only In, Sn, and Bi are suitable
candidates because of their relatively lower toxicity and environmental impact.

As of July 2025, market data indicate that Sn is the most economical option among the
three; according to the London Metal Exchange, the average price of tin was approximately
$15 USD per kilogram, making it at least 20 times cheaper than In ($330 USD per kg) and
Bi ($380 USD per kg) [54–56]. In Sn, CO2 weakly adsorbs and forms formate without C–O
bond cleavage, making it the second most accessible product kinetically after CO [29].
Formic acid also offers a high value of $0.015 USD/mole of electron consumed, second only
to CO [53]. However, pure Sn typically exhibits high faradaic efficiency (FE) for formate
only at low current densities (i) [16,57], limiting its industrial applicability. Introducing
a second metal to form a bimetallic catalyst enables synergistic effects [46]. Copper is a
promising catalyst due to its high conductivity and selective CO binding [58,59]. While it
adsorbs hydrogen at CO2 reduction potentials, it does not become fully covered, though
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the hydrogen evolution reaction (HER) remains a competing reaction [60]. Incorporating
Sn enhances selectivity by strongly stabilizing HCOO* intermediates and weakly binding
H*, thereby favoring formate formation over competing HER [60–62].

Achieving optimal performance in CO2R catalysts requires careful tuning of surface
structure and particle size [63–65]. However, conventional post-synthesis application meth-
ods, such as spraying or brushing onto electrode substrates, often introduce variability due
to procedural inconsistencies and dependence on operator skill [66]. The resulting non-
uniform catalyst layers may lead to poor electrochemical performance, including hotspots,
uneven current distribution and accelerated material failure [67]. Electrodeposition offers a
direct and efficient route to synthesise catalysts directly onto conductive supports, ensuring
strong electrical connectivity and minimising interfacial resistance [66]. Unlike traditional
ex-situ techniques, this method streamlines fabrication and allows rapid deposition of a
wide range of transition and post-transition metals relevant to CO2RR. Moreover, elec-
trodeposition parameters, such as current density, applied potential, deposition time, and
agitation, can be finely tuned to tailor the surface structure, particle size, morphology, com-
position, and ultimately, the catalytic performance and product selectivity of the resulting
CO2 electrocatalysts [66,68,69]. In the case of CuSn, it can operate at room temperature
without the need for high-temperature processes lowering energy demands and avoiding
thermal stress on the substrate [70–72].

While most studies on electrodeposited CuSn catalysts for CO2RR were conducted at
current densities below 50 mA cm−2 applied during the electrolysis experiments, indus-
trially viable processes require a current density at least four times higher. Therefore, the
impact of electrodeposition parameters on catalyst quality and performance under these
more demanding conditions remains underexplored or limited to small-scale electrodes
and short operation times. For instance, Li et al. [73] achieved 82% FE for formate at a
current density of 181 mA cm−2. However, the electrode area was only 1 cm2, and the
plating required a charge of 80 C cm−2 along with an intensive substrate pretreatment.

In this study, we systematically investigate how electrodeposition parameters influ-
ence morphology characteristics such as composition and particle size, and performance of
CuSn bimetallic catalysts for CO2 electroreduction, with a focus on optimising conditions
for selective formate and syngas production for flow cell configurations with a 5 cm2 geo-
metric active area. We demonstrate that careful compositional tuning via electrodeposition
significantly impacts product selectivity in CO2RR; catalysts with Sn content below 4%
predominantly produced CO and H2, whereas increasing the Sn content and achieving
better metal dispersion favoured formate production. Notably, a catalyst containing 12% of
Sn reached a maximum FE of 52% for formate at 50 mA cm−2 at an iR-corrected potential
of −0.56 V vs. SHE, achieving a 30% FE for formate at 200 mA cm−2, alongside 31% FE for
CO and 9.3% FE for H2. The minor formation of other gaseous products (FE < 4%) indicates
promise for syngas applications. These results confirm that increasing Sn content, while
optimising particle size and distribution, suppresses undesired by-products and enhances
formate selectivity.

2. Results and Discussion
2.1. Optimisation of Catalyst Synthesis via Electrodeposition

Careful optimisation of electroplating bath composition and key process parameters
such as additives, pH, temperature, applied current density or the total charge passed is
essential for tailoring the morphology, mechanical strength and physicochemical charac-
teristics of electrodeposited materials [74]. Following prior work on the electrodeposition
of pure Cu catalysts for CO2RR to mainly ethylene and ethanol [38], we optimised the
electrodeposition of bimetallic CuSn on commercial GDLs by tuning bath composition,
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current density and charge passed to ensure uniform and reproducible catalyst deposition.
For this purpose, we comprehensively evaluated a range of process conditions, includ-
ing Cu, Sn and MSA concentrations, at five different current densities (8, 10, 15, 20 and
30 mA cm−2) and charge passed (1, 2 and 4 C cm−2) to identify the optimal parameters for
the reproducible electrodeposition of CuSn electrodeposition on commercial carbon-based
GDLs. The optimisation process was guided by the following criteria:

1. Acid selection: In our previous work [38], sulfuric acid was used as the acidic compo-
nent in electrodeposition baths. Despite its effectiveness, it presents challenges such
as strong oxidising behaviour, which can promote the unwanted oxidation of Sn2+ to
Sn4+ in the bath, significantly compromising the stability of the bath and its lifespan in
industrial settings; MSA’s weaker oxidising nature enhances bath stability, making it a
more suitable electrolyte for the reliable electrodeposition of CuSn catalysts [70–72]. In
addition, MSA generally presents superior metal salt solubility, lower corrosivity, and
some environmental advantages such as low toxicity, biodegradability, and simplified
effluent treatment [75,76].

2. Bath composition: Stepwise trials were conducted to optimise bath composition for
adhesion, morphology and Sn content. Initial trials conducted at pH 1 resulted in
CuSn catalysts that either were missing or adhered poorly to the GDL (Figure 1).
Increasing the concentration of MSA to 1.22 M facilitated the electrodeposition of
CuSn catalysts, but with very low Sn content (<2%). Decreasing Cu and increasing
Sn content in the bath did indeed lead to an improvement in the incorporation of
Sn in the catalysts structures, although it also resulted in salt precipitation from the
bath, likely caused by limited acid buffering capacity and the oxidation of Sn2+ to
Sn4+. A [Cu2+]/[Sn2+] molar ratio of 10 marked the onset for enhanced Sn content;
further reducing the concentration of Cu in the bath while increasing MSA content
from 1.22 M to 1.53 M and keeping the same [Cu2+]/[Sn2+] molar ratio did lead to
higher Sn incorporation than its lower-acid counterpart. Increasing the acidity was
critical in this case, as salt precipitation from the electrolyte was again observed in
those conditions when the concentration of MSA was 1.22 M, whereas the higher
MSA concentration resulted in a more deposition process, establishing a baseline for
further optimisation. [Cu2+]/[Sn2+] molar ratios of 10, 5, 2, and 1 were subsequently
selected for further evaluation.

