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Both Sn and In have been potentiostatically co-deposited on the surface of Cu foam at different
potentials to prepare Sn—In bimetallic electrodes. Among them, the Sns2Insg electrode has excellent
catalytic activity towards CO: reduction to formic acid. At —1.6 V versus Ag/AgCl, the formate
Faradaic efficiency reaches its maximum, 88%; and its space time yield reaches 309 pmol h* cm2 at
—1.8 V versus Ag/AgCl. When it is used in the biomimetic electrochemical cell reported previously by
us, a much higher space time yield, 468 pmol h-* cm= is obtained.
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1. INTRODUCTION

The increasing consumption of fossil fuels and its consequent concern of climate change have
led to considerable interest in the utilisation of CO».[1-4] CO2 can be utilised and recycled into
abundant carbon feedstocks through chemical methods,[5-8] however, the electrochemical reduction of
CO. (ERCO») at a heterogeneous metal surface in an aqueous solution is more promising[9,10]
because it can selectively produce carbonaceous compounds and oxygen, similar to photosynthesis of
plants, especially when the electricity used comes from photovoltaic cells. The compounds produced,
such as formic acid and CO, can be selectively controlled by changing the electrode material and
electrolyte;[11] and financial and feasibility analyses conclude that it could be run with profits.[12]

Formic acid is a liquid at ambient temperature, and plays a crucial role in industry, such as
pharmaceutical synthesis, textile finishing and animal feed additives.[13] In addition, it is the fuel for
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direct formic acid fuel cells,[14-18] and a hydrogen storage material.[19] Formic acid can be easily
obtained through electrochemical reduction of CO2 on Cd, In, Sn, Tl, and Pb electrodes.[20]
Particularly, formic acid obtained through electrochemical reduction of CO> at Sn electrodes has been
reported with excellent Faradaic efficiencies and space time yields. However, there is still need on
improving them.

The first thing is to improve the Faradaic efficiency (FE) and space time yield (STY), by using
electrodes with high overpotential for hydrogen evolution reaction (HER), and high specific area for
ERCO.. For example, Lv reported that a Sn plate electrode produces formic acid at a current density of
2.5 mA cm=2 (36 umol h-' cm=2) with FE of approximately 78%,[21] and a Sn deposited on Cu foil
electrode produces formic acid at a current density of 5.8 mA cm=2 (99 umol h=! cm=2) with FE of
approximately 91.5%,[22] however, if Sn is deposited on Cu foam electrode, higher average current
density (8 mA cm2, 124 pmol h' cm?) and FE (83.5%) were obtained.[23] The oxide layer on Sn
electrode is very important for the high FE, as it makes HER more difficult.[24] Gas diffusion
electrodes (GDE) can make gaseous CO> contact the catalyst and the electrolyte directly, thus shorten
the path of dissolution and diffusion of CO> and make the reduction faster consequently. Prakash
reported that a GDE prepared from commercial Sn powders and Nafion ionomer produces formic acid
at a current density of 27 mA cm=2 (352 pmol h-* cm=2) with FE of approximately 70%;[18] by using a
filter-press-type electrochemical cell, Castillo reported a GDE loaded with Sn particles produces
formic acid at a current density of 40 mA cm2 (522 umol h~! cm=2) with FE of 70%][25] and a current
density of 90 mA cm=2 (1175 pumol h~t cm=2) with FE of approximately 70% were obtained on a GDE
loaded with 0.75 mg cm~2 of 150 nm Sn particles.[26]

It is well known that the hydrogen evolution reaction (HER) competes with CO:
reduction,[27,28] and electrodes with high overpotential for HER can increase the FE for ERCO.,
electrodes with low overpotential for ERCO> are highly required to reduce the energy consumption.
While maintaining FE (>80%), Li fabricated an electrode (mesoporous SnO, nanosheets on carbon
cloth) through a facile combination of hydrothermal reaction and calcination, and this electrode
exhibits a partial current density of approximately 45 mA c¢cm=2 (730 pmol h-* cm=2) at a moderate
potential (—1.6 V vs. Ag/AgCl) with FE of 87%;[29] Kumar reported an electrochemically reduced
SnO- porous nanowire catalyst with a high density of grain boundaries, this catalyst exhibits a partial
current density of approximately 7 mA cm=2 (105 pmol h™* cm=?) with FE of 80% at approximately
—1.4 V (vs. Ag/AgCl).[30] Considerable efforts have also been made to convert CO2 by using a
bimetallic catalyst,[31-37] especially for obtaining a formate product.[38-40] Choi reported a Sn—Pb
alloy with surface composition Snse3Pbsz7, which exhibits the highest FE of 80% with the highest
partial current density of 45.7 mA cm=2 (649 umol h~* cm=2) at —2.0 V (vs. Ag/AgCl) for formate in an
H-type cell;[38] Kortlever demonstrated that PdsoPt7o/C nanoparticles exhibited FE of 88%, average
current density of 5 mA cm=2 (82 pmol h=! cm2) at —1.0 V (vs. Ag/AgCl) for formate in an H-type
cell.[40] The aforementioned studies have demonstrated that bimetallic catalysts can have a
comparable or even higher catalytic activity towards formic acid formation compared with single
metallic catalysts.

