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The investigation of highly efficient catalysts for the electrochemical reduction of carbon dioxide (ER-CO5)
is the most critical challenge to commercialize conversion and utilization of CO,. Herein we propose a new
and very promising catalyst, high crystallinity Sn crystals on Ni foam (Sn@f-Ni), for the electroreduction
reaction of CO, in potassium bicarbonate aqueous solution. The catalyst is fabricated in situ on
a pretreated Ni foam substrate through a galvanostatic electrodeposition strategy. SEM and XRD
demonstrate that high crystallinity Sn crystals, with an average size of 2-3 um, evenly dispersed on the
Ni foam support can be reproducibly obtained. Electrochemical measurements demonstrate that the
Sn@f-Ni electrode at the deposition current of 15 mA exhibits superior performance in promoting the
ER-CO,. Tafel measurements show that except for electrodes with a deposition current of 5 mA, the

-1

Tafel slopes of the other four electrodes are all above 100 mV dec™, which is consistent with a rate-

determining initial electron transfer to CO, to form a surface adsorbed CO; intermediate, a mechanism
that is commonly invoked for metal electrodes. A stable composition of syngas can be obtained by
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Accepted 10th October 2020 electrolysis at —1.7 V potential (vs. Ag/AgCl), indicating that the Sn surface with high crystallinity
conforms to the Heyrovsky—Volmer mechanism at a potential of —1.7 V. The ratio of CO and H

DOI: 10.1035/d0ra03477k generation was about 1: 2, meaning it could be used as syngas for preparing some valuable fuels. This
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1. Introduction

The greenhouse effect caused by the release of CO, has become
more and more serious and attracted worldwide attention' and
finding a rational way to utilize the excess CO, is very urgent.
Nowadays, researchers worldwide are focused on converting
CO, to carbon-based products through electrochemical,
photochemical, thermochemical and biochemical methods.?
Among these methods, the electrochemical reduction of CO,
(ER-CO,) is a promising approach owing to the fact that it can
utilize off-peak electricity or intermittent renewable energy
sources to achieve energy storage and carbon recycling. The use
of noble metal catalysts has an important role in CO, reduction,
and noble metal-based nanostructures (e.g., Au, Ag, and Pt)
demonstrate impressive catalytic activity and selectivity.*”
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work provided an efficient method to convert the surplus CO, to valuable syngas.

However, the low abundance and high cost of these precious
metals limit their large-scale industrial applications. Non-noble
metal catalysts with good faradaic efficiency, high current
density and considerable stability at low overpotentials are
highly desirable to drive the development of ER-CO,.°

In this perspective, a series of electroreduction catalysts of
Sn-based materials including metal, alloy and their oxide for
catalyzing ER-CO, to produce C1 chemicals are fabricated.” The
particle size, morphology and the composition® of Sn-based
catalysts have great influence on their catalytic products and
their electrocatalytic performances. Through previous
studies,'®"** two electroreduction products, formic acid (or
formate in alkaline medium) and carbon monoxide, are
observed in aqueous solution. Meanwhile, undesired hydrogen
evolution reaction (HER) is always inevitable for its lower
overpotential needed. In this sense, CO as the main reducing
product may be a better choice, because a certain proportion of
CO and H, can be used as syngas instead of further separation.
Previous works demonstrated that the selectivity of Sn can be
tuned towards CO by introduction of a secondary metal, such as
Cu, Pt, Pd and Ni."” Takanabe et al.*® reported that a Cu based
electrocatalyst prepared by electrodeposition of Sn on thermally
oxidized Cu foil shows outstanding selectivity towards CO (CO
faradaic efficiency (FEco) > 90%) at low and moderate
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overpotentials. However, this Cu-Sn catalyst shows relatively
low geometric current densities, which are about 1.0 mA cm™>
at —0.6 Vvs. RHE, and 3.1 mA cm™ 2 at —0.8 V vs. RHE. Wallace
et al.** reported Sn-nanoparticle-decorated Cu oxide nanowires
featuring high FEco up to 82% and a CO partial current density
of 4.5 mA cm > at —0.8 V vs. RHE. Li et al."® synthesized
monodisperse Cu/SnO, nanoparticles via a seed-mediated
method by the thermal decomposition of Sn(u) acetylaceto-
nate in the presence of Cu nanoparticles, and found that Cu/
SnO, nanoparticles supported on carbon paper achieve an
excellent FEco of 93% at —0.7 V vs. RHE with a current density
of 4.6 mA cm ™. However, such Cu-Sn materials usually require
a complex multi-step synthesis procedure and their deposition
on the carbon supports adds a further step to the fabrication
process. Although promising achievements have been realized
for these catalysts, their activity, selectivity and durability are
still less satisfactory for the practical applications. Therefore,
there is still much room to tailor Sn-based catalysts for
improving the CO production performance of ER-CO,.

