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Sn based film with a thickness of 169 nm has been electrodeposited on copper plate from a choline
chloride/ethylene glycol based electrolyte containing SnCl,. Electrochemical reduction of carbon
dioxide (CO;) has been studied on the prepared Sn based film electrode in KHCOj3 aqueous solution.
The electrolysis results show that the faradaic efficiency for producing formate is affected by the time
of the electrode exposed to air and the electrolysis potential. We find that the Sn based film can
improve the electrocatalytic activity for CO, reduction. The faradaic efficiency for producing formate
on the Sn based film electrode (74.1%) is higher than that on the Cu plate electrode.
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1. INTRODUCTION

Current energy production methods raise atmospheric concentrations of CO,, which is the key
factor for climate change because of its greenhouse properties. Recycling and converting CO, into
useful fuels and chemical feedstocks have become a significant challenge [1-4]. Among the several
pathways to reduce CO, concentration, electrochemical reduction of CO, has received considerable
interest as it consumes less energy than traditional chemical reduction processes and can operate
benignly under ambient reaction conditions [5-10].

Among various available products from electrochemical reduction of CO,, formic acid/formate
is one of the highest value-added chemicals. Formic acid is widely used in the textile industry, tanning
industry, rubber processing industry, and pharmaceutical industry [11]. Formic acid could also
function as an energy vector for the storage of excess of electricity, as it can be used in the direct
formic acid fuel cell to produce electricity [12]. Electrochemical reduction of CO, to formate as a large
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scale application is economically feasible which were announced by many researchers, and the
economic feasibility of this process depends intensely on the cathode material, including its
electrochemical performance and cost [6]. Dominguez-Ramos et al. investigated the environmental
sustainability of producing formate or formic acid by electrochemical reduction of CO,, and found that
the greenhouse gas emission for the process was 0.33 kg CO, for producing 1 kg of HCOO under the
optimistic conditions, which was lower than the current commercial production processes (3.1 kg COy)
[13]. Agarwal et al. also discussed the engineering and economic feasibility of large scale
electrochemical reduction of CO, to formate, and suggested that this process can be operationally
profitable [14].

The success of electrochemical reduction of CO, to formate hinges on the development of
efficient electrocatalysts that selectively and efficiently reduce CO, using H,O as an H* source. One of
the fundamental challenges in catalyst development is to suppress the reduction of H* to H, [15, 16].
Metal electrodes were commly used for the study of electrochemical reduction of CO,, and most of
them have a strong preference for H* reduction over CO, reduction in aqueous solutions [17]. Unlike
other metals, the metals with high hydrogen overpotentials, such as Sn, Bi, Pb, In and Hg, tend to
produce formate in aqueous solutions with high selectivity and high faradaic efficiency [5, 17-23].
Chen et al. prepared a thin-film catalyst by simultaneous electrodeposition of Sn° and SnOx on a Ti
electrode, which exhibited up to 4-fold higher faradaic efficiency for CO, reduction than a Sn
electrode with a native SnOy layer [24]. Kwon et al. prepared three-dimensional active Pb electrodes
on Pt substrate by applying stepwise potential deposition, and they observed higher faradaic efficiency
of this electrode (94.1%) than that of commercial Pb foil (52.3%) at 5 °C [25]. These researches
indicated that the electrodeposition metal catalyst on the substrate can be used as the electrode for
electrochemical reduction of CO,.

In this paper, a Sn based film was prepared on Cu plate substrate by electrochemical deposition
in nonaqueous solution, which was used as cathode for electrochemical reduction of CO,. The
influences of key variables like the time of the electrode exposed to air and the electrolysis potential on
electrochemical reduction of CO, to formate were studied to obtain the optimal electrolysis conditions.