In order to improve on Sn material, it may be useful to couple to Sn an oxyphilic material, In,
to obtain a catalyst that promotes the formation of formate at a relatively low overpotential with high
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FE and current density. This could result in a more sluggish hydrogen evolution so that a low applied
potential can be employed. In this work, different compositions of Sn—In catalyst were obtained and
their catalytic activities were also studied.

2. EXPERIMENTAL

2.1. Synthesis and Preparation of Bimetallic Catalysts

Sn—In electrodes were prepared through electrodeposition on Cu foam (99.99%) by using a
conventional three-electrode cell with a volume of 30 mL at 298 K under atmospheric pressure. Before
an experiment, the Cu foam was treated in 8% dilute sulphuric acid with an ultrasonic bath for 10 min
to remove impurities on the surface, after which the Cu foam was exposed to an electrodeposition bath
with 1 cm? area by masking the other part with an epoxy resin. A Pt foil with 1 cm? surface area and
Ag/AgCI filled with saturated KCI were used for the counter and reference electrodes, respectively.
The electrodeposition bath was prepared by the addition of Sn(CH3COO). (Sigma-Aldrich, 99.9%) and
In(CH3COO)3 (Sigma-Aldrich, 99.9%) to aqueous CH3COOH solution of an approximately pH of
2.50, which was prepared from 36% (w/w) CH3COOH (Kelong). The electrodeposition bath was
bubbled using purified N2 gas (99.9%) for at least 20 min before the experiment was begun, and this
atmosphere was maintained during the experiment. The concentration of metal cation (Sn?* or In®") in
the electrolyte was 1.0 mM for all experiments. Four electrodes with different compositions
(SnxInioo-x) Were obtained at varying potential through potentiostatic electrodeposition lasting 8 h. The
prepared electrodes were rinsed with deionised water and dried at room temperature.

2.2. Material Characterisation

SEM and EDS were performed on a Pro-X desktop scanning electron microscope at an
acceleration voltage of 15 kV. XRD patterns were recorded on an Ultima IV using Cu Ka radiation
(1.54056 A) and a scan range from 30° to 80°. XPS was performed on a Thermo ESCALAB 250XI.
The characterization of the product is the same as the reported in our last article.[41]

2.3. Electrochemical Measurements

All electrochemical experiments were performed on a CorrTest CS350 electrochemical
workstation. LSV measurements at a scan rate of 0.01 V s~ and the ERCO2 were obtained in the three-
electrode cell, which was the same setup as in the electrodeposition experiment except for the type of
electrolyte. The electrolyte used for LSV measurements was an aqueous solution of 0.1 M KHCO3
saturated with N2 (99.9%) or CO2 (99.9%) prior to measurements. The electrolyte used for ERCO, was
bubbled with CO- at 20 mL min~! during the electrolysis. All experiments were performed under room
temperature and ambient pressure.
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3. RESULTS AND DISCUSSION

3.1. Preparation of Sn—In catalysts

Using Cu foam as the substrate and working electrode, the CV curves were performed in the
solution of 1.0 mmol L Sn(CH3COO), or In(CH3COO)s, whose pH was adjusted to 2.50 with
CH3COOH. The results are shown in Figure 1 with different potential ranges of —0.50~1.00,

—0.75~1.00, —1.00~1.00, —1.25~1.00, and —1.50~1.00 V. Different potential scan ranges are used to
study the characteristics of metal deposition.
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Figure 1. CV curves of Cu foam electrode in solution of (a) CH3COOH; (b) Sn(CHsCOOQ),; and (c)
In(CH3COO)3 (:(Snz+ or |n3+) =1.0 mM, pHsolution = 2.50.
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Figure 1a shows the CV curves of Cu foam in CH3COOH solution with pH = 2.50, which all
have only one reduction peak at —0.36 V, corresponding to the reduction of copper oxide on surface.
When the Cu foam was immersed in 1.0 mmol L Sn(CH3COO); or In(CHsCOO)s, the CV curves
exhibit another broad reduction peak between —0.75 and —1.28 V (Figure 1b) , or —0.80 and —1.50 V
(Figure 1c), and there is no oxidation peak if the potential scan range is —0.50~1.00 V or —0.75~1.00
V in both cases, therefore, the extra reduction peak comes from the electrodeposition of Sn or In, and
the oxidation peak comes from the oxidation of metal. Consequently, we have electrodeposited Sn-In
on Cu foam to obtain the Sn—In electrodes in N2-purged 1.0 mM Sn?* and In®* solutions at potentials

from —-0.9to—-1.5 V.