In this work, bimetallic electrocatalysts with high crystal-
linity Sn crystals on Ni foam (f-Ni) substrate were prepared by
electrodeposition in aqueous solution and used as a cathode for
ER-CO, to produce CO and H,. The catalytic current density can
reach 46 mA em >, In addition, the main products CO and H,
can be obtained with a stable ratio (about 1 : 2) at —1.7 V vs. Ag/
AgCl, which can be used as syngas to produce various hydro-
carbon fuels by Fischer-Tropsch process.

2. Experimental section
2.1 Chemicals and materials

SnCl,-2H,0, sodium citrate, hydrochloric acid, acetone,
ethanol and KHCO; were purchased from Aladdin Reagent, and
proton exchange membrane Nafion 117 was from Dupont. All
these reagents were analytically pure and used as received. High
pure N, and CO, stored in cylinder were from Tianjin Summit
Special Gas Co., Ltd. Deionized water was prepared by RO
reverse osmosis method followed by double-distillation. Ni
foam from Weipu Chemicals Co., Ltd. was firstly cut into small
slices with the size of 10 x 10 x 1 mm?®. The slices were then
cleaned using acetone, HCI (2.0 M) respectively under the
ultrasound condition to remove the industrial oil and NiO on
the surface layer. The treated f-Ni slices were washed with
deionized water and vacuum dried at 60 °C before used.

2.2 Fabrication of Sn@f-Ni electrode

Sn crystal particles were galvanostatically electrodeposited on
a f-Ni slice electrode in a two-electrode cell with Pt mesh (20 x
20 mm?) as the anode. The electrolyte consisted of an aqueous
solution of 0.018 M SnCl,, 0.05 M sodium citrate and 0.075 M
HCI. Electrodepositions were performed at 25 °C for 10 min
while changing deposition current (5, 10, 15, 20 and 25 mA).
The five typical samples prepared with different deposition
currents were labeled as Sn@f-Ni-5, Sn@f-Ni-10, Sn@f-Ni-15,
Sn@f-Ni-20 and Sn@f-Ni-25, respectively. The numbers after
each hyphen corresponds to the disposition currents.
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2.3 Electrochemical measurements

All the electrochemical measurements were carried out in
a gastight H-cell, separated by a proton exchange membrane
Nafion 117 between the anode and cathode cells. KHCO;
aqueous solution (0.5 M, 40 mL) as electrolyte was filled in each
cell. A gas inlet and outlet is equipped on cathode cell, which is
able to pass either purging gas or gaseous products through the
solution. A conventional three-electrode system was used for the
electrochemical performance tests. The prepared Sn@f-Ni
electrode was used as working electrode, Pt mesh (20 x 20
mm?) and Ag/AgCl electrode (sat. KCI) served as counter elec-
trode and reference electrode respectively. The scheme of the
experimental electrolysis reaction unit is shown in Fig. 1. The
cyclic voltammetry (CV) and chronocoulometry (CC) were con-
ducted at ambient pressure and room temperature (25 °C) and
the electrochemical data were recorded on a VersaSTAT3 elec-
trochemical workstation (Princeton Applied Research, AME-
TEK. Co, USA). Before the experiment, the electrolyte was
bubbled with N, and CO, for 30 min respectively. Thereafter,
the pH values of N,-saturated and CO,-saturated 0.5 M KHCO;3;
electrolytes are determined as 7.5 and 7.3, respectively. CV
curves were recorded in a potential window from 0.5 to —2.0 V
vs. Ag/AgCl at a scan rate of 50 mV s~ '. The current density (j)
was normalized to the effective geometric surface area of the
working electrode (2 cm?). If necessary for data processing, the
potentials recorded against Ag/AgCl could convert to the
reversible hydrogen electrode (RHE) potentials by the following
equation: Egyg (V) = Eagiagal (V) +0.197 V+0.0591 X PHelectrolyte-
Controlled potential electrolysis was performed with CC in the
CO,-saturated electrolyte, and CO, gas was continuously
bubbled into the catholyte during the electrolysis with a flow

rate of 13 mL min .

