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A new class of aerogels based exclusively on metal chalcogenide D sn J s
frameworks have been developed, opening up a series of novel prop-

erties and applications. Further expanding the application of such co,
chalcogels in electrocatalytic CO, reduction is of significance for mit- \ High reduction Low

igating the rise of atmospheric CO, concentration. Herein, the tin Conv. Conv./ Hcoor
sulfide chalcogel was employed as a pre-catalyst for the construction

of efficient electrocatalysts for CO, reduction. SnS; o, and SnSg s
supported on carbon cloth (SnS; 4o/CC and SnS, 55/CC) were obtained
with different amounts of sulfur by cyclic voltammetry activation of
the tin sulfide chalcogel at different potential intervals. Compared
with SnSg 40/CC, SnS 55/CC with higher S contents exhibited a higher
formate Faraday efficiency of 93.1% at —1.1 V verse reversible hydro-
gen electrode, and the partial current density of formate was 28.4
mA/cm?, The difference in performance between SnS;,,/CC and

SnS, 0/CC

SnS, ;,/CC -1

CV activation at different potential intervals

SnS, 55/CC could be attributed to the varying sulfur contents which could favor the formation of formate.

halcogels are a newly emerging class of highly por-
ous aerogels based exclusively on metal chalcogen-
ide frameworks.'"-4 Chalcogels have the general
properties of metal chalcogenide compounds, such as unique
pore structures, suitable band gaps, semiconductor proper-
ties and so on.l'5-71 Due to the abundance of soluble chalco-
genide clusters and metal ions, the properties of chalcogels
could be tuned through carefully choosing the appropriate
anions and cations.['>89 Besides, compared with metal chal-
cogenide compounds, the one-pot synthesis of chalcogels
was usually accomplished at ambient conditions.l61011 These
features allow the chalcogels to show potential applications
in catalysis, gas separation and adsorption, environmental re-
mediation, and so on.[34812-18]
Studies of the chalcogels in electrocatalytic applications
have focused mainly on electrocatalytic hydrogen evolution
reactions,['9-211 whereas it is equally necessary to extend to
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CO, reduction reaction (CO,RR). As well known, with the com-
bustion of fossil fuels, the continuous rise of atmospheric CO,
concentration poses a serious threat to the environment and
climate. In order to mitigate atmospheric CO, concentration,
electrocatalytic CO,RR is an appealing and sustainable
strategy, as the electricity can be provided by abundant and
renewable energy sources.l22-24 The feasibility of chalcogels
in electrocatalytic CO,RR has been demonstrated by
Kanatzidis et al. using biomimetic chalcogels comprised of
Na,Sn,S¢14H,0 and (Ph,P),[Fe,S,Cl,1.1 " However, the active
sites of such catalysts were not very clear. Therefore, further
exploring the study of chalcogels in electrocatalytic CO,RR
and establishing the structure-activity relationship are of
great significance.

Among the reported chalcogels, the tin sulfide chalcogel
(SnS,) has a simple composition consisting of SnZ* and
[SnS414-, which is more favorable for establishing the relation-
ship between composition and reaction performance. Tin
sulfide has been widely investigated in the field of elec-
trocatalysis.2>-39 |n addition, tin-based materials have been
widely employed as electrocatalysts for CO,RR to produce
formate.[2931-371 Among the various liquid products, formate
is considered to be one of the most economically feasible
products, which is widely used as an important raw material
in the chemical industries and a promising carrier for hydro-
gen storage.l38-411 Therefore, SnS, chalcogel was tentatively
employed as the starting material for construction of the effi-
cient electrocatalyst for CO,RR.
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In our study, we found that SnS, was unstable and under-
went morphological and composition changes after cyclic
voltammetry (CV) activation. Such changes prompted us to
employ the chalcogel SnS, as a pre-catalyst for further study.
The “real” catalysts after CV activation at different potential
intervals were termed as SnSgos/CC and SnSg55/CC, respect-
ively. According to the characterization of the energy-dispers-
ive X-ray spectroscopy (EDS) and X-ray photoelectron spec-
troscopy (XPS), the S contents were found to be decreased for
both SnS;4o/CC and SnSy55/CC after CV activation, and the
latter had higher S contents than the former counterpart. At
—1.1 V verse reversible hydrogen electrode (vs. RHE),
SnSy55/CC demonstrated a higher formate Faraday efficiency
of 93.1% and the formate partial current density of 28.4
mA/cm?, surpassing those of SnSq/CC. The phenomenon
was attributed to the higher S contents in SnSy55/CC, which
facilitated the formation of formate. The current study could
shed light on the construction of metal sulfide electrocata-
lysts by in-situ electrochemical activation.

Materials and methods

Chemicals and materials

All the reagents were purchased commercially and used
without further purification. Sodium sulfide nonahydrate
(Na,S-9H,0), methanol, ethanol, formamide, potassium bicar-
bonate (KHCO;) were purchased from Sinopharm Chemical
Reagent Co. Ltd.. Tin (IV) chloride pentahydrate (SnCl,-5H,0)
was purchased from Shanghai Aladdin Biochemical Techno-
logy Co. Ltd.. Tin (ll) acetate (Sn(OAc),) was purchased from
Energy Chemical Co. Ltd.. Nafion 117 containing solution was
purchased from Sigma Aldrich.