3.2. Characterisations
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Figure 2. EDS of Sn—In catalysts produced using various deposition potentials.

Table 1. Atomic ratio data of Sn—In catalysts obtained using XPS.

Potential (V)

-0.9 -1.1 -1.3 -15

Cu 3.65 1.05 0 0
Sn 21.78 21.11 18.11 2.58
In 13.35 18.72 25.01 23.19
Sn:ln 62:38 53:47 42:58 10:90

The compositions of the Sn—In electrodes were measured with EDS and XPS (Figure 2, Table
1). The data show that there are Sn, In and O on the surface of all electrodes. Cu is found in the
electrodes deposited at potentials above —1.3 V, however the ratio of In of Sn—In electrodes increases
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with more negative potential. To reflect the compositions of the samples, hereafter, the electrodes are
identified with the atomic ratios of Sn and In calculated using the data in Table 1.

Figure 3. SEM images of electrodes obtained through electrodeposition with different compositions:
(@) Snezlnag, (b) Snszlnaz, () Snazlnsg, and (d) Sniolngo.
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Figure 4. XRD patterns of the prepared electrodes with different compositions: (a) Sne2Inzs, (b)
Snszlngz, (€) Snazlnsg, and (d) Sniolnoo.
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Figure 3a shows that the SnezlInss electrode has a closely packed granular structure. When the
proportion of In increases, the dendritic structure becomes apparent (Figure 3b),[42] and specially in
Figure 3c, it can be observed that the grains with size of 400 nm are dispersed on the dendritic
structure, showing good permeability. For Sn:In atomic ratio of approximately 1:9 (Figure 3d;
Sniolngo), it shows a thicker dendritic structure with little particles on.

Figure 4 shows the XRD patterns of prepared electrodes with Sn and In co-deposited. Cu(111),
Cu(200), and Cu(220) can be identified in Figure 4a—4d because the deposition shell is thin and
penetrable by X-rays. Reflections corresponding to both Sn and In are observed in the diffractograms
(Figure 4a—4d), indicating that Sn and In were electrodeposited on the surface of the Cu foam. Except
for the diffraction peak of Cu, the Snezlnzg electrode shows 3 reflections in the 26 range investigated
(Figure 4a), revealing a random distribution of crystals on the surface with preferential orientation in
Sn(101), Sn(220), and In(111) directions. The Snszlnsz electrode shows reflections with preferential
orientation in the In(002) and Cui1lng(400) directions[42,43] (Figure 4b). And for the Snazlnsg
electrode, it has preferential orientation in the InsSn(210), In3Sn(300), InsSn(311), and In3Sn(320)
directions in Figure 4c, indicating a structure of homogeneous dispersion of In3Sn particles (as shown
in Figure 3c).[44] In addition, the relative intensity of diffraction peaks of Sn and In was varied with
Sn/In ratio, and the Sniolngo electrode shows the diffraction peak of In is more conspicuous than that of
Sn (Figure 4d).
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Figure 5. XPS spectra of (A) Sn 3d and (B) In 3d for Sn—In catalyst electrodes (a) SnezInss, (b)
Snszlnsz, (€) Snazlnss, and (d) Sniolngo.

Table 2. Peak binding energies of Sn 3d and In 3d signals from prepared electrodes

Sn 3d In3d
electrode Sn 3dsp Sn 3dsp In 3d3,2 In 3ds2
Snez2lnss 494.9 486.5 452.1 4445
Snszlngy 495.0 486.6 452.2 444.6
Snazlnsg 495.1 486.7 4523 4447

Sn1glngg 495.3 486.9 4525 4449
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XPS signals of Sn and In are presented in Figure 5, and the peak binding energies of the Sn and
In signals are listed in Table 2. The binding energy has been corrected with the reference C 1s core
level at 284.6 eV. The high-resolution Sn 3d peak of the prepared electrodes, presented in Figure 5A,
is split into two strong peaks, which is in agreement with a report (Sn 3dz2 and Sn 3ds, binding
energies appear at 495.9 and 487.5 eV),[38] and a slight shift of Sn 3d signals with the composition of
the catalysts were observed (Figure 5Aa—d, Table 2).[38,45,46] From the XPS spectra in Figure 5Ba,
the In 3d peak is split into two strong peaks at 444.5 eV (In 3ds2) and 452.1 eV (In 3dz), which is in
agreement with a report on In203.[47,48] The In 3d signal undergoes a shift to high binding energy
when the In ratio increases in the catalysts (Figure 5Ba—d); among the indium constituents, InoO3 was
the dominant In species at the surface.[49,50]

3.3. Electrochemical Measurements

Figure 6 shows the LSV curves of the prepared electrodes in 0.1 M KHCO3z under N2 (black)
and COy (red) atmosphere. To investigate the actual electrochemical behaviour of the electrodes for
ERCO., the scanning potential was varied from —1.1 to —2.0 V because metallic oxide on the surface
of the electrode is reduced when the potential is lower than —1.1 V.[38]
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Figure 6. LSV curves recorded on the (a) Sne2lnss, (b) Snsslnsz, () Snazlnsg, and (d) Sniolngo

electrodes in a 0.1 M KHCOg solution under N2 (black) and CO2 (red) atmosphere at potentials
from —1.1 to —2.0 V (vs. Ag/AgCI) with a scan rate of 0.01 V s,
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At more negative potentials, sharp increases of the current densities can be observed under both
N2 and CO.. Under Ng, this increase is due to the reduction of H,O (HER); under CO3, the enhanced
current must be caused by the reduction of both H2O and COz. The LSV curves in Figure 6a and 6b
show that the Snezlnzs and Snszlnsz electrodes both have a certain catalytic activity for ERCO..
However, for the Snazlnsg electrode in Figure 6c¢, the reduction current density under N2 is higher while
the reduction current density under CO: is lower than that for the electrodes (Figure 6a and 6b), which
shows that it can effectively inhibit HER and improve the performance for ERCO>.[41] Figure 6d
reveals that the Sniolngo electrode has negligible catalytic activity for ERCO> because of no large
difference is found in the reduction current densities under N2 and under CO..

3.4. Electrocatalytic Reduction of CO»

The FE and STY of HCOO~ obtained using the Sn—In electrodes were determined, and the
results are presented in Figure 7.
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Figure 7. (A) FE versus electrolysis potential; (B) Tafel plot for the production of formate; and (C)
STY versus electrolysis potential on the electrode of (a) Snezlnss, (b) Snszlnaz, (€) Snazlnsg, and

(d) Sniolngo. (D) FE, and STY of the Snaszlnsg electrode used in the biomimetic electrochemical
cell.

Figure 7A shows that the highest FE obtained was 88% at —1.6 V with the Snazlnsg electrode,
and then this efficiency decreases slowly (Figure 7Ac). Its FE is always higher than that of the other
electrodes (Figure 7Aa, 7Ab, and 7Ad), which increase slowly with more negative potential.
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Therefore, in terms of FE (Figure 7Ac) and current density (Figure 6¢) of the Snazlnsg electrode, a
higher STY can be obtained through decreasing the potential. The Tafel slope of Sna.Insg (Figure 7Bc)
is only 159 mV decade!, much smaller than that of the other electrodes. A smaller Tafel slope is
advantageous for practical applications because it results in a lower rate-limiting activation energy
barrier and hence remarkably higher catalytic activity,[51] also indicating surface-area-independent
enhancement of the intrinsic catalytic activity.[52] It can be seen that the FEs of the Sn—In electrodes
increase with more negative potential (Figure 7C), however, the Snaslnsg electrode exhibits an
absolutely superior STY (Figure 7Cc), 309 pmol h=! cm=2 at —1.8 V versus Ag/AgCl, which is
considerably higher than the yields previously reported.[23] Figure 7D shows FE, and STY when the
Snszlnsg electrode was used in the biomimetic electrochemical cell; the experimental conditions
employed were the optimal conditions investigated in the previous studies.[41] The results show that
the FE is approximately 85% regardless of the potential and a higher STY (468 pmol h~! cm=2) at —1.8
V versus Ag/AgCl was attained.

4. CONCLUSION

Sn—In catalysts can be obtained through electrodeposition in the plating solution comprising
Sn(CH3COO0)2 and In(CH3COO)3, and a Snazlnsg electrode deposited at —1.3 V (versus Ag/AgCl)
shows grains with size of 400 nm dispersed on the dendritic structure.

The Snaszlnsg electrode exhibits excellent catalytic activity for ERCO: at a high potential, the
highest Faraday efficiency of 88% is achieved at —1.6 V (versus Ag/AgCl) with a Tafel slope of only
159 mV decade ™.

Its space time yield reaches 309 pumol h-! cm=2 at —1.8 V and an even higher STY can be
obtained by decreasing the applied potential. The resulting electrode can be employed in the
biomimetic electrochemical cell to obtain formate at a higher STY (468 pmol h~! cm=2 at —1.8 V).
Based on these results, Sn—In catalysts are concluded to open up the possibility of highly selective,
nontoxic, and low-energy-consumption catalysts for CO> reduction.
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