2.4 Morphology and chemical structure investigation

The X-ray diffraction (XRD) patterns of the samples were
measured on a D/MAX-2500 (Rigaku Co, Japan) with Cu Ko
radiation with a scan rate of 5 degree min ™" ranging from 25 to
80°. Scanning electron microscopy (SEM) and energy dispersion
spectroscopy (EDS) were recorded on a S-4800 (Hitachi Co.
Japan) at an acceleration voltage of 3 kV.
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Fig.1 Experimental device.
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Fig.2 SEM images of Sn@f-Ni samples with different deposition currents ((a and a’) Sn@f-Ni-5; (b and b’) Sn@f-Ni-10; (c and ¢’) Sn@f-Ni-15; (d

and d’) Sn@f-Ni-20; (e and €’) Sn@f-Ni-25).

2.5 Product analysis

The gas phase products were detected by gas chromatography
equipped with a thermal conductivity detector (TCD) (SP-6801,
Shandong Lunan Ruihong Chemical Instrument Co., Ltd.)
under high purity nitrogen carrier gas. The liquid phase prod-
ucts were acidized and quantified by a high performance liquid
chromatography (LC 2010C, Shimadzu Corporation Co., Japan).

The faradaic efficiency (FE) of H,, CO and formate are
calculated by the equation: FE = 2nF/Q, where 2 means the
number of electrons required for the formation of H,, CO or
formate; n represents the generated moles of H,, CO and
formate; Q is the amount of transferred charge through the
electrolysis process.

3. Results and discussion
3.1 Characterization of Sn@f-Ni electrodes

The SEM images of Sn@f-Ni fabricated at different electrode-
position current are shown in Fig. 2. The low- and high-
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Fig. 3 XRD (a) and EDS (b) patterns of Sn@f-Ni-15 sample.
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resolution SEM patterns demonstrate that the morphologies
of the five samples have tremendous differences compared with
the pure f-Ni surface (see in Fig. S17) because of the rate of
nucleation and growth process at different current. For the
sample Sn@f-Ni-5, the flat coating layer of Sn suggests that
many crystal nucleus formed on the fiber surface of f-Ni, but
they have no chance to grow up because of the electrodeposition
time limit. With current increases, the Sn coating layer is
growing fast at the existing nucleation clusters, while the
growth rate is slower where the nucleus is lacking. With the
increase of current from 5.0 mA to 15.0 mA, more globular
nodule-like grains appeared on the coating surface. It seems
that the coating has more compact and uniform structure at the
current of 15 mA, accompanied with the more globular grains
(Fig. 2c and ¢'). Sn crystals with the size of about 2-3 um are
tightly bonded to Ni foam. When the deposition current was
increased, the deposited Sn elements grew rapidly and irregu-
larly on the surface of Ni foam. The particles were large and
uneven of the surface as shown in Fig. 2d, d’, e and ¢'.
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The result of weighing method demonstrated that the
deposition amount is a function of current, while the weight
increments has a slight decrease at higher current of 20 and 25
mA. The reason for this result may be that the fast crystalliza-
tion at high current can reduce the number of exposed nucleus,
and there is no extra surface for later particles to grow up.

To exam the crystal structure and surface elements of Sn@f-
Ni electrode, the Sn@f-Ni-15 sample was further analyzed by
XRD and EDS. The XRD pattern of the as-prepared Sn@f-Ni
electrode material is depicted in Fig. 3a.

The peaks located at 26 = 44.5°, 51.8° and 76.3° are assigned
to (111), (200) and (220) planes of Ni foam substrate (PDF #01-
071-3740), the other diffraction peaks such as 26 = 30.6°, 32°,
43.8° and 44.9° corresponds to (200), (101), (220) and (211)
planes of Sn (PDF #01-086-2264), which is attributed to the
presence of electrodeposited Sn metal. In addition, the
evidences of impurity phase are not observed. At the same time,
from the sharpness of the diffraction peak, the Sn metal elec-
trodeposited on the Ni substrate has a high crystallinity.