Synthesis of Na,SnS,;-14H,0

Na,S-9H,0 (120 mmol) was dissolved in 100 mL H,0 with
stirring. Then, SnCl,-5H,0 (30 mmol) was dissolved in 5 mL
H,0 and added dropwise to the Na,S-9H,0 solution with con-
tinuous stirring. The solution was kept at 45 °C for 8 h and
then added to 400 mL methanol. The flask was placed in a re-
frigerator for 48 h. Precipitated white crystal of Na,SnS,-14H,0
was washed with EtOH and dried under vacuum for 24 h.

Synthesis of tin sulfide chalcogel (SnS,)

Tin sulfide chalcogel (SnS,) was synthesized by using a
modification of the literature method as follows! 2l
Na,SnS,:14H,0 (0.2 mmol) and Sn(OAc), (0.4 mmol) were dis-
solved in a total 8 mL of formamide in two separate vials. The
Sn(OAc), solution was added very slowly to the
Na,SnS,:14H,0 solution with vigorous stirring. Small, yellow-
ish-orange particles appeared upon the addition of a drop of
Sn(OAc), solution, but they disappeared with shaking. Addi-
tion of the Sn(OAc), was followed by vigorous shaking. Then,
the vial was placed in an oil bath (60 °C) for 7 days. The re-
maining formamide was decanted and the gel was sub-
sequently washed with water and ethanol over 3 days and fi-
nally dried through freeze-drying, resulting in the SnS,
powders.

Electrode preparation
10 mg of SnS,, 3 mg of carbon black, and 50 pL of Nafion
solution (5 wt%) were dispersed in 1 mL of ethanol via sonica-
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tion for 30 min to form a homogeneous ink. Then, the as-pre-
pared catalyst ink was drop-cast onto a piece of cleaned car-
bon cloth with an area of 1 x 1 cm? to form the electrode with
catalyst loading of 1 mg/cm?2. The prepared electrodes were
dried under ambient environment.

Electrochemical activation of SnS, in different poten-
tial regions

The as-obtained SnS, electrodes were electro-activated by
20-segment consecutive CV scans through two different po-
tential intervals in CO,-saturated 0.5 M KHCO; with a scan rate
of 50 mV/s. According to the quantitative analysis of XPS, the
working electrode obtained by electrochemical activation
from 0.16 V to —1.54 V vs. RHE was named SnS,,/CC. The
working electrode obtained by electrochemical activation
from 0.76 V to —1.54 V vs. RHE was named SnS 55/CC.

Electrochemical measurements

All electrochemical CO, reduction experiments was con-
ducted in a three-electrode system in a gas-tight H-cell (sep-
arated by Nafion 117) containing 180 mL of 0.5 M KHCO; elec-
trolyte at room temperature and under atmospheric pressure.
SnSg09/CC and SnSy55/CC were used directly as the working
electrodes. Ag/AgCl (with saturated KCl as the filling solution)
and platinum mesh were used as the reference and counter
electrodes, respectively. The potentials were controlled by a
CHI660E electrochemical station. Electrode potentials were
converted to RHE scale according to the Nernst equation: on:
on: on: Egye = Eag/agar + 0.197 V + 0.0591 X pH. The pH values
of N,- and CO,-saturated 0.5 M KHCOj; electrolyte were 8.52
and 7.70, respectively. After CO, was purged into the KHCO;
solution for at least 30 min to saturate the electrolyte, elec-
troreduction of CO, was investigated for 1 h at each applied
potential by the controlled potential electrolysis method. The
average mass flowrate of CO, (99.999%) was controlled at 25
mL/min by a mass flow controller (YJ-700CF) at the inlet of
the electrochemical cell. The gaseous products of CO, elec-
trocatalytic reduction were monitored by an on-line gas chro-
matography (GC) (GC9790plus, Fuli Instruments) equipped
with the flame ionization detector (FID) and thermal conduct-
ivity detector (TCD). H, and CO concentrations were analyzed
by the TCD and FID detectors, respectively. The KHCO; solu-
tion after electrolysis was collected and analyzed on an ion
chromatograph (863 Basic IC plus, Metrohm, Switzerland)
equipped with a MetrosepA Supp 4-250/4.0 column to
quantify liquid products (formate). Faradaic efficiencies (FE) of
formate, CO and H, were calculated by the equation: FE (%) =
nFz/Q, where n represents the total number of moles of form-
ate, CO and H, production, which were measured by ion chro-
matograph and GGC; F represented Faraday constant (96485); z
represented the number of electrons required to form form-
ate, CO and H, from CO,; and the Q corresponded to the
amount of cumulative charge in the process of CO, reduction,
which was provided by the electrochemical workstation.

