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Abstract: In this publication, we report about the selectivity and stability of bismuth (Bi)- and tin
(Sn)-based electrocatalysts for the electrochemical CO2 reduction reaction (eCO2RR) for formate
production. Bismuth and tin were successfully electrodeposited using the pulse plating technique
on top of and inside of the gas diffusion layers (GDLs). The distribution of the catalyst throughout
the thickness of the gas diffusion electrodes (GDEs) was investigated by using scanning electron
microscopy and computer tomography; it was found that the catalyst morphology determines the
performance of the electrode. Inhomogeneous deposits, with their enlarged catalyst surface area,
provide more active centres for the eCO2RR, resulting in increased Faraday efficiency (FE) for formate.
The initial electrochemical characterisation tests of the bismuth- and tin-loaded GDEs were carried
out under laboratory operating conditions at an industrially relevant current density of 200 mA·cm−2;
complete Sn dissolution with a subsequent deformation of the GDL was observed. In contrast to
these results, no leaching of the electrodeposited Bi catalyst was observed. An FE of 94.2% towards
formate was achieved on these electrodes. Electrodes based on an electrodeposited Bi catalyst on an
in-house prepared GDL are stable after 23 h time-on-stream at 200 mA·cm−2 and have very good
selectivity for formate.

Keywords: electrochemical deposition; Sn; Bi; gas diffusion electrodes (GDE); electrochemical CO2

reduction reaction (eCO2RR)

1. Introduction

To achieve the global climate targets, the investigation of new technologies for a
decarbonized energy production and storage method as well as defossilised chemical
production method is inevitable. With the use of renewable electricity generated from solar
or wind sources, CO2 can be used as raw material for the electrochemical CO2 reduction
reaction (eCO2RR) [1–5]. The electrochemical conversion of CO2 into a diverse spectrum
of chemicals is a potential technology to change the role of CO2 from harmful waste to a
valuable resource. Depending on the electrocatalyst, value-added products such as CO,
formate/formic acid, alcohols, and other hydrocarbons can be produced from CO2 by the
eCO2RR reaction [6–10].

Besides CO, formate/formic acid is an easily accessible product that can be used in var-
ious industrial applications and in downstream processes in the chemical industry [4,11,12].
The most common catalysts for the eCO2RR reaction to formate/formic acid are based on tin
(Sn) and bismuth (Bi). Both of these elements exhibit high selectivity towards formate/formic
acid and high overpotentials towards the hydrogen evolution reaction [4,13–19]. Addition-
ally, these catalysts are of interest because of their non-toxic properties and low cost [20].
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To achieve industrially relevant current densities of 200 mA·cm−2 and greater, the
use of gas diffusion electrodes (GDEs) is necessary [21,22]. State-of-the-art GDEs are
fabricated by depositing a catalyst layer on a gas diffusion layer (GDL) [23,24]. This is
typically performed by spray coating an ink [25–28] consisting of the catalyst, a binder, and
a solvent onto the gas diffusion layer. Typically, to obtain the catalyst, the active phase
(electrocatalyst) is deposited on a conducting support consisting of mainly carbon materials
by a precipitation process [29].

Electrodeposition is a cost-effective and uncomplicated method that offers the possibil-
ity to selectively place catalyst particles at active positions of the triple-phase boundary [30].
Through a suitable choice of substrate, process, and electrolyte parameters, the nucleation
rate and morphology of the precipitates can be influenced. As shown in the literature,
defects, grain sizes, and orientation of the catalyst material that can be influenced in this
way have a decisive influence on the selectivity and activity of the catalyst in the elec-
trochemical CO2 reduction [14–18,31–37]. Compared with the other techniques available,
electrodeposition is the most straightforward method to fabricate large electrodes for real
industrial electrolysers.

Aside from galvanostatic deposition, pulse current deposition (pulse plating, PP) is one
of the most commonly techniques used in electrodeposition. It is known that the morphol-
ogy, microstructure, hardness, ductility, porosity, and surface roughness of electrodeposits
are impacted by the process parameters [20]. PP also yields a finer, homogeneous surface
appearance because it is possible to achieve higher instantaneous current densities during
electrodeposition.