2. EXPERIMENTAL

2.1. Preparation of Sn/Cu electrode

A Cu plate (0.1 mm thick) was ultrasonically cleaned with ethanol and deionized water, dried
with flowing air and electropolished in 85% H3;PO, at 4 V vs. a Pt counter electrode for 5 min,
successively. Then the obtained Cu plate was used as the substrate for electrochemical deposition of
Sn. The electrochemical deposition was performed on the Cu substrate in nonaqueous solution
containing 0.1 mol L™* SnCl,. The nonaqueous solution was formed by stirring choline chloride and
ethylene glycol in a mol ratio of 1:2 at 80 °C for about 30 min. Sn based film was deposited on the Cu
substrate by electrochemical deposition at 0.7 V for 5 min, and the sample was marked as Sn/Cu
electrode.
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2.2. Electrochemical experiments

The electrochemical experiments were carried out using a conventional three-electrode system
in an airtight and undivided glass cell equipped with a gas inlet and outlet which is able to pass either
N2 (99.99%) or CO; (99.99%) through the solution. The working electrode was the prepared Sn/Cu
electrode with the geometric surface area of 1 cm?® A Pt plate (2 cm?) and an Ag/AgCl electrode (sat.
KCI) was chosen as the counter electrode and the reference electrode. All potential values are in
reference to Ag/AgCl electrode. The electrolyte used was 40 mL of 0.1 mol L™ KHCO; aqueous
solution. All experiments were performed under room temperature (22 + 3 °C) and ambient pressure.

The electrochemical measurements were performed with a CHI 660D electrochemical
workstation (Shanghai Chenhua Instruments Co., Ltd., China). Linear sweep voltammetry (LSV) was
performed in 0.1 mol L™ KHCO; aqueous solution after being bubbled with N, or CO, for 30 min at a
scan rate of 0.05 V s *. The current density (j) is determined on the geometrical area of the electrode.

Electrolysis was carried out potentiostatically using a LAND CT2001C cell performance-
testing instrument (Wuhan Electronics Co., Ltd., China). The electrolyte was saturated with CO,
before each electrolysis process, and CO, gas was bubbled continuously at a flow rate of 20 mL min™*
during the electrolysis process. The electrolysis experiments were terminated when the amount of
charge passed reached to 50 C. The average current density (j,) is expressed as the total current divided
by the geometric area of the electrode.

2.3. Analysis and calculations

Scanning electron microscope (SEM) images were collected by a Hitachi S-4800 microscope at
an acceleration voltage of 15 kV. X-ray diffraction pattern (XRD) was recorded on a Rigaku D/MAX
2200 diffractometer using Cu Ka radiation (A = 1.54056 A), scan range from 25 to 80 ° at a scan rate
of 0.12°s™

The products in the electrolyte after electrolysis were directly analyzed by ion chromatography
(1CS-900 Dionex). The column was an lonPac AS11-HC anionic column using 0.02 mol L™ KOH as
the mobile phase at the rate of 1 mL min %, 10 L of the electrolyte were used for each time.

The faradaic efficiency for pruducing formate (f) is determined by equation (1):

f=2nF/Q 1)

where 2 represents two electrons required for the formation of one molecule of formate from
COgy; n is the moles of the formate produced which can be calculated according to the data of ion
chromatography; F is Faraday’s constant (96485 C mol " of electrons); and Q is the total charge passed
across the electrode during the electrolysis process (Q =50 C here).

3. RESULTS AND DISCUSSION

Fig. 1a and b give the morphologies of the Cu plate before and after electropolishing, from
which it can be seen that the surface of the Cu substrate is smooth after electropolishing. It also can be
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seen from the inset of Fig. 1b that there has no impurity on the surface of the Cu substrate after
electropolishing. Fig. 1c gives the morphology of the Sn based film on the Sn/Cu electrode, which
shows that the Sn based film is tightly adhered to the Cu substrate. Fig. 1d shows the EDS spectrum of
the Sn/Cu electrode. It can be seen that the peaks of Sn appear obviously and the atomic percents of Sn
and Cu are 14.5% and 85.5%. The results from Fig. 1c and d indicate that Sn has been deposited on the
Cu substrate successfully. The thickness of Sn based film (6) on the Sn/Cu electrode is around 169 nm
thick, which can be roughly calculated by equation (2):

&= (mp—my) x 10"/ (pS) (2)

where m; and m, are the weights of the Cu plate substrates before and after electrodeposition of
Sn, respectively, and the units of which are gram; p is the density of Sn (7.298 g cm); S is the
geometric surface area of the Cu plate substrate (S = 10 cm? here).
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Figure 1. (a-c) SEM pictures of the Cu plate (a), the polished Cu plate (the inset is its EDS spectrum)
(b), and the Sn/Cu electrode (c). (d) EDS spectrum of the Sn/Cu electrode.