3. Current density: SEM analysis was conducted on CuSn samples with successful
deposition and no precipitation under the bath conditions depicted in Figure 1; the
corresponding results are displayed in Figures A4–A8 available in the Appendix A.
At 8 mA cm−2, the electrodeposited catalysts generally presented a poor, uneven
distribution, whereas increasing the current density during the electrodeposition
progressively led to a more uniform distribution of catalysts across the surface of
the GDL. The reason for this is the early nucleation occurring at the beginning of
the electrodeposition process, combined with a more uneven distribution of current
density at lower electrode overpotentials (see thorough discussion on the topic in
previous work by the authors [38]). Overall, a generally uniform distribution of cata-
lysts with similar morphologies was observed at current densities of ≥10 mA cm−2

with varying amounts of Sn, which is why current densities of 10, 20 and 30 mA cm−2

were selected for further investigation.
4. Catalyst loading: Several catalyst loadings worth 1, 2 and 4 C cm−2 were evalu-

ated in electroplating baths with different Cu2+ concentrations (0.1 or 0.05 M) and
[Cu2+]/[Sn2+] molar ratios of 10, 5, 2, and 1 at several current densities (10, 20 and
30 mA cm−2) where the concentration of MSA was maintained at 1.53 M (Figure 2).
For catalyst loadings worth 1 C cm−2, deposits were only noticeable at the lowest
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and highest [Cu2+]/[Sn2+] molar ratios (1 and 10, respectively), although coverage
was uneven with a poor catalyst distribution in both cases. This is fairly common
when catalysts are electrodeposited over porous 3D supports [77] like the GDLs used
in this study, with the cause likely being the nucleation of Cu in sulfate baths [38].
Increasing the catalyst loading to 2 and 4 C cm−2 resulted in GDEs with more no-
ticeable and evenly distributed CuSn catalysts better distributed visually due to the
current distribution becoming more uniform as more catalyst is being deposited. In
fact, the GDEs with a catalyst loading worth 4 C cm−2 presented a nearly continu-
ous and relatively thick ‘thin’ CuSn film with different surface textures and changes
in colour (grey in this case), particularly at lower [Cu2+]/[Sn2+] molar ratios. This
likely reflects a shift in the dominant metal being electrodeposited: Cu2+, with a more
positive reduction potential, will deposit faster than Sn2+, which has a more negative
reduction potential (GDEs with catalyst loadings of 1 and 2 C cm−2); nevertheless,
as the electrodeposition process continues and the concentration of Cu2+ near the
electrode progressively decreases at a faster rate than that of Sn2+, the [Cu2+]/[Sn2+]
at the electrode/electrolyte interface is decreased in practice, leading to an increase in
Sn co-deposition. Overall, increasing the applied charge from 1 to 4 C cm−2 resulted
in GDEs that went from presenting insufficient and non-uniform catalyst coverage at
low catalyst loadings (especially at low current densities) to exhibiting fully covered
surfaces with ‘taller/thicker’ catalyst structures at high catalyst loadings (especially
at high current densities, where continuous films could be clearly observed), as con-
firmed by SEM analysis (Figures A9–A12). One could initially be tempted to select
the GDEs with the highest catalyst loadings as the most suitable option for further
analysis; however, too much coverage of the surface of the GDEs, especially with
semi-continuous, non-porous films, can lead to partial blocking of the pores within
the surface of the GDL, impeding CO2 transport to the catalyst–electrolyte interface,
shifting selectivity toward the hydrogen evolution reaction (HER) and increasing the
cell potential, impacting the overall electrochemical performance [38,60].

To gain deeper insight into the CuSn electrodeposition system, a cyclic voltammetry
(CV) study was carried out in GDLs subjected to the identical pre-treatment used to prepare
the GDEs fabricated during this study to ensure that the electrochemical response recorded
during the CVs closely mirrors the behaviour of the actual electrodeposition process.
Figure 3 displays the electrochemical response of the Cu–Sn system in 1.53 M MSA at
1 mV s−1 without the additive (DAT). A well-defined cathodic peak (Peak A) appears at
–0.02 V for the Cu2+ bath and at –0.11 V vs. Ag/AgCl for the bath containing both Cu2+ and
Sn2+, corresponding to the reduction of Cu2+ to metallic Cu [38,72]. This is followed by a
second cathodic peak (Peak B) at −0.44 V vs. Ag/AgCl for the pure Sn2+ bath and at −0.49 V
vs. Ag/AgCl for the mixed Cu2+–Sn2+ bath, which can be assigned to the reduction of Sn2+

to metallic Sn [72,78]. A sharp rise in current at potentials more negative than −0.5 V vs.
Ag/AgCl corresponds to HER. On the reverse scan, two anodic peaks (Peak C) are observed:
−0.33 V vs. Ag/AgCl for the Sn2+ bath and −0.40 V vs. Ag/AgCl for the mixed Cu2+–Sn2+

bath, which can be attributed to Sn oxidation to Sn2+ [72,78]. A second anodic peak (Peak
D) is visible near 0.20 V vs. Ag/AgCl for the Cu2+ bath and at 0.16 V vs. Ag/AgCl for
the mixed Cu2+–Sn2+ bath, corresponding to the oxidation of Cu to Cu2+. Overall, this
confirms why, at the beginning of the electrodeposition process, Cu2+ is more likely to
reduce, resulting to higher Cu content in the catalyst, whereas as the electrodeposition
continues and the concentration of Cu2+ decreases at the electrode/electrolyte interface,
more Sn2+ is reduced and the Sn content in the catalysts progressively increases.
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Figure 1. Visual appearance of GDEs after electrodeposition of CuSn catalysts on carbon-based GDLs
from a MSA electrolyte under different process parameters. Catalyst load = 2 C cm−2.

Figure 4 displays the electrochemical response of the Cu–Sn system in 1.53 M MSA
at 1 mV s−1 with the additive DAT. For the Cu2+ bath, the cathodic reduction peak (Peak
A′) appeared at –0.06 V vs. Ag/AgCl and at –0.17 V vs. Ag/AgCl for the mixed Cu2+–Sn2+

bath, representing shifts of approximately –0.04 V vs. Ag/AgCl and –0.06 V vs. Ag/AgCl,
respectively, to more negative potentials compared with the additive-free system. In the
Sn2+ bath, the cathodic peak (Peak B′) was observed at –0.45 V vs. Ag/AgCl, while in the
mixed Cu2+–Sn2+ bath the same peak was noticed near –0.50 V, similar to the behaviour
previously reported without DAT. On the reverse scan, anodic peaks (Peak C′) associated
with Sn2+ oxidation were found at –0.32 V vs. Ag/AgCl for the Sn2+ bath and at –0.41 V vs.
Ag/AgCl for the mixed Cu2+–Sn2+ bath, while Cu oxidation peaks (Peak D′) appeared at
0.18 V vs. Ag/AgCl for the Cu2+ bath and 0.17 V vs. Ag/AgCl for the mixed Cu2+–Sn2+

bath. These anodic features remain close to those without the additive, though small shifts
are evident, probably due to the complexing nature of the additive.
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Figure 2. Visual appearance of GDEs after electrodeposition of different CuSn catalyst loadings (1, 2
and 4 C cm−2) under various current densities (10, 20, and 30 mA cm−2) on carbon-based GDLs from
a 1.53 M MSA electrolyte with varying [Cu2+]/[Sn2+] molar ratios (10, 5, 2, and 1).

Figure 3. Cyclic voltammetries conducted over a carbonaceous GDL immersed in an MSA electrolyte
with no additive (DAT). The scan rate was 1 mV s−1.

Figure 4. Cyclic voltammetries conducted over a carbonaceous GDL immersed in an MSA electrolyte
with additive (DAT). The scan rate was 1 mV s−1.
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To better compare the Cu–Sn system with and without the additive, Figure 5 displays
the CVs with and without DAT extracted from Figures 3 and 4 commented above. The
presence of DAT seemed to decrease, to some extent, the current density of the Cu cathodic
peak while enhancing and sharpening the anodic response, indicating improved dissolu-
tion behaviour of the Cu deposit while shifting, to some extent, the cathodic peak while
reducing the kinetics of the Cu deposition process. On the other hand, the deposition of
Sn seemed to be less affected by the presence of the additive, indicating that the addition
of DAT may selectively modify Cu nucleation and growth without significantly affecting
the electrodepostion of Sn. At potentials more negative than −0.6 V vs. Ag/AgCl, the
overall current was suppressed in the DAT-containing bath, consistent with partial inhibi-
tion of HER [79]. The results highlight the role of DAT in moderating Cu deposition and
enhancing reversibility during the Cu deposition–dissolution cycle. The large potential
gap between Cu and Sn reduction implies that CuSn alloy co-deposition occurs only at
sufficiently negative potentials to drive both reduction processes simultaneously (i.e., be-
low –0.40 V vs. Ag/AgCl). However, by reducing to some extent the kinetics of the Cu
deposition process, DAT indeed facilitates the electrodeposition of CuSn catalysts with
higher Sn content.

Figure 5. Cyclic voltammetries conducted over a carbonaceous GDL immersed in an MSA electrolyte
with and without additive (DAT). The scan rate was 1 mV s−1.

2.2. Catalyst Characterisation

The optimisation of electrodeposition parameters discussed above established that
a catalyst loading worth 2 C cm−2, combined with an acid concentration of 1.53 M MSA,
provided the most consistent and uniform CuSn deposits, particularly at [Cu2+]/[Sn2+]
molar ratios below 10. Based on these results, three representative molar ratios of 10, 5, and
1 were chosen for further characterisation by SEM, EDS, and electrochemical surface area
(ECSA) analysis, as they span the transition from Sn-poor to Sn-rich catalysts.

Table 1 summarises the qualitative characteristics of the resulting deposits. This com-
parison offers a clear framework for identifying conditions that yield low (L), optimal (O),
or heavy (H) catalysts structures/films across different synthesis windows. At low catalyst
loadings (1 C cm−2), catalysts were generally sparse and poorly distributed, categorised as
low coverage (L) across all ratios and current densities, confirming that insufficient applied
charge limits catalysts distribution regardless of bath composition. Conversely, at high
charges (4 C cm−2), heavy (H) deposits formed, particularly at lower [Cu2+]/[Sn2+] ratios,
suggesting that extended plating favours thick, continuous layers that can compromise gas
diffusion properties. In contrast, intermediate deposition at 2 C cm−2 consistently resulted
in an optimal (O) distribution of catalysts, characterised by uniform coverage and strong
adhesion. This observation was robust across the three molar ratios and deposition currents
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of 10–30 mA cm−2, emphasising the importance of balancing charge and current density
to avoid both under- and over-deposition. Therefore, as previously suggested, a charge
of 2 C cm−2 provided the most reliable catalyst load for generating uniformly distributed
CuSn catalysts, ensuring sufficient Sn incorporation without triggering excessive growth
or structural defects, and was thus selected as the baseline for the detailed structural and
electrochemical analyses presented in the following subsections.

Table 1. Deposit characteristics of CuSn catalysts with different loadings electrodeposited over
carbonaceous GDLs from a MSA bath with different [Cu2+]/[Sn2+] molar ratios under various
current densities.

Molar ratio [Cu2+]/[Sn2+] 10 5 1
Catalyst loading (C cm−2) 1 2 4 1 2 4 1 2 4

Current density (mA cm−2) Deposit characteristics

10 L O H L O H L O H
20 L O H L O H L O H
30 L O H L O H L O H

Notes: L = Low; O = Optimal; H = Heavy.

2.2.1. Catalyst Composition

Figure 6 displays the Sn content in CuSn catalysts electrodeposited in an electrolyte
containing 1.53 M MSA with varying [Cu2+]/[Sn2+] molar ratios (1, 5 and 10) at different
current densities (10, 20 and 30 mA cm−2). Consistent with previous observations, Sn
progressively increased as the [Cu2+]/[Sn2+] molar ratio was decreased, with the lowest
Sn content generally observed at [Cu2+]/[Sn2+] = 10, while catalysts electrodeposited from
a bath with a [Cu2+]/[Sn2+] molar ration of 1 presented the highest Sn content. For the
Cu-rich case at [Cu]/[Sn] = 10, Sn content remained low (around 4.5%), highlighting the
limited incorporation of Sn under these conditions. At an intermediate [Cu2+]/[Sn2+] molar
ratio of 5, Sn content rose significantly, reaching values around 7.5%, indicating more
efficient co-deposition of Sn alongside Cu. At [Cu2+]/[Sn2+] = 1, CuSn catalysts generally
had a Sn content 12%.

Figure 6. Sn content in CuSn electrocatalysts electrodeposited from a MSA bath with different
[Cu2+]/[Sn2+] molar ratios under various current densities. Catalyst loading = 2 C cm−2. Error bars
represent the standard deviation of five measurements obtained from several CuSn catalyst samples
produced in said conditions.

These results demonstrate that Sn incorporation, in the electrodeposition bath used
under the evaluated conditions, was primarily controlled by the [Cu2+]/[Sn2+] molar
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ratio in the electrolyte, whereas the applied current density had no significance in the
composition of the CuSn catalysts (a more uniform local distribution of catalysts was still
generally achieved at higher current densities, as discussed previously and reported in
Figures A8–A10 and A12. This observation highlights that, under the evaluated conditions,
bath chemistry rather than deposition kinetics governs the overall composition of CuSn
catalysts. Importantly, the ability to reproducibly reach double-digit percentage of Sn
content provides a reliable route to engineer Sn-rich catalysts, which are expected to
enhance formate selectivity during CO2 electrolysis, as proven later in the manuscript.

2.2.2. Phase Structure

The crystalline phases of the electrodeposited CuSn catalysts were investigated by
XRPD for Cu/Sn molar ratios of 10, 5, and 1 at current densities of 10, 20, and 30 mA cm−2.
The diffractograms revealed that the XRPD data recorded in all cases matched well the
crystallographic data of Cu, Sn, Cu3Sn and graphite contained in the Crystallographic
Information Framework (CIF) files COD ID 5000216, 1534488, 2310774 and 9000046, respec-
tively, available in the Crystallography Open Database (COD) [80]. This confirmed the
coexistence of metallic Cu, metallic Sn and intermetallic Cu3Sn phases, in addition to the
characteristic reflections of the carbonaceous GDL.

For catalysts prepared from the bath with a [Cu2+]/[Sn2+] molar ratio of 10 (Figure 7),
the patterns were dominated by reflections of metallic Cu at 2θ ≈ 43.3◦ (Cu(111)), 50.4◦

(Cu(200)), and 74.1◦ (Cu(220)), while weaker peaks corresponding to different Sn phases at
2θ ≈ 44.9◦ (Sn(211)) and 55.3◦ (Sn(301)) were also be detected. Importantly, intermetallic
Cu3Sn phases were observed at 2θ ≈ 29.5◦, 42.8◦, and 62.7◦, indicating partial alloying
between Cu and Sn. Increasing the current density from 10 to 30 mA cm−2 resulted in an
increase of the relative intensity of Cu3Sn reflections, suggesting that higher deposition rates
promote alloy formation. Meanwhile, the persistence of strong Cu reflections demonstrates
that Cu remained the dominant crystalline component at this molar ratio.

In contrast, for catalysts prepared from the bath with a [Cu2+]/[Sn2+] molar ratio
of 5 (Figure 8), the intensity of Sn reflections became, to some extent, more pronounced,
particularly at 2θ ≈ 44.9◦ (Sn(211)) and 55.3◦ (Sn(301)), while Cu peaks decreased in
relative intensity compared to those observed in the catalysts deposited from the bath
with a [Cu2+]/[Sn2+] molar ratio of 10. Cu3Sn reflections were again consistently observed
and became sharper at higher current densities, indicating a higher proportion of the
intermetallic phase. The presence of both metallic Sn and Cu3Sn suggests incomplete
alloying, with residual Sn co-deposited alongside the alloy domains.

For catalysts electrodeposited from the bath with a [Cu2+]/[Sn2+] molar ratio of 1
(Figure 9), the XRPD patterns were dominated by Sn and Cu3Sn phases, while Cu reflec-
tions were significantly suppressed. This indicates a transition from Sn-poor to Sn-rich
microstructures as the bath stoichiometry shifts. At 30 mA cm−2, the Cu3Sn reflections,
particularly at 2θ ≈ 29.5◦ and 42.8◦, were intensified, consistent with enhanced intermetal-
lic formation at higher current density. The relative suppression of metallic Cu reflections
in these samples indicates that a lower [Cu2+]/[Sn2+] molar ratio favoured the growth of
Sn-rich alloys/intermetallics.

Overall, the XRPD results demonstrate that both the [Cu2+]/[Sn2+] molar ratio ratio
and the applied current density influence the crystalline phase composition. Higher
current densities promote alloying, as evidenced by stronger Cu3Sn reflections, while the
[Cu2+]/[Sn2+] molar ratio dictates whether the deposits are Sn-poor (ratio 10) or Sn-rich
(ratio 1). These structural trends are expected to play a crucial role in determining the
electrocatalytic properties of the CuSn catalysts, particularly in relation to their selectivity
toward CO2 reduction products.
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Figure 7. XRPD data collected on GDEs with 2 C cm−2 worth of CuSn catalysts electrodeposited
on carbonaceous GDLs from a MSA bath with a [Cu2+]/[Sn2+] molar ratio of 10 at different current
densities (10, 20 and 30 mA cm−2).

Figure 8. XRPD data collected on GDEs with 2 C cm−2 worth of CuSn catalysts electrodeposited
on carbonaceous GDLs from a MSA bath with a [Cu2+]/[Sn2+] molar ratio of 5 at different current
densities (10, 20 and 30 mA cm−2).

Figure 9. XRPD data collected on GDEs with 2 C cm−2 worth of CuSn catalysts electrodeposited
on carbonaceous GDLs from a MSA bath with a [Cu2+]/[Sn2+] molar ratio of 1 at different current
densities (10, 20 and 30 mA cm−2).

https://doi.org/10.3390/catal16030269

https://doi.org/10.3390/catal16030269


Catalysts 2026, 16, 269 12 of 32

2.2.3. Electrochemical Characterisation

The double-layer capacitance (Cdl) [81,82] of GDEs containing CuSn catalysts was
also obtained by recording cyclic voltammograms within a potential window of ±50 mV
versus the OCP in 1 M KOH at scan rates of 20–120 mV s−1 with the objective to estimate
the electrochemically active surface area (ECSA) of the electrodes. Cdl was calculated
from the slope of ic = (ianodic − icathodic)/2 versus (ν). An apparent trend was initially
observed where Cdl decreased as the deposition current density increased from 10 to
30 mA cm−2 with no dependence on the [Cu2+]/[Sn2+] molar ration (Figures A13–A15). As
discussed before, higher current densities generally result in a more uniform distribution of
catalysts, leading to a semi-continuous coverage of the GDL surface at a certain point [38],
thereby limiting the contribution of the underlying porous carbon support to the overall
capacitance. Conversely, at lower deposition currents, catalyst growth is more localised,
leaving portions of the GDL exposed and resulting in higher apparent Cdl. However,
the bare GDL (Figure A16) presented a capacitance significantly larger than the GDEs
with the electrodeposited CuSn (10.204 mF cm−2) due to its highly porous and rough
structure, indicating that this approach may not be the most suitable to realistically compare
the electrochemical surface area in the electrodes fabricated in this study, as previously
discussed by the authors [38]. In any case, the resulting values for the bare GDL and the
GDEs with electrodepositerd CuSn catalysts are summarised in Table 2 and Figure 10,
illustring the order of magnitude difference between the capacitance of the bare substrate
and that of the electrodeposited catalysts.

Figure 10. Double-layer charging current density difference obtained from CVs conducted over
GDEs with 2 C cm−2 worth of CuSn catalysts electrodeposited on carbonaceous GDLs from a MSA
bath with varying [Cu2+]/[Sn2+] molar ratios (1, 5 and 10) at different current densities (10, 20 and
30 mA cm−2). Data for bare GDLs is also included.

2.3. CO2 Electrolysis Experiments

As one of the goals of this study was to evaluate the influence of the incorporation
of Sn into Cu-based catalysts and the potential effect of the distribution of catalysts over
the surface of the supports, four representative CuSn catalysts electrodeposited on car-
bonaceous GDLs with an active electrode geometrical area of 5 cm2 were selected for CO2
electrolysis in a flow cell configuration (Table 3) based on contrasting catalyst distribution
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and Sn content, encompassing low- and high-Sn-content CuSn catalysts with both low and
high Cdl values.

Table 2. Double-layer capacitance obtained from CVs conducted over GDEs with 2 C cm−2 worth of
CuSn catalysts electrodeposited on carbonaceous GDLs from a MSA bath with varying [Cu2+]/[Sn2+]
molar ratios (1, 5 and 10) at different current densities (10, 20 and 30 mA cm−2).

Current Density
(mA cm−2)

[Cu2+]/[Sn2+] = 10 [Cu2+]/[Sn2+] = 5 [Cu2+]/[Sn2+] = 1

CdL (mF cm−2) Error (mF cm−2) CdL (mF cm−2) Error (mF cm−2) CdL (mF cm−2) Error (mF cm−2)

10 1.121 0.014 1.848 0.024 1.288 0.017

20 0.959 0.004 0.925 0.017 1.057 0.018

30 0.826 0.004 0.845 0.014 0.777 0.003

Table 3. Electrodeposition conditions and properties of the four CuSn catalysts with an active
electrode geometrical area of 5 cm2 selected for CO2 electrolysis.

Sample ID [Cu2+]/[Sn2+]
Molar Ratio

Current Density
(mA cm−2) Sn Content (%) CdL (mF cm−2)

a 10 10 3.2 1.121

b 10 30 3.7 0.826

c 1 10 12.4 1.288

d 1 30 11.7 0.777

As shown in Figure 11, three of the four CuSn catalysts tested, namely “b” (catalyst
containing 3.7% of Sn electrodeposited from a bath with a [Cu2+]/[Sn2+] molar ratio of 10
at a current density of 30 mA cm−2), “c” (catalyst containing 12.4% of Sn electrodeposited
from a bath with a [Cu2+]/[Sn2+] molar ratio of 1 at a current density of 10 mA cm−2)
and “d” (catalyst containing 11.7% of Sn electrodeposited from a bath with a [Cu2+]/[Sn2+]
molar ratio of 1 at a current density of 30 mA cm−2), primarily yielded formate, CO and H2
across the full range of current densities applied during the CO2 electrolysis experiments,
besides some traces of C2H4 and CH4. The relative share of H2 produced during the
experiments generally decreased with increasing Sn content, reflecting the suppression of
HER in favour of CO2 reduction. In contrast, the catalyst with the lowest Sn contest, catalyst
“a ” (containing 3.2% of Sn electrodeposited from a bath with a [Cu2+]/[Sn2+] molar ratio of
10 at a current density of 10 mA cm−2), exhibited broader product selectivity, generating
not only formate, CO and H2, but also significant amounts of CH3COO– and higher-order
C2 products (C2H4, C2H5OH), as well as traces of CH4 and even C3 products (C3H7OH).

To visualise and interpret the results obtained, the partial current densities for the
electrochemical reduction of CO2 to formate and CO were plotted against the recorded
corrected cathode potential (Figure 12). As we can see, even though the values of the
partial current density do not account for any CO that may have been consumed as an
intermediate in the production of other products [83], there was no significant difference
in the performance of the catalysts tested regarding the electrochemical reduction of CO2
to CO as all CuSn catalysts exhibited nearly identical CO partial current densities over
the examined potential range. The strong overlap of both mean values and error bars
observed, together with similar onset potentials and current–potential slopes, indicate that
no statistically significant differences in CO2-to-CO performance was observed among the
catalysts, suggesting that CO formation was governed by a common active site rather than
by catalyst-specific effects. In this case, it is very likely that the active common site was the
surface of Cu grains with a [111] orientation, which are more prone to yield C1 products
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like CO or CH4 [84], based on the relatively strong peaks observed for Cu(111) planes in
the XRDP analysis conducted during this study (Figures 7–9).

In contrast to CO, clear performance differences were observed for the electrochem-
ical reduction of CO2 to formate among the CuSn catalysts tested, as the partial current
density toward HCOO– increased systematically with increasing Sn content: catalyst “a”
(3.2% Sn) < catalyst “b” (3.7% Sn) < catalyst “c” (11.7% Sn) < catalyst “d” (12.4% Sn). At
a given potential, the separation between the mean values clearly exceeds the associated
experimental uncertainty, and distinct onset potentials and current–potential trends are
observed for the different catalysts. These results indicate statistically significant differences
in formate production across the catalyst series, in contrast to the behaviour observed for
the electrochenmical reduction of CO2 to CO. The observed ordering directly reflects the Sn
content of the catalysts, consistent with the XRDP analysis, which identified Sn(301) grains
and Cu3Sn intermetallic phases in all samples, with increasing prominence at higher Sn
loadings (Figures 7–9).

Figure 11. Faradaic efficiency values estimated for the main products obtained (left axis) and iR-
corrected cathode potentials (right axis) recorded during CO2 electrolysis experiments conducted at
various current densities with GDEs containing 2 C cm−2 worth of CuSn electrocatalysts “a” (top left),
“b” (top right), “c” (bottom left) and “d” (bottom right), as defined in Table 3.
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Figure 12. Partial current densities for the electrochemical reduction of CO2 to either CO (left) and
HCOO– (right) vs. iR-corrected cathode potentials measured during CO2 electrolysis experiments
conducted at various current densities with GDEs containing 2 C cm−2 worth of CuSn electrocatalysts
“a” (grey swuare), “b” (red circle), “c” (blue triangle) and “d” (inversed green triangle), as defined
in Table 3.

3. Discussion
The electrodeposition strategy employed in this work demonstrates that careful opti-

misation and control of bath composition and deposition charge is crucial for achieving
reproducible CuSn coatings on commercial GDLs. The results from Tables 1 and 2 and
Figures 2 and 6 highlight the strong dependence of Sn incorporation on the [Cu2+]/[Sn2+]
molar ratio in the plating bath, whereas current density primarily influences coverage and
uniformity. This agrees with previous reports on electrodeposited CuSn systems, where
bath chemistry rather than deposition kinetics dominated alloy composition [78]. Impor-
tantly, our results extend these findings to larger electrode areas (5 cm2) and carbonaceous
support for the preparation of GDEs for CO2 electrolysis.

The CV study confirmed that the large potential gap between the reduction of Cu and
Sn limits co-deposition to potentials below –0.40 V vs. Ag/AgCl. Under these conditions,
alloy formation is achieved, but preferential Cu deposition at low charges explains why
Sn-poor catalysts dominated at early plating stages, while becoming Sn-rich after a while.
The addition of DAT seemed to slightly shift the Cu to more negative values and partly
suppress the recorded current densities for said peak, indicating that DAT may act as a
kinetic inhibitor for the electroreduction of C2+ to Cu. This stabilising effect may result
in a more controlled nucleation while enhancing dissolution reversibility, consistent with
studies on organic additives in alloy electrodeposition [72,78,79].

The catalytic evaluation in flow cells further highlighted the role of Sn incorporation
and catalyst distribution in dictating CO2RR selectivity. Three of the four catalysts selected
from Table 3 primarily produced formate, CO, and H2, with formate increasingly favoured
at higher Sn contents. This trend is consistent with the composition-dependent formate
activity observed in the partial current density measurements and reflects the ability of
Sn-containing sites to stabilise *OCHO while suppressing HER [16]. In contrast, the fourth
catalyst exhibited a broader product spectrum that included CH4, acetate, ethanol, and
trace amounts of propanol. This behaviour suggests that a balance between Cu sites,
which promote *CO adsorption and C–C coupling, and Sn sites, which favour formate
formation via *OCHO stabilisation, is required to access higher-order products, consistent
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with reports that surface composition and site accessibility govern the transition from two-
electron to multi-electron CO2 reduction pathways. Although both CO and HCOO– are
produced through two-electron, two-proton transfer processes, their formation on Cu- and
Sn-containing electrocatalysts follows distinct mechanistic routes determined by the affinity
of each metal for key reaction intermediates. On Cu, CO2 reduction proceeds predomi-
nantly through the *COOH pathway, in which adsorbed CO2 undergoes proton–electron
transfer to form *COOH, followed by dehydration to yield *CO and water. The moderate
binding strength of *CO on Cu enables either CO desorption or further surface coupling
to C +

2 products [16,41,60,85–88]. In contrast, Sn favours the stabilisation of oxygen-bound
intermediates, particularly *OCHO, which predominantly lead to formate, while its higher
*H adsorption barrier suppresses HER [89,90]. Weak *CO adsorption on Sn inhibits both
CO desorption and C–C coupling, thereby suppressing multicarbon formation [15,61,62,78].
In the CuSn catalysts presented here, these mechanistic pathways would coexist, with
Cu-like sites governing CO formation (and *CO-mediated coupling in some cases), while
Sn-derived sites selectively enhance formate production through *OCHO stabilisation,
consistent with the distinct compositions observed experimentally.

Overall, the study demonstrates that electrodeposited CuSn catalysts can be tuned by
adjusting bath composition, deposition charge, and current density to target either formate-
rich or syngas-type product streams. Furthermore, surface distribution and composition
emerge as key descriptors for enabling multi-carbon selectivity. Future research should
focus on correlating local morphology with product distribution, extending stability tests,
and exploring scaling strategies for industrially relevant electrode areas.

4. Methodology
4.1. Chemicals and Materials

All chemical reagents used in this study were of technical or analytical grade and used
as received, without any additional purification steps. Copper(II) sulfate pentahydrate
(CuSO4 · 5 H2O, 99 + %), tin (II) sulfate (SnSO4, 95%) and 3,5-diamino-1,2,4-triazole (DAT,
98%) from Thermo Fisher Scientific (Waltham, MA, USA) were dissolved in deionised water
to prepare electrolyte baths at room temperature (25 °C); methane sulfonic acid (CH4O3S,
70%), also from Thermo Fisher Scientific, was added to the electroplating until the required
concentration was achieved. Carbonaceous Sigracet 36 BB gas diffusion layers (GDLs),
manufactured by SGL Carbon and supplied by Fuel Cell Store, were used as substrates for
the CuSn catalysts in order to fabricate the gas diffusion electrodes (GDEs) evaluated in
this study. 70% nitric acid (HNO3) from Sigma-Aldrich (St. Louis, MO, USA) was used
for the pretreatment of the carbon-based GDLs. Potassium hydroxide (KOH, >85%) from
Sigma-Aldrich was used for ECSA analysis.

4.2. GDE Preparation

As pointed above, carbonaceous GDLs were used as substrates for the fabrication of
GDEs via electrodeposition of CuSn electrocatalysts. Electroplating baths for the in-situ
synthesis of the catalysts were prepared with varying Cu:Sn molar ratios by combining
two copper concentrations (0.05 M and 0.1 M) and three Sn concentrations (0.01 M, 0.025 M,
and 0.05 M), along with 10 mM of 3,5-diamino-1,2,4-triazole (DAT) as an additive, all in an
aqueous solution containing 2.4 M methane sulfonic acid (MSA). The electrodeposition of
the catalysts on the carbon-based GDLs was carried out under galvanostatic conditions at
varying current densities ranging from 8 to 30 mA cm−2. Catalyst loading was controlled
by the total charge transferred during deposition, and all experiments were conducted at a
constant bath temperature of 35 °C.
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The objective of the synthesis research was to optimise the distribution of Cu and Sn
across the GDL surface and enhance the reproducibility of electrode manufacturing. Table 4
summarises the electroplating parameters, with optimisation efforts centered on a charge
density (Q) of 2 C cm−2 and current densities of 10, 20, and 30 mA cm−2 for further study.

Table 4. Electroplating Bath compositions used for CuSn catalyst synthesis.

Parameter Values

Cu/M 0.200 0.1 0.05
Sn/M 0.025, 0.01, 0.005 0.05, 0.025, 0.01 0.05, 0.025, 0.01

Molar Ratio [Cu]/[Sn] 8, 20, 40 2, 4, 10 1, 2, 5
Charge Density/C cm−2 2 1, 2, 4 1, 2, 4

Current Density/mA cm−2 8, 10, 15, 20, 30 8, 10, 15, 20, 30 8, 10, 15, 20, 30

In electrochemical processes requiring a large specific surface area to facilitate gas
diffusion, the selection of a suitable substrate for constructing a GDE is essential. A GDE
must permit efficient gas and product transport while preventing flooding of the gas
compartment by aqueous electrolytes. Carbon paper is a widely used porous substrate
due to its chemical stability, low cost, and commercial availability [91–93]. Ideally, carbon
paper should be hydrophilic on one side to enable metal deposition and hydrophobic
on the other to prevent flooding. However, the use of PTFE in the preparation of the
microporous layer in carbon-based GDLs (i.e., the area where catalysts are applied) makes
that side of the GDL highly hydrophobic, requiring surface activation. Nitric acid (HNO3)
treatment is commonly used to introduce functional groups that improve catalyst adhesion,
but full immersion can over-activate the GDL, making both sides hydrophilic and prone
to flooding. To avoid this, the same approach previously developed by the authors [38]
was followed in this study, which consisted in letting the GDLs float on their ’active’ side
(i.e., the area where the microporous layer is in contact with the electrolyte during CO2RR)
in concentrated HNO3 for up to 1 h. This selectively activated only the side of the GDL
where the electrodeposition of catalysts would occur, ensuring catalyst deposition while
maintaining gas permeability and preventing flooding during CO2 electrolysis experiments.

Following HNO3 pre-treatment, the gas diffusion layers (GDLs) were thoroughly
rinsed with deionised water to remove residual acid and prevent cross-contamination.
The cleaned GDLs were then placed into a custom-engineered jig made of polyethylene
terephthalate glycol (PETG) (Figure A1, Appendix A) designed to streamline the plating
process and ensure accurate, uniform and reproducible deposition of the catalyst onto a
defined surface area. The electrodeposition process was conducted using two versions of
this custom jig: one configured for initial synthesis optimisation with a square plating area
of 2.25 cm2, and another with a 5 cm2 area tailored for CO2RR testing. In both electroplating
setups, the PETG jig functioned as the cathode holder, while a copper foil was employed as
the anode (Figure A2, Appendix A). Both electrodes were submerged in the electroplating
bath and connected to an Autolab PGSTAT204 potentiostat/galvanostat (Metrohm Autolab,
Utrecht, The Netherlands). A magnetic stirrer with a heated plate and thermostat (MS-
H280-Pro, SciQuip, Rotherham, UK) provided optional agitation and ensured stable bath
temperature throughout the process.

4.3. GDE Characterisation

Since the initial synthesis optimisation was conducted on GDEs with a square area
of 2.25 cm2, material characterisation supporting catalyst development to identify the
most promising catalyst formulation for CO2RR was only performed on these samples.
Nevertheless, periodic quality checks were conducted during the fabrication of larger 5 cm2
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GDEs used in CO2 electrolysis experiments to ensure reproducibility and consistency, as
diwscussed in prior work by the authorts [38]. Surface morphology and structure of the
prepared GDEs were analysed using a Quanta 600 FEG scanning electron microscope (SEM)
from FEI (Hillsboro, OR, USA), which was equipped with secondary electron (SE) and
backscattered electron (BSE) detectors, and was operated in low vacuum mode. On-site
spectroscopic measurements were performed using energy-dispersive spectroscopy (EDS)
to obtain elemental mapping and semi-quantitative compositional analysis of the catalyst
surfaces. X-ray powder diffraction (XRPD) analysis was performed in prepared GDEs
using a Bruker D8 Advance diffractometer (Billerica, MA, USA) with Cu Kα radiation
(Bragg–Brentano geometry); data were collected over the 2θ range 35◦–95◦ with a step size
of 0.017◦ at a scan speed of 0.6 s per step.

To evaluate the electrochemical capacitance of the fabricated GDEs, double-layer
capacitance (CDL) was measured via cyclic voltammetry (CV) [81] in a potential range
around the open circuit potential (OCP) where no Faradaic reactions were occurring [82].
CVs were conducted at six scan rates (20, 40, 60, 80, 100 and 120 mV s−1) within a potential
window of ±50 mV versus the OCP, where no Faradaic currents were observed, in a
1 M KOH aqueous solution using a standard three-electrode configuration. Custom jigs
made of acrylonitrile butadiene styrene (ABS) were designed to hold the GDEs in place
(Figure A3, Appendix A), with a platinum wire acting as the counter electrode and an
Ag/AgCl electrode as reference (CH Instruments, Austin, TX, USA; supplied by IJ Cambria,
Llwynhendy, Wales, UK). The difference between the anodic and cathodic charging currents
at 0 V vs. OCP were plotted against the scan rate (ν), where the slope of the linear fit
corresponded to the CDL:

CDL =
∆i
ν

(1)

4.4. Electrochemical Reduction of CO2

Selected GDEs consisting of CuSn catalysts electrodeposited over carbon-based GDLs
prepared and characterised following the methods described above were used for the
electrochemical reduction of CO2 in a customised three-compartment filter-press flow cell
(Micro Flow Cell, Electrocell A/S, Tarm, Denmark), which had already been validated in
previous studies by the authors [38,41].

The cell consisted of separate gas, catholyte and anolyte chambers; the GDEs eval-
uated in this study formed the interface between the gas and catholyte compartments,
while a Fumasep FAB-PK-130 anion exchange membrane (Fumatech, Bietigheim-Bissingen,
Germany; supplied by Fuel Cell Store, Bryan, TX, USA) separated the catholyte from the
anolyte. The GDEs (3 cm × 3.5 cm) therefore acted as the cathode in the cell, where the
deposition of the catalyst had been restricted to a central region of approximately 5 cm2

(2 cm × 2.5 cm), whereas a commercial dimensionally stable anode (DSA) was used in
the anolyte compartment as the anode in all electrolysis experiments. To ensure accurate
and stable potential measurements, a leak-free Ag/AgCl reference electrode (Innovative
Instruments, Tampa, FL, USA) was placed in the catholyte compartment close to the surface
of the GDE being evaluated. Sealing throughout the assembly was achieved using ethylene
propylene diene monomer (EPDM) gaskets to avoid gas or liquid cross-leakage.

Galvanostatic CO2RR experiments were performed at 50, 100, 150, and 200 mA cm−2.
With this purpose, an external bench power supply was used to apply a constant current
during the tests while the electrochemical system was connected to a Bio-Logic SP-50
potentiostat (Seyssinet-Pariset, France) operating in open-circuit mode to monitor the
cathode potential. Both catholyte and anolyte chambers were filled with 1 M KOH aqueous

https://doi.org/10.3390/catal16030269

https://doi.org/10.3390/catal16030269


Catalysts 2026, 16, 269 19 of 32

solution. The recorded cathodic potentials were converted to the reversible hydrogen
electrode (RHE) scale using the following relation:

ERHE = EAg/AgCl + 0.209 + 0.059 · pH (2)

Prior to each electrolysis experiment, the CO2 gas stream (12 mL min−1) was introduced to
the gas compartment and allowed to stabilise.

Gaseous reaction products were monitored using a Shimadzu GC-2030 gas chromato-
graph (Nakagyo-ku, Kyoto, Japan) fitted with a Carboxen®-1010 PLOT column and a
barrier discharge ionisation detector (BID). For this purpose, the gas outlet of the flow
cell was directly connected to the GC system, allowing for measurements to be taken
automatically after the gas flow reached steady state. The Faradaic efficiency (FE) for each
gaseous product i was determined based on Faraday’s laws under galvanostatic conditions:

FEi,gas(%) = 100 × ni v Mi F
Jtotal

(3)

where ni is the number of electrons transferred per mole of product, v is the volumet-
ric gas flow rate, Mi is the mole fraction of the product as measured by GC, F is the
Faraday constant, and Jtotal is the total current applied. The gas flow was normalised to
ambient conditions.

Liquid products, including alcohols and carboxylates, were identified and quantified
using either headspace gas chromatography (HS-GC) or ion chromatography (IC), depend-
ing on their chemical nature. In all cases, catholyte samples were collected every 60 min and
stored at 4 °C until HS-GC or IC analysis was conducted. HS-GC measurements were per-
formed using a Shimadzu GC-2010 system equipped with an HP-PLOT Q column, where
100 µL of catholyte was transferred into 10 mL sealed autosampler vials; quantification
was then performed using external calibration curves. For anionic species such as formate
and acetate, a Dionex ICS-1100 system (Sunnyvale, CA, USA) with a Dionex IonPac AS-22
anion exchange column and a 4 mm ASR-ultra chemical suppressor was used for the IC
analysis, where 0.5 mL samples were diluted tenfold with deionised water prior to injection;
in all cases, the eluent was a mixture of 4.5 mM Na2CO3 and 1.4 mM NaHCO3 flowing at
1.5 mL min−1. The Faradaic efficiency of each liquid product i was again calculated using
Faraday’s Laws of Electrolysis:

FEi,liquid(%) = 100 × ni V Mi F
Qtotal

(4)

where ni is the number of electrons required per mole of product i, V is the catholyte
volume, Mi is the molar concentration of the product, and Qtotal is the total charge passed
during the sampling interval.

5. Conclusions
This work demonstrates a reproducible electrodeposition route for CuSn catalysts

on commercial GDLs, enabling systematic tuning of composition and morphology for
CO2 electroreduction. Sn incorporation was shown to be governed by the [Cu2+]/[Sn2+]
molar ratio in the plating bath, while current density primarily controlled film coverage
and uniformity. The optimal deposition condition of 2 C cm−2 in 1.53 M MSA produced
uniform and adherent catalysts across a wide range of ratios. Electrochemical studies
revealed that alloy co-deposition occurs only at sufficiently negative potentials (below
–0.40 V vs. Ag/AgCl), with DAT acting as a Cu kinetic inhibitor that broadens cathodic
peaks and stabilises dissolution behaviour.
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Catalytic evaluation in a flow cell demonstrated that Sn-poor catalysts favoured CO
and H2, whereas Sn-rich catalysts promoted formate selectivity with Faradaic efficiencies of
up to 52% at 50 mA cm−2. At higher current densities (200 mA cm−2), formate efficiencies
of 30% were obtained, with CO and H2 as co-products, supporting potential application
in syngas production. Notably, one catalyst with specific Cu-Sn distribution generated a
wider product spectrum including C1-C3 products, highlighting the importance of surface
heterogeneity and synergistic effects.

In summary, electrodeposited CuSn catalysts provide a low-cost and scalable platform
for CO2RR with a tunable selectivity towards either formate or broader product mixtures by
controlling Sn content and catalyst distribution. These insights advance the rational design
of electrodeposited bimetallics for sustainable CO2 conversion, while pointing to future
opportunities in stability testing, surface engineering, and scale-up for practical deployment.
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Appendix A
Appendix A.1. Experimental

Figure A1. Schematic of the custom cathode assembly used for catalyst electrodeposition on commer-
cial carbon-based GDLs (not to scale). (A) Individual Jig Components: 1. Electrode support securing
the GDL during deposition, 2. Copper foil tape serving as the current collector; 3. Commercial
carbonaceous GDL as the substrate for CuSn deposition; 4. EPDM gasket ensuring a tight seal and
restricting deposition to the exposed GDL area in contact with the electrolyte; 5. Holder frame
securing the GDL and gasket in place; 6. Kapton tape masking the foil to prevent electrolyte contact.
(B) Complete electrode (cathode) jig assembly.

Figure A2. Schematic representation of the custom anode assembly designed for catalyst electrodepo-
sition on commercial carbon-based GDLs (not to scale). (A) Individual Jig Components: 1. Electrode
support; 2. Copper foil tape (anode); 3. Cap frame to seal the gap between jigs and reduce gas leakage;
4. Temperature port for sensor insertion. (B) Fully assembled configuration.

Figure A3. Schematic representation of the assembly designed for electrochemical analysis of
GDEs (not to scale). (A) Individual Jig Components: 1. Counter GDE support to place the sensors;
2. Reference Electrode; 3. Counter (Pt) Electrode. (B) Assembled configuration. (C) Set-up configuration.
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Appendix A.2. Results

Appendix A.2.1. Systematic Optimisation of Electrodeposition Conditions

Figure A4. SEM micrographs of GDEs after electrodeposition of 2 C cm−2 worth of CuSn catalysts
under various current densities (8, 10, 15, 20 and 30 mA cm−2) on carbon-based GDLs from a 1.22 M
MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 40 and Cu2+ concentration of 0.2 M.

Figure A5. SEM micrographs of GDEs after electrodeposition of 2 C cm−2 worth of CuSn catalysts
under various current densities (8, 10, 15, 20 and 30 mA cm−2) on carbon-based GDLs from a 1.22 M
MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 20 and Cu2+ concentration of 0.2 M.
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Figure A6. SEM micrographs of GDEs after electrodeposition of 2 C cm−2 worth of CuSn catalysts
under various current densities (8, 10, 15, 20 and 30 mA cm−2) on carbon-based GDLs from a 1.22 M
MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 10 and Cu2+ concentration of 0.2 M.

Figure A7. SEM micrographs of GDEs after electrodeposition of 2 C cm−2 worth of CuSn catalysts
under various current densities (8, 10, 15, 20 and 30 mA cm−2) on carbon-based GDLs from a 1.22 M
MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 10 and Cu2+ concentration of 0.1 M.
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Figure A8. SEM micrographs of GDEs after electrodeposition of 2 C cm−2 worth of CuSn catalysts
under various current densities (8, 10, 15, 20 and 30 mA cm−2) on carbon-based GDLs from a 1.53 M
MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 10 and Cu2+ concentration of 0.1 M.

Figure A9. SEM micrographs of GDEs after electrodeposition of CuSn catalysts with different loadings
(1, 2 and 4 C cm−2) under various current densities (10, 20 and 30 mA cm−2) on carbon-based GDLs
from a 1.53 M MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 10 and Cu2+ concentration of
0.1 M.
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Figure A10. SEM micrographs of GDEs after electrodeposition of CuSn catalysts with different
loadings (1, 2 and 4 C cm−2) under various current densities (10, 20 and 30 mA cm−2) on carbon-based
GDLs from a 1.53 M MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 5 and Cu2+ concentration of
0.05 M.

Figure A11. SEM micrographs of GDEs after electrodeposition of CuSn catalysts with different
loadings (1, 2 and 4 C cm−2) under various current densities (10, 20 and 30 mA cm−2) on carbon-based
GDLs from a 1.53 M MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 2 and Cu2+ concentration of
0.05 M.
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Figure A12. SEM micrographs of GDEs after electrodeposition of CuSn catalysts with different
loadings (1, 2 and 4 C cm−2) under various current densities (10, 20 and 30 mA cm−2) on carbon-based
GDLs from a 1.53 M MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 1 and Cu2+ concentration of
0.05 M.

Appendix A.2.2. Electrocatalyst Characterisation

(A)

(B)

(C)

Figure A13. CVs conducted within a potential window of ±50 mV versus the OCP in 1 M KOH at scan
rates of 20–120 mV s−1 over GDEs equipped with 2 C cm−2 worth of CuSn catalysts electrodeposited
on carbon-based GDLs from a 1.53 M MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 10 at
different current densities: (A) 10 mA cm−2, (B) 20 mA cm−2, (C) 30 mA cm−2.
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(A)

(B)

(C)

Figure A14. CVs conducted within a potential window of ±50 mV versus the OCP in 1 M KOH at scan
rates of 20–120 mV s−1 over GDEs equipped with 2 C cm−2 worth of CuSn catalysts electrodeposited
on carbon-based GDLs from a 1.53 M MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 5 at different
current densities: (A) 10 mA cm−2, (B) 20 mA cm−2, (C) 30 mA cm−2.

(A)

(B)

(C)

Figure A15. CVs conducted within a potential window of ±50 mV versus the OCP in 1 M KOH at scan
rates of 20–120 mV s−1 over GDEs equipped with 2 C cm−2 worth of CuSn catalysts electrodeposited
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on carbon-based GDLs from a 1.53 M MSA electrolyte with a [Cu2+]/[Sn2+] molar ratio of 1 at different
current densities: (A) 10 mA cm−2, (B) 20 mA cm−2, (C) 30 mA cm−2.

Figure A16. CVs conducted within a potential window of ±50 mV versus the OCP in 1 M KOH at
scan rates of 20–120 mV s−1 over GDL with no catalyst after HNO3 treatment.
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