The linear scanning voltammetry (LSV) curves of SnSgo/CC
and SnSg 55/CC were carried out in CO,-saturated or Ny-satur-
ated 0.5 M KHCO; with the scan rate of 5 mV/s based on the
above electrolysis cell. Double-layer capacitance (Cdl) was de-
termined by measuring the capacitive current associated with
double-layer charging from the scan-rate dependence of CV.
The CV ranged from 0.31 V to 0.41 V vs. RHE. The Cdl was es-
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timated by plotting the 4J (4J = j,—j.) at 0.36 V vs. RHE against
the scan rates, in which the j, and j. were the anodic and cath-
odic current density, respectively. The slope was twice that of
the Cdl values. The electrochemical impedance spectra of the
SnSg09/CC and SnS 55/CC were recorded at -0.8 V vs. RHE in
CO,-saturated 0.5 M KHCO; electrolyte with an amplitude of e
frequency range is from 0.1 Hz to 100000 Hz.

Characterizations

Scanning electron microscopy (SEM) and EDS was per-
formed on a JEOL JSM-6700F scanning electron microscope
equipped with an energy dispersive X-ray spectroscopy de-
tector. Transmission Electron Microscope (TEM) and High-Res-
olution Transmission Electron Microscopy (HRTEM) were car-
ried out on a JEOL JEM-2100Plus transmission electron micro-
scope with an acceleration voltage of 200 kV. Powder X-ray
diffraction (XRD) patterns were recorded by using a Rigaku Ul-
tima IV diffractometer (Cu Ka radiation, 2=1.5418 A) with an
operating voltage of 40 kV and a current of 44 mA. XPS meas-
urements were carried out on a Thermo Scientific K-Alpha
system, with a 400 pm spot size, 50 eV pass energy and en-
ergy steps of 0.1 eV, and aluminum anode X-ray excitation.

Results

Preparation and characterization of tin sulfide chal-
cogel (SnS,)

In the present study, the SnS, chalcogel was synthesized by
the metathesis reaction between Na,SnS,14H,0 and
Sn(OAC),. As shown in Fig. S1a, formamide solutions of two
reactants were slowly mixed, and the resultant solution was
kept at 60 °C for gelation. The SnS, powders were obtained
after the solvent exchange and freeze drying (Fig. S1b and
S1c). SEM (Fig. 1a) and TEM (Fig. 1b) images showed the form-
ation of micron-sized particles by aggregation of nano-
particles. HRTEM image reflected that SnS, powders were
crystalline with an interplanar distance of lattice fringes of
0.34 nm, which ascribed to the (201) plane of SnS and the
(101) plane of Sn,S; (Fig. 1c). EDS spectra showed that Sn, S,

Na and O presented in the SnS, powders (Fig. S2). The small
amount of Na originated from the reaction feedstock residue
and the small amount of O may be due to the exposure of the
catalyst to air. As indicated by elemental mapping, S and Sn
elements were distributed homogeneously among SnS,
particles (Fig. S3). SnS, consisted of SnS and Sn,S; according
to the XRD pattern, and the sharp diffraction peaks indicated
the crystallinity of SnS,, which also corresponded to the res-
ults of HRTEM (Fig. 1d). XPS survey spectra further confirmed
the chemical composition of SnS, (Fig. S4). As evidenced by
XPS spectra of Sn 3d, Sn presented in the form of Sn2+ (494.7
eV and 486.3 eV) and Sn*t (495.5 eV and 487.1 eV).37431 Two
characteristic peaks at 162.7 eV and 161.5 eV were assigned
to S 2p;, and S 2p;), of SnS,, respectively (Fig. 1f).13043]

Electrochemical activation of SnS, in different poten-
tial regions

SnS, powders were loaded on a 1 x 1 cm? area of carbon
cloth (SnS,/CC), which was used as a working electrode for
electrochemical CO,RR. CV scans were usually carried out pri-
or to the performance tests to activate the electrodes. We ap-
plied 10 cycles of CV scans before other tests (scan rate: 50
mV/s). Typical CV curves are shown in Fig. S5b. A reduction
peak at -0.35 V vs. RHE and an oxidation peak at 0.25 V vs. RHE
emerged in the second voltammetric cycle (this process was
poorly defined in the first voltammetric cycle), suggesting the
occurrence of reduction and oxidation for SnS,.[4445 By ad-
opting different potential intervals for activation of the elec-
trodes, SnS, would undergo different redox processes to ob-
tain electrocatalysts with different morphologies and com-
ponents. According to the atom ratio of Sn and S obtained by
XPS quantitative analysis (Fig. S9 and Table S2), the elec-
trodes activated at two different potential intervals were
named as SnSg4o/CC (0.16 V~—1.54 V vs. RHE) and SnS, 55/CC
(0.76 V~—1.54 V vs. RHE), respectively (Fig. S5a and S5b). The
electrode SnSg4o/CC  underwent only reduction, and
SnSy55/CC underwent both reduction and oxidation. From
the optical photographs in Fig. S5c-S5e, gray-white sub-
stances appeared on the surface of both electrodes after CV,
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Fig.1 aSEMimage, b TEM image, ¢ HRTEM image, d XRD patterns, e Sn 3d XPS spectra and f S