Fig. 2 gives the XRD pattern of the Sn/Cu electrode. The peaks at 43.3, 50.4, and 74.1 ° are
assigned to (111), (200), and (220) planes of the Cu substrate (PDF 4-836), respectively. Other peaks
should be attributed to the Sn based film, which indicates the presence of two basic phases in Sn based
film: Sn (PDF 1-926) and CusSn (PDF 65-4653). The peaks at 30.7, 32.1, and 64.2 ° are assigned to
(200), (101), and (400) planes of the deposited Sn, respectively, and the peak at 77.3 ° is assigned to
(103) plane of CusSn. The in situ formation of CusSn layer can be attributed to the mutual diffusion of
the Sn and Cu atoms [26].
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Figure 2. XRD pattern of the Sn/Cu electrode.

In this experiment, we found that the exposure time of the Sn/Cu electrode in the air will affect
its electrochemical behavior, so we compared the electrochemical behaviors of the Sn/Cu electrodes
exposed to air for 0 and 24 h. Fig. 3 depicts the LSV curves of the Sn/Cu electrodes in 0.1 mol L™
KHCO; solutions after being bubbled with N, or CO, for 30 min. As shown in Fig. 3, under CO,, the
current density of the Sn/Cu electrode exposed to air for O h is a little higher than that exposed to air
for 24 h; whereas under Ny, it is greatly higher than that exposed to air for 24 h. Under N, this
increase is due to the H; evolution only; under CO,, the enhanced current must be caused by both the
reduction of the CO; and the evolution of H,. The LSV results illustrate that the seriously H, evolution
reaction causes the CO; reduction activity of the Sn/Cu electrode exposed to air for 0 h decrease. The
electrolysis experiments were also carried out at —1.8 V in CO, saturated 0.1 mol L™* KHCOj; aqueous
solution, which is the optimal electrolysis condition abtained by our previous work [27].

—G—Sn/Cu-N,-0 h
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Figure 3. LSV curves on the Sn/Cu electrodes exposed to air for 0 and 24 h before the LSV
measurements, respectively. The measurements were carried out in 0.1 mol L™ KHCO;
solution after being bubbled with N, (hollow) and CO, (solid) for 30 min at a scan rate of 0.05
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The faradaic efficiency for producing formate of the Sn/Cu electrode exposed to air for 0 h is
41.3%; and when the exposure time is 24 h, the faradaic efficiency can reach to 74.1%.

It is known that when the Sn/Cu electrode is exposed to air, the surface of Sn based film will be
oxidized slowly. Chen et al. compared the faradaic efficiency for producing formate on the Sn
electrode without oxide layer to that on the SnO./Sn electrode at low electrolysis potential (—1.14 ~
—1.34 V vs. Ag/AgCl), and found that the faradaic efficiency of the Sn electrode without oxide layer
was lower than 1%, whereas that of the SnO./Sn electrode was up to 40% [24]. Zhang et al. revealed
that the H, evolution reaction is more likely to happen on the Sn electrode without oxide layer, and the
oxide layer of the Sn electrode can inhibits the H, evolution reaction [28]. If the Sn electrode without
oxide layer is exposed to the air, its surface will be oxidized gradually. It indicates that for the Sn/Cu
electrode exposed to air for 24 h, its oxide layer inhibits the competing reaction (H, evolution reaction)
of CO; reduction reaction, therefore it exhibits high activity for CO, reduction. Consequently, the
Sn/Cu electrodes were exposed to air for 24 h in the following experiments.