Fig. 3b presents the element distribution of Sn@f-Ni-15
sample measured by EDS method. It can be seen from the figure
that the peak of the Sn particles is larger than that of the Ni
substrate. The result calculated from EDS data showed that 99.9%
of the sample surface was covered with Sn element, and the high
coverage surface is consistent with the results of XRD test.
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3.2 Electrocatalyst performance test

Fig. 4a and b exhibit the CV curves in N, and CO,-saturated
0.5 M KHCO; solution respectively for Sn@f-Ni electrodes
fabricated at different deposition currents. It can be seen from
both (a) and (b) that the current densities are very close at the
deposition currents of 10 and 15 mA, which is more negative at
a certain potential than that of the remaining three samples. As
shown in Fig. 4c, the maximum difference of current density
can be obtained for the Sn@f-Ni-15 electrode, implying the
fabricated Sn@f-Ni electrode with the deposition current of 15
mA can exhibit highest performances in promoting the ER-CO,,
and simultaneously inhibiting the HER. The faradaic efficiency
toward CO of different samples is shown in Fig. 4d. Among
these samples, Sn@f-Ni-15 sample has the highest faradaic
efficiency. This is consistent with the results of the CV curve in
Fig. 4c.

To evaluate the kinetics of the carbon dioxide reduction, the
Tafel plots derived from linear sweep voltammetry are pre-
sented in Fig. 5. When the current density is 5 mA, the Tafel
slope is 77.6 mV dec *, which is between 40 mV and 116 mV
dec ™. The electrode (Sn@f-Ni-5) can be derived Volmer-Heyr-
ovsky mechanism.'®"” The other four electrodes (Sn@f-Ni-10;
Sn@f-Ni-15; Sn@f-Ni-20; Sn@f-Ni-25) have Tafel slopes have
been over 100 mA dec™*. These slope are consistent with a rate-
determining initial electron transfer to CO, to form a surface
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Fig. 4 CV curves of different deposited current (Sn@f-Ni-5; Sn@f-Ni-10; Sn@f-Ni-15; Sn@f-Ni-20; Sn@f-Ni-25) under N, and CO,: CV curves
under N5 (a); CV curves under CO, (b); CV curves of deposited current (10, 15 mA) under N, and CO, in 0.5 M KHCOs aqueous solution at the
scan rate of 50 mV s~* (c). Faradaic efficiency of different electrodes at —1.7 V potential (Sn@f-Ni-5; Sn@f-Ni-10; Sn@f-Ni-15; Sn@f-Ni-20; Sn@f-

Ni-25 (d)).
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Fig. 5 Tafel plots of different deposited current ((a) Sn@f-Ni-5; (b)
Sn@f-Ni-10; (c) Sn@f-Ni-15; (d) Sn@f-Ni-20; (e) Sn@f-Ni-25).

adsorbed CO;” intermediate, a mechanism that is commonly
invoked for metal electrodes.”®* During the electrolysis
process, the possible reaction routes are as follows:
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CO, + e —CO; (1)

CO, + H'(aq) + e~ + * — "COOH (2)
"COOH + H*(aq) + ¢~ — CO + H,0 3)
H'(aq) +e” +" — H’ (4)

H' +H'(aq) +e~ — H, (5)

For 15 mA and 20 mA electrodes, the slopes are similar. A
stable synthesis gas composition can be obtained by electrolysis
at a potential of —1.7 V, which indicates that the Sn surface with
high crystallinity conforms to the Heyrovsky-Volmer mecha-
nism at a potential of —1.7 vV.*®

The exchange current density (i,) of the electrocatalyst,
which describes the reaction rate at equilibrium potential and is
another key parameter for evaluating electrode activity, is
shown in Table S3.1 The exchange current density of Sn@f-Ni-
15 sample is 0.2064 mA cm™ >, which is higher than the
exchange current density of the other four electrodes. In
summary, the results show that the Sn particles of the Sn@f-Ni-

b 100}
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for ER-CO, to CO and producing H, on Sn@f-Ni electrode at different

electrolysis potentials range from —1.3 to —1.8 V (b); FE of HCOO™ on Sn@f-Ni electrode at different electrolysis potentials range from —1.3 to
—1.8 V (c); FE of total and ER-CO, on Sn@f-Ni electrode at different electrolysis potentials range from —1.3 to —1.8 V (d).

39030 | RSC Adv, 2020, 10, 39026-39032

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03477k

Open Access Article. Published on 23 October 2020. Downloaded on 11/6/2025 5:04:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
-90 70
=-1.7V vs Ag/AgClI
-85 Ve R9iRg 65
-804 L | n [ ] | [ | 60
¢\',E-75- mHy |55
570 ® co |58
<-65- w
§-60- -45L
> 55 -40
-50 e o ©® o o o [35
-45 +30

L L L I I 1 L 25
0 18003600 5400 7200 900010800
Timels

Fig.7 Thei-tcurves and FE of CO and H, at the potential of —1.7 V vs.
Ag/AgClin CO,-saturated 0.5 M KHCO3 aqueous solution for 3 h.

15 electrode have good dispersibility, maximum exchange
current density, and maybe highest faradaic efficiency. The
particle size and good dispersibility of the coated Sn crystals
greatly improve the electrode activity.” The result of electrolytic
test (Table S17 and Fig. 5) can also demonstrate the electrode
Sn@Ni-15 has better activity and selectivity.

The ER-CO, with Sn@Ni-15 sample as working electrode was
performed at different electrolysis potentials range from —1.3 to
—1.8V, and the results are shown in Fig. 6. The i-¢ curves of ER-
CO, at different electrolysis potentials are shown in Fig. 6a. At
the electrolysis potential of —1.8 V, the current density of ER-
CO, exhibits the highest value, but the corresponding stability
is poor, while the high stability and low current densities of ER-
CO, are obtained at the other electrolysis potentials.

The FE for ER-CO, to CO and producing H, by using Sn@f-Ni
at different electrolysis potentials were given in Fig. 6b. It can be
seen that the FE for producing CO increases with the decreasing
electrolytic potential from —1.3 to —1.8 V, explained by the
inhibition of HER by ER-CO, at low electrolytic potential.**>°
However, the FE of CO release decreases with continuously
reduced cathode potential to —1.8 V, owing to the fact that HER
becomes dominant, which is similar with those of reported Ag,
Cu and Au as catalysts.* The maximum FE toward CO is 34.23%
and the FE of producing H, is 62% by using Sn@f-Ni-15 elec-
trode at the potential of —1.7 V. It can be calculated that the
ratio of CO and H, remains about 1 : 2 in ER-CO,.

It was found from Fig. 6¢ that the FE for ER-CO, to HCOO™
on the Sn@f-Ni is no more than 5% at different electrolysis
potentials. While the FE of total reaction is around 100% (+4%)
(Fig. 6d), and the FE of ER-CO, reaction (reaction to form CO
and HCOO) at potential range from —1.8 to —1.6 V is close to
40%. The results indicate that the performance of the Sn@f-Ni-
15 electrode is stable within the potential range. Meanwhile, the
maximum FE of CO + H, can reach 96.23% at the electrolysis
potential of —1.7 V.

In order to investigate the stability of the Sn@f-Ni-15 elec-
trode, the ER-CO, reactions were carried out at —1.7 V. The i-¢
curves and the FE of CO and H, at the electrolysis potential of
—1.7 V are shown in Fig. 7. It can be observed that the current
density as well as FE of CO and H, can remain the certain values

This journal is © The Royal Society of Chemistry 2020
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without obvious deviation. The results suggest that Sn@f-Ni-15
electrode can keep stable for a long operation time. In addition,
the ratio of CO and H, can maintain about 1 : 2 in ER-CO,, for
3 h, which can be used as syngas. This is accordance with the
reported noble metallic Au-coated nanowires electrode,* except
for low cost.

4. Conclusions

In summary, the Sn@f-Ni was prepared by the electrodeposition
method and investigated by XRD, SEM and EDS measurements.
Then Sn@f-Ni electrode was applied for the ER-CO, to CO and
H, in an aqueous electrolyte. The electrochemical tests show
that the Sn@f-Ni electrode deposited at current of 15 mA
displays superior performances. Typically, the FE of CO and H,
can reach 34.23% and 62% respectively at the potential of
—1.7 V vs. Ag/AgCl, and the electrode exhibits a large current
density of 46 mA cm > and good stability in the process of
electrolysis. More importantly, the ratio of CO and H, genera-
tion is about 1 : 2, which can be used as syngas for preparing
more valuable fuels. Results revealed that the Sn@f-Ni electrode
can be regarded as a potential alternative electrode for ER-CO,.
The research work provides a simple method for the recycling
economy of CO, to relieve the dual pressure of present energy
and environment.
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