In the literature, various metals (Sn, Bi, Pb, Hg, In) [13,21–27,29–33,38–41] have been
investigated for the production of formate from CO2 by electrolysis according to the
following reaction:

CO2 + H2O + 2e−
 HCOO− + OH− E0 = −0.72 V (1)

In most of the published papers, the catalyst precursors were deposited using the
precipitation method, or the catalyst was used in the form of an ink. Some authors used
electrodeposited catalysts on planar electrode substrates [15,42–49]. Only a few papers
used GDEs/GDLs as the substrate for electrochemical deposition of Bi or Sn [50–52].
Usually, the electrodes have been investigated at low current densities [15,42–48] and short
reaction times [15,43,45,47,49,52–54]. To clearly show the advantages of the electrochemical
deposition, some of the results for Bi and Sn catalysts produced by different methods are
compared in Table S1. There has been no study where the electrodeposited catalyst on GDE
has been tested for long-term stability at the industrially relevant high current density of
200 mA·cm−2.

In this work, Sn and Bi electrocatalysts were electrodeposited from commercial elec-
trolytes using a pulse plating method on in-house fabricated and commercial carbon-based
GDLs. The electrodes prepared in this way were investigated by using scanning electron
microscopy and computer tomography before and after electrolysis. Different structures
and morphologies of both electrocatalysts were electrodeposited on the surface and inside
of the GDLs. The electrodes were electrochemically characterised at the high current density
of 200 mA·cm−2 and the Faraday efficiency (FE) for formate was determined. The long-
term stability (24 h) of the most promising electrodes was tested at industrially relevant
current densities. The influence of the different coatings on the performance of the gas
diffusion electrode concerning activity, selectivity, and stability in eCO2RR was analysed.
The catalytic performance (activity, selectivity, lifetime) of the electrodes was compared
with GDEs that were produced via a precipitation method.

To achieve the high catalytic activity, selectivity, and long-term stability of the system, it is not
only the catalyst selection, electrode materials and deposition techniques that are important. The
choice of electrolyte [36,55–58], gas diffusion electrode design [22,23,29,34–37,59–65], and reactor
design [4,66–74] can also influenced the CO2RR reaction. The used cell design for the
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electrochemical characterisation of the prepared electrodes has been described in previous
work [29,36].

2. Materials and Methods

Chemicals: For the gas diffusion layers, 29 BC (SGL CARBON GmbH) (5% Polytetraflu-
oroethylene, areal weight 90 g·m−2, thickness: ca. 235 µm, el. resistance < 12 mΩ·cm−2 [75])
and in-house (IH) fabricated gas diffusion layers were used; the latter items were prepared
by mixing a carbon material (Acetylene Black, AB, Alfa Aesar, >99.9%) with polytetraflu-
oroethylene (PTFE, Dyneon, TF 92070Z, dp = 450 µm). For electrodeposition, commer-
cial electrolytes supplied by Schloetter were used (Sn: Slototin MT 1110, conductivity
393 mS/cm; Bi: Slotoson MB 1880, pH 1, conductivity 314 mS/cm). The temperatures that
were used were room temperature for Slototin MT 1110 and 45 ◦C for Slotoson MB 1880.
For the anode, a Sn or Bi plate (Schloetter, 30 cm2) was used. Potassium chloride (Carl Roth
GmbH & Co KG, ≥99.5%), potassium bicarbonate (Carl Roth GmbH & Co KG, ≥99.9%),
and potassium hydroxide (Carl Roth GmbH & Co KG, ≥85.0%) were used as conductive
salts in the electrolyte for the electrochemical characterisation.

GDL preparation: The in-house fabricated GDLs were prepared using homogeneous
mixing AB with PTFE at a ratio of 65:35 (30% PTFE) followed by dry-pressing at up
to 7.29 kN·cm−2 for 4 min and a thermal treatment at 340 ◦C for 10 min in a nitrogen
atmosphere [29]. In contrast to the thinner (235 µm) commercial GDL (Sigracet 29 BC carbon
paper) used, for better stability, the in-house fabricated GDLs were thicker (thickness: ca.
900 µm). The two GDLs are schematically shown in Figure S1a,b.

Preparation of GDEs with precipitated electrocatalyst: GDEs with highly dispersed tin-
or bismuth-based catalyst were used as the benchmarks for the GDEs with electrodeposited
catalysts. First, the catalyst precursors were deposited using a pH-controlled precipitation
method on acetylene black. Subsequently, the acetylene black with a deposited catalyst
and the PTFE were mixed at a ratio of 65:35 followed by dry-pressing and thermal treating
steps. The preparation method is described in detail in our previous work [34].

Preparation of GDEs with electrodeposited electrocatalyst (Scheme in Figure S1c): The
electrochemical deposition experiments were conducted using a model SP-150 potentio-
stat/galvanostat (BioLogic) and were controlled using EC-Lab Software (BioLogic). The
GDLs were coated using Sn electrolyte at room temperature (RT) and Bi electrolyte at 45 ◦C.
In the PP experiments, square-wave pulses with cathode pulse current densities (jp) of 5,
10, and 15 A·dm−2 and a pulse time (ton) and relaxation time (toff) of 1:1 s or 0.005:0.05 s
(ton/toff), respectively, were used. The used current densities were recommended from the
electrolyte producer, and the pulse and relaxation times were based on previous experience.
The average current density jav was calculated according to the following equation:

jav = jp·ton/(ton + toff) = jp·ton·f = jp θ (2)

The duty cycle θ (θ = ton/(ton + toff), %) and pulse frequency f (f = 1/(ton + toff), Hz)
for the used on-/off-times were θ = 50%, f = 0.5 Hz and θ = 9%, f = 18.18 Hz, respectively.
These values were chosen according to previous experience and preliminary tests. The
electrodeposited amounts of the different catalysts were kept constant by adjusting the
deposition times. The reason for doing so is the nature of the GDL. For depositing inside of
the GDL, the Bi electrolyte has to easily penetrate into the inside of the GDL. Both investi-
gated GDLs were thick, and PTFE was part of their structure. The hydrophobic properties
of PTFE are useful for the eCO2RR reaction but complicate the penetration of an electrolyte
into the inside of the GDL and complicate metal deposition. To enhance this process, the
GDLs were pre-treated for 2 min in an ultrasonic bath of Sonorex (Bandelin electronics).

The used PP parameters are systemised in Table 1.
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Table 1. Pulse plating parameters and their abbreviations.

Bi Sn −jav,
mA·cm−2

−jp,
mA·cm−2

ton:toff,
s:s

θ,
%

f,
Hz

t,
min

Bi-1-11-60 Sn-1-11-60 0.5 1 1:1 50 0.5 60
Bi-5-11-30 Sn-5-11-30 2.5 5 1:1 50 0.5 30
Bi-10-11-15 Sn-10-11-15 5 10 1:1 50 0.5 15
Bi-15-11-10 Sn-15-11-10 7.5 15 1:1 50 0.5 10
Bi-1-55-200 Sn-1-55-200 0.09 1 0.005:0.05 9 18.18 200
Bi-5-55-140 Sn-5-55-140 0.45 5 0.005:0.05 9 18.18 140
Bi-10-55-55 Sn-10-55-55 0.91 10 0.005:0.05 9 18.18 55
Bi-15-55-20 Sn-15-55-20 1.36 15 0.005:0.05 9 18.18 20

GDE characterisations: The surface morphology and chemical composition of the
electrodeposits were determined using a high-resolution scanning electron microscope
(SEM, Gemini SEM 300, Zeiss) with energy dispersive X-ray spectroscopy (EDX) operated
at 15 kV. Computer tomography (CT) cross-sections of the GDEs were performed using a
Phoenix VtomexL 450 system (GE Sensing & Inspection Technologies). The phase analysis
was performed by using X-ray diffraction in the Bragg–Brentano geometry using a D8
discover Da Vinci diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) equipped with
a 1D Lynxeye-XET detector using copper radiation. A variable divergence slit with an
opening of 10 mm was used to keep the radiated area of the sample constant during the
measurement. The phase analysis was performed by comparing the measured reflections
to the ICDD-PDF2 database (International Centre for Diffraction Data). The roughness
of the electrodes was investigated using the Nanofocus µsurf custom, (NanoFocus AG,
Germany). The evaluation of the data was carried out using the software “Digital Surf
MountainsMap® 7.2”.

Electrochemical characterisation: The electrochemical characterisation of the prepared
electrodes was performed in a custom-made semi-batch cell constructed from poly(methyl
methacrylate) (PMMA). The used cell design was described in a previous work [29]. For
the reaction condition, the conditions optimized by Löwe et al. were used as a starting
point [36]. For experiments with reaction times (time on stream, TOS) > 1 h, the cell was
modified for a continuous exchange of the electrolyte. The electrodes were separated by
a cation exchange membrane (Nafion® 117, DuPont). The experiments were conducted
using a Gamry Inferface 1010E potentiostat.

For GDEs coated with Sn, 1 M of KHCO3 with a pH value of 10 was used as the
electrolyte. Hg/HgO (1 mol/L KOH) served as the reference electrode. A platinum wire
was used as the counter electrode. The electrolyte was heated and monitored by an external
heat exchanger. On the gas side, a nickel mesh was used as a current collector. To protect
the GDE from mechanical destruction by the nickel mesh, a GDL (SGL, Sigracet GDL
35AA) was placed between the mesh and the GDE. For Bi-based catalysts, to avoid the
formation of carbonate and bicarbonate in the GDL, 1 M of KCl (pH 10) was used as a
catholyte. The other materials and parameters remained the same. For the electrochemical
characterisation, the geometrical area of the GDE was limited to 1 cm2 by a PTFE mask.
The characterisation was carried out at 50 ◦C and a CO2 flow rate of 5.57 mL·min−1. These
conditions have been shown to be the optimum scenario in a similar system in a previous
work [29]. The FE was calculated according to Equation (3) [36]:

FE =
n · t · I

z · F (3)

where n is the amount of substance (mol), t is the time (s), I is the current (A), z is the
number of transferred electrons, and F is the Faraday constant (C·mol−1).

All FE values presented in the manuscript are the average values from 3 different
electrodes prepared in the same way.
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To characterise the GDE, the current was increased in 60 s from 0 mA·cm−2 to
−200 mA·cm−2 as preconditioning. This was followed by a galvanostatic hold for 1 h
at −200 mA·cm−2. Long-term experiments over 24 h were performed at a current density
of −200 mA·cm−2 and −50 mA·cm−2. The electrolyte was continuously exchanged at a
flow rate of 1 mL·min−1. The gaseous products (H2, CO) were analysed using a thermal
mass flow meter and online GC (Agilent 7890A). To quantify the formate concentration,
a high-performance liquid chromatography (HPLC, Agilent Technology, 1260 Infinity,
column: NUCLEOGEL Sugar 810 H) analysis was performed.

3. Results and Discussion
3.1. Bi PP Electrodes Based on In-House GDLs

The performance of the Bi-IH-PP-GDLs for formate production highly depends on
the used PP parameters, such as the cathodic pulse current density jp, pulse time ton, and
relaxation time toff. (Figure 1a). The PP parameters had an effect on the surface morphology
of the deposited Bi, which determines the FE for the formate production. Decreasing jp with
a ton:toff of 1:1 led to an increase in the electrode performance from approx. 10% to approx.
90% (white bars in Figure 1a). The deposition time was calculated such that coatings of an
equal thickness of 5 µm were deposited. At jp = −15 A·dm−2 and ton:toff = 1s:1s, a compact
Bi deposit with crystallites of over 5 µm, which were separated from each other through a
few grain boundaries, were electrodeposited on the GDL (Figure 1b). The CT cross-section
image shows that the Bi deposit is only located on the top of the GDL (Figure 1d). With
the decrease in PP current density, the size of the crystallites decreases (Figure S2a). Small
current densities (jp = −5 A·dm−2) lead to the growth of more nuclei on the GDL. The
resulting Bi deposit is coarse-grained with crystallites of up to 2 µm (Figure S2b), and it is
rich in different defects. This enhances the CO2 diffusion through the catalyst layer. As a
result, the FE for formate reaches its maximum value (Figure 2a, white bars, 5 A·dm−2).
The potentials of the electrodes are shown in Table S2.

The effect of a short deposition time ton in combination with longer pause time toff
on the morphology and electrode performance, respectively, is especially visible at high
current densities. The Bi deposit at ton:toff = 1 s:1 s is compact, only being located on the
top of the GDL (Figure 1b,d) and having only reached a 10% FE for formate (Figure 1a
white bar, jp = −15 A·dm−2). On the surface of Bi-IH-PP deposited at the same jp but
with ton:toff = 0.005 s:0.05 s, an increased number of single Bi crystallites and their aggre-
gates randomly grew. This inhomogeneous structure, which is rich in sharp edges, grain
boundaries, and other defects, provides an enlarged active surface area. Moreover, the CT
cross-section image of the same GDE shows that at ton:toff = 0.005 s:0.05 s, the growth of
inhomogeneous insular structures occur not only on the top of the GDE electrode, but also
inside of the GDE up to a 170 µm depth (Figure 1e). During CO2 electrolysis, the wetted
area as well as the reaction zone moves towards the gas side of the GDL used [76,77]. Ac-
cording to this information, to achieve better electrode performance, the catalyst grains or
particles should be evenly distributed not only on the top of the GDL but also inside of the
GDL. Due to the reduction of mass transport limitations of CO2 and liquid products, such a
catalyst distribution can improve the FE to 90% (Figure 1a, hatched bar, jp = −15 A·dm−2).
At this ton:toff, Bi was also deposited inside of the GDLs independent of the used current
density (Figure S2c).

The catalyst roughness also influences the FE of the GDEs. A homogeneous Bi catalyst
(Bi-15-11-10) with area roughness parameters (Sa) of 1.55 µm has a low FE for formate
(10%). Bi deposits with inhomogeneous insular structures (Bi-5-55-140, Figure S1c) with an
almost fourfold increase in the Sa of 5.57 µm (Figure S3) reached a greater than 90% FE for
formate (Figure 1a).

After CO2 electrolysis, the Bi deposit remains on the top and also inside of the GDL
(Figure 2a); however it remains with a structure that has changed (Figure 2b). The Bi
crystallites are converted independent of the electrolysis parameters into sharp plates
(scales) with enormous surface area (Figure 2b). The EDX spectra show a high amount of
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oxygen (Figure S4). We suppose that the Bi catalyst was oxidized during the CO2 reduction
reaction; this did not change the FE of the electrode, because it is well-known from the
literature that Bi-based catalysts are active in oxide and reduced metal forms [50,77,78].

During PP deposition with short deposition time and longer pauses (ton:toff = 0.005 s:0.05 s),
thin channels were formed inside of the Bi deposit (Figure 2c). Thus, an increase in the active
surface area was achieved. The electrolyte wets and CO2 diffuses are facilitated through the
channels inside of the Bi electrocatalyst, and the aimed synergetic effect between catalyst
and GDL properties is achieved. As a result, the FE for formate for Bi-IH-PP GDE reaches
93% (Figure 2a).
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Figure 1. Investigations of Bi-IH-PP GDEs. (a) Effect of PP parameters on the FE for formate. Tested
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of Bi-15-55-20 GDE; (d) CT cross-section of Bi-15-11-10 GDE; (e) CT cross-section of Bi-15-55-20 GDE.
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Figure 2. Bi-IH-PP GDE Bi-5-55-140 after CO2 electrolysis at 200 mA·cm−2, 50 ◦C, 60 min: (a) SEM
cross-section image; (b) enlargement of the active surface by Bi deposited on top of the GDL; and (c)
enlargement of the active surface by Bi deposited inside of the GDL.

The Bi-IH-PP GDEs that showed the best results during the shorter eCO2RR (Figure 1a)
were tested for the long-term CO2 electrolysis. It is supposed that the most possible reason
for this very good performance of the PP electrode is the uneven distribution of the Bi
catalyst (see Figure 1c,e) on top of and also inside of the GDL. The FE of formate for all
tested Bi-IH-PP electrodes (long-term tests) was greater than 80%, and in some cases, it
reached 94%. It was found that the FE was dependent on the GDL that was used. The
reproducibility in one GDL batch was 95–100%. However, there were observed distinctions
between different batches. Freshly produced GDLs after Bi deposition reached an FE of
greater than 94% (Figure 1a). Older batches showed a lower FE because the deposited Bi
amount was lower. Egetenmeyer et al. [79] showed that the laser surface etching of GDL
before the electrodeposition of Pt enhanced the electrochemical deposition. Most likely,
the in-house prepared substrates achieved different aging stages because of time, which
only affects the electrochemical deposition. The carried out electrochemical measurements
(CV, galvanostatic experiments) of the blank GDL did not show any changes; therefore, in
Figure 3, the electrode with the best performance is not shown. The benchmark electrode Bi-
IH-P with the fine catalyst distribution is still better (Figure 3) than the Bi-IH-PP electrodes.
The electron balance for electrodes with an electrodeposited catalyst is sometimes not
closed. In the used setup, the produced hydrogen typically diffuses through the porous
GDL towards the gas side of the electrode; it is there that hydrogen, other gaseous products,
and non-converted CO2 are detected. Due to the Bi that was deposited on top of the GDE,
some H2 was released into the electrolyte on the cathode side, which could be observed as
gas bubbles in the electrolyte. A detection of gases at the electrolyte side of the GDL was
not possible in the setup used. As a result, the missing FE can be dedicated to H2. A small
increase in the HER at TOS > 15 h was observed. After a reaction time of 23 h at these high
current densities (200 mA·cm−2), the FE for formate was still 76.4%. The loss on selectivity
and the small increase in the HER are not related to a degradation of the Bi catalyst. It
is supposed that the growth of sharp plates of oxidized Bi and the restructuring of the
last Bi atomic layer mechanically deformed the GDL structure. The optimized relation
between the distribution of electrodeposited Bi and the GDL stability must be thoroughly
investigated. Through this analysis, it should be possible to fabricate functioning GDEs
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over a long period of time, which is required for an industrial application of these electrodes.
The potentials of the electrodes are shown in Figure S5.
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3.2. Bi PP Electrodes Based on 29 BC GDLs

In order to prove if a commercial GDL provides similarly good electrodes when using
a PP method to deposit Bi, a 29 BC gas diffusion layer from SGL Carbon was chosen. The
BC GDL was thinner (230 µm) and had a structure and composition that was different than
the IH GDL. Using SEM images, it was possible to distinguish the different layers of the
BC GDL. Using CT imaging, the well-ordered pore structure of the different layers can be
seen [30]. After Bi PP depositon, coarse-grained Bi deposits were placed not only on top of
the BC but also inside of the microporous layer (Figure 4a). In the middle of the GDL BC,
Bi was homogeneously deposited, preserving the well-ordered pore structure (Figure 4b).
Bi was deposited into the whole GDL layer down to the backside of it at 190 µm.

In agreement with the investigations on the IH GDL with Bi, no Bi dissolution on the
top or inside of the GDL was observed (Figure 4c). The FE reached for formate for 1 h in a
Bi-BC-PP electrode was 80%, which is at least 10% lower compared with the Bi-IH-PP and
Bi-IH-P GDEs (Figure S6). Until now, it was not possible to achieve a higher FE for formate.

After 24 h of operation at 50 mA·cm−2, only the Bi crystallites transformed into sharp
plates (scales) with a higher surface area (inset of Figure 4c). This is in accordance with our
results for Bi-IH-PP GDE (see Figure 1b). XRD measurements revealed that the main phase
after 24 h of CO2 electrolysis was metallic Bi with a preferred <012> orientation normal to
the sample surface. Regarding the intermediate phase, bismutite carbonate (Bi2(CO3)O2)
was found. Some reflections with low intensity indicated the presence of potassium bismuth
oxide (KBi12O18) in traces (Figure S7). According to the Pourbaix diagram of Bi, under
reaction conditions (−1.43 V vs. SHE, pH > 10), the thermodynamically stable Bi species is
elementary Bi [80]. The selectivity of the tested Bi-PP-BC electrode did not change with
time. The reason for this could be that there is no difference in the reactivity of the metallic
Bi phase and Bi oxides in the eCO2RR reaction towards formate [42]. After eCO2RR, the
texture of the GDL remained unchanged. This is at odds with our previous research for the
Sn catalyst, where the GDL texture was completely destroyed after 1 h of electrolysis [30].
The observed black spots (blemishes) in Figure 4d are only mechanical deformations that
are caused by the electrolysis process.

The Bi-BC-PP GDE were also tested for their long-term stability at a higher cur-
rent density of 200 mA·cm−2. However, the mechanical stability of the GDE based
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on the commercial GDL was not good enough, and after 10 h, the Bi-BC-PP GDE was
mechanically destroyed.
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Due to a different structure and composition, the in-house fabricated GDLs are more
suitable as substrates for catalysts constructed via electrodeposition compared with the
chosen commercial GDLs. With the further optimisation of the structure and composition
of GDLs, an optimized electrodeposition of catalysts, and a good understanding of the
processes during electrolysis, the long-term stable operation of Bi-GDEs fabricated by the
pulse plating technique should be achieved.

3.3. Sn PP Electrodes Based on In-House GDLs

In our previous work [30], Sn electrodeposition was demonstrated on the top of and
inside of the commercial GDL 29 BC. The highest FE for formate that was attained with
such GDEs was 85%. In this work, in order to increase the Faraday efficiency for formate as
well as the electrode stability for the Sn electrodeposition, the optimized in-house fabricated
electrode [37] was used.

Coarse-grained Sn coatings with intergrown crystallites ranging from 0.5 µm to 2 µm
were deposited on the top of IH fabricated GDL by PP at jp =−1 A·dm−2 and ton:toff = 1 s:1 s
(Figure 5a). At a shorter ton:toff time, single coarse-grained crystallites (1 µm) with sharp
edges grew on the GDL surface (Figure 5b). The crystallites were separated from each other
through hollows or were grouped into islands. Additionally, unevenly distributed small
crystallites with a size of about 0.1 µm were deposited on top of them; some of them are
marked with red circles in Figure 5b. It is supposed that such an inhomogeneous surface
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morphology of the electrodeposited catalyst additionally enlarges the active surface area
and will lead to an increased FE of the GDE.

The Sn-IH-PP GDEs were thoroughly investigated in the CO2 electrolysis. As a bench-
mark, state-of-the-art Sn-IH-P GDEs were used [36,37]. In accordance with the Bi-IH-PP
GDEs, it was found that the surface morphology of the electrodeposited Sn coating has
an influence on the FE for formate and on the product distribution (Figure 5c). The more
compact deposit (Figure 5a), where CO2 mainly penetrated through the grain bound-
aries and other deposit defects, showed a lower selectivity for formate (FE: 82.3%) than
the inhomogeneous deposit (FE: 93.1%) (Figure 5b), where CO2 additionally penetrated
through the enlarged catalyst surface (an increased number of sharp edges) and free spaces
between the crystallite islands. On the GDL with the pulse plated electrocatalyst with
shorter ton:toff time, the FE for formate (93.1%) was even better than that of the Sn-IH-P
electrodes (87.1%, Figure 5c, last column). The Sn content of both electrodes (Figure 5c) was
comparable (2.6 wt.% Sn on GDEs with precipitated catalyst, 3.7 wt.% Sn on GDEs with
electrodeposited catalyst). These electrodes feature a low selectivity for the side products
of CO (12%) and H2 (1%), as shown in our previous publication [30]. The potentials of the
electrodes are shown in Table S3.
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200; (c) FE for formate and product distribution for the electrodes with electrodeposited catalysts
Sn-1-11-60 and Sn-1-55-200, as well as an electrode with a precipitated Sn catalyst. Electrochemical
tests conditions: 200 mA·cm−2, 50 ◦C; time on stream (TOS): 60 min.

The long-term electrolysis for Sn-IH-PP GDE was carried out at 50 mA·cm−2 because
when applying a current density of 200 mA·cm−2, the HER increases after two hours,
wherein no stable reaction would be possible after this time. In the beginning of the
electrolysis, the FE was at about 97% and was quite stable for 4 h (Figure 6). Then, the
selectivity for formate decreased to approximately 90% and was almost stable for another
6 h. The FE for hydrogen evolution reaction at this time was under 2%. After 11 h,
the FE for formate decreased in a step-by-step manner. Simultaneously, the HER as a
competing reaction became more favoured. This could indicate the leaching of the active
catalyst. Furthermore, leaching of a SnOX catalyst prepared by the precipitation method
has been reported [34,67]. After 18 h, the main reaction was that the HER and experiment
was interrupted.

The same Sn-IH-PP GDE was investigated using CT imaging before and after the
long-term electrolysis. The Sn catalyst was only deposited on the surface of the IH-GDL
(Figure 7a). After 19 h of CO2 electrolysis at 50 mA·cm−2, the Sn catalyst layer on top
of the sample was completely dissolved, large agglomerates were found inside of the
GDL, and the GDL thickness increased from 0.9 mm to 1.4 mm (Figure 7b). In the SEM
image (Figure 5c), the dark grey areas represent the GDL (Spectra 6, Figure S8a). EDX
measurements in some lighter areas on the surface and inside of the GDL (Spectra 5,
Figure S8b) revealed the presence of large amounts of K and O. During the long-term
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electrolysis, secondary products such as carbonates or bicarbonates were formed in a
non-Faradaic side reaction at high pH values in the pore systems of the used electrodes.
These carbonate salts precipitated inside the GDL and increased its thickness through the
process of swelling. Bienen et al. [34] also observed SnO2 leaching from the same in-house
fabricated GDL, where the Sn catalyst was not electrochemically deposited but instead
had Sn particles finely deposited on the carbon black via a homogeneous precipitation
method with urea. According to the Pourbaix diagram of Sn [80], metallic Sn is the
thermodynamically stable phase at these potentials at a pH value of at least 10. It must be
mentioned that due to the generated OH- ions during the ongoing reactions of eCO2RR
and HER, the pH value inside the GDL can significantly exceed the value of 10 [66]. It
seems that at such high pH values, and due to the negative potential, the metallic Sn is not
stable. Sn dissolves, and over time, less catalyst is available in the deposited layer of the Sn
electrocatalyst. Finally, no catalyst remains on the surface (see Figure 7b,c).
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Figure 7. Sn-IH-PP GDE, Sn-1-11-60: (a) CT cross-section of Sn-IH-PP-GDE before electrolysis; (b) CT
cross-section of the Sn-IH-PP-GDE after 19 h of electrolysis; (c) SEM cross-section of the electrode
after 19 h of electrolysis at 50 mA·cm−2 at 50 ◦C with the secondary products inside the GDL.

To summarise, these results indicate that Sn is not stable as a catalyst for eCO2RR
at high current densities. Locally high pH values undoubtedly cause the dissolution of
Sn. This can be unambiguously concluded to be due to the complete dissolution of the
electrodeposited Sn layer at these conditions.
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4. Conclusions

Sn and Bi catalysts were successfully electrodeposited using the pulse plating method
on top of and inside of the commercial and in-house fabricated GDLs.

The electrodes were tested in an electrolysis cell at industrially relevant current densi-
ties up to 200 mA·cm−2.

It was found that the catalyst morphology determines the performance of the electrode.
Inhomogeneous deposits provide more active centres for the CO2 reduction reaction,
resulting in an increased FE for formate.

Upon CO2 electrolysis at high current densities, complete dissolution of the electrode-
posited Sn catalyst was observed. Furthermore, carbonate and bicarbonate formation was
found inside of the GDLs.

No leaching of the electrochemically deposited Bi catalyst on the in-house fabricated
GDLs was observed during CO2 electrolysis at high current densities. An FE of 94.2%
towards formate was achieved in these electrodes.

Such electrodes also have promising long-term stability (23 h) for the eCO2RR at
industrially relevant current densities (200 mA·cm−2) and have a very good selectivity
for formate.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/app13137471/s1: Figure S1: Investigations of Bi-IH-PP GDEs.
(a) SEM image of Bi-IH-PP, Bi-10-11-15; (b) SEM image of Bi-IH-PP, Bi-5-11-30; (c) CT image of Bi-IH-
PP, Bi-5-55-140. Table S1: Potentials of the electrodes shown in Figure 1a–c. Table S2: Potentials of
the electrodes shown in Figure 4 (1–6). Table S3: Potentials of the electrodes shown in Figure 5a–c.
Figure S2: EDX-spectra of Bi-IH-PP, Bi-5-55-140 GDE after eCO2RR at 200 mA·cm−2, 50 ◦C, 60 min.
Figure S3: (a) Spectra 6 and (b) Spectra 5. Figure S4: Potentials of Figure 6. Potentials of Bi-IH-PP
GDE, Bi-5-55-140 (blue) with Bi-IH-P GDE (red). Tested at 200 mA·cm−2, 50 ◦C, 24 h. Figure S5:
The FE for formate and product distribution for electrodes with electrodeposited catalysts Bi-BC-PP
(15-11-10), shown in column (a); the electrodeposited catalysts Bi-IH-PP (15-55-20), shown in column
(b); and an electrode with a precipitated Bi catalyst, shown in column (c). Electrochemical tests
conditions: 200 mA·cm−2, 50 ◦C, time on stream (TOS): 60 min. Figure S6: XRD measurements of
Bi-BC-PP GDE Bi-15-11-10 after eCO2RR (50 mA·cm−2, 50 ◦C, 24 h). Figure S7. XRD measurements
of Bi-BC-PP GDE Bi-15-11-10 after eCO2RR (50 mA·cm−2, 50 ◦C, 24 h). Figure S8. (a) GDL (Spectra 6);
(b) GDL (Spectra 5).
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Abbreviations

BC Commercial 29 BC GDL
IH In-house prepared GDL
PP Pulse plating
ED Electrodeposition
P Precipitation
NS Nanostructure
NP Nanoparticles
For GDEs:
Bi-BC-PP Bi deposited on a commercial GDL via pulse plating
Bi-IH-PP Bi deposited on an in-house fabricated GDL via pulse plating
Bi-IH-P Bi deposited on an in-house fabricated GDL via precipitation
Sn-BC-PP Sn deposited on a commercial GDL via pulse plating
Sn-IH-PP Sn deposited on an in-house fabricated GDL via pulse plating
Sn-IH-P Sn deposited on an in-house fabricated GDL via precipitation
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