The effects of electrolysis potential on the faradaic efficiency and the average current density
for producing formate during the electrochemical reduction of CO, have been investigated, and the
results are shown in Fig. 4. It can be seen that the average current density increases as the electrolysis
potential decreases from —1.5 to —1.9 V. The faradaic efficiency for producing formate increases as the
electrolysis potential decreases from —1.5 to —1.8 V, and reaches to the maximum (74.1%) at —1.8 V.
As the electrolysis potential decreases further, the faradaic efficiency begins to decrease. These results
are consistent with other literatures of the Sn electrode [19, 28].
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Figure 4. Variations of the faradaic efficiency (m) and the average current density (o) for producing
formate with the electrolysis potential.

Fig. 5 shows the variations of the electrolysis current density with the electrolysis time during
the electrochemical reduction of CO, at different electrolysis potentials. It can be seen that the current
density remains almost un-changed at each electrolysis potential, which may mean that the Sn/Cu
electrode as the cathode exhibits stable performance [29]. It also can be seen that the lower the
electrolysis potential is, the stronger the electrolysis current density vibrates, this can be attributed to
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the enhancement of H, evolution at more negative electrolysis potentials. We can see that bubbles
form and increase fast on the surface of the Sn/Cu cathode at more negative electrolysis potentials
during the electrolysis process.
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Figure 5. Variations of the electrolysis current density with electrolysis time during the
electrochemical reduction of CO, at the electrolysis potentials from —1.5 to —1.9 V.

Fig. 6 depicts the LSV curves of the polished Cu plate electrode and the Sn/Cu electrode in 0.1
mol L' KHCOj solutions after being bubbled with N, or CO, for 30 min. For the Sn/Cu electrode, the
reduction current density under CO, is the biggest, and that under N, is the smallest. Under N, the
increase of the current is due to the reduction of H,O (H: evolution reaction) only; under CO,, the
enhanced current must be caused by the reduction of both H,O and CO, [3]. It indicates that the Sn/Cu
electrode has excellent electrocatalytic activity toward CO, reduction.
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Figure 6. LSV curves on the polished Cu electrode and the Sn/Cu electrode in 0.1 mol L™ KHCO3

solutlions after being bubbled with N, (hollow) and CO, (solid) for 30 min at a scan rate of 0.05
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We also carried out the electrolysis experiments on the polished Cu plate electrode at —1.8 V in
CO, saturated 0.1 mol L* KHCO; solution, the electrolysis results are shown in Fig. 7. It can be found
that, for the polished Cu electrode and the Sn/f-Cu electrode, the faradaic efficiencies for producing
formate are 20.2% and 74.1%, respectively; the average current densities for electrolysis are 5.69 and
5.08 mA cm 2, respectively; the production rates for electrochemical reduction of CO, to formate are
21.4 and 70.3 pmol h™*, respectively. For the polished Cu electrode, the average current density is
high, whereas the faradaic efficiency and the production rate of formate are great lower than those of
the Sn/Cu electrode. It is well known that the faradaic efficiency for producing formate on Cu
electrode is very low [30, 31]. The above results demonstrate that depositon a layer of Sn based film
can improve the electrocatalytic activity of Cu electrode toward CO, reduction. It can be concluded
that the Sn/Cu electrode is an excellent electrode for electrochemical reduction of CO; to formate.
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Figure 7. Faradaic efficiencies, average current densities and production rates for electrochemical
reduction of CO, to formate on the polished Cu electrode and the Sn/f-Cu electrode.

4. CONCLUSIONS

Sn/Cu electrode has been prepared by deposition a Sn based film on Cu plate substrate, which
has been used as cathode for electrocatalytic reduction of CO, to formate. Faradaic efficiency for
producing formate is influenced by the time of the Sn/Cu electrode exposed to air and the electrolysis
potential. The Sn/Cu electrode exposed to air for 24 h shows better preformance for CO, reduction,
because the Sn film surface can be gradually oxidized and form an oxide layer which can inhibit the
competing reaction (H, evolution reaction) of CO, reduction reaction.

When the electrolysis is carried out at the optimum conditions, that is, the electrolysis is carried
out at —1.8 V vs. Ag/AgCl on the Sn/Cu electrode exposed to air for 24 h, the faradaic efficiency for
producing formate can reach to 74.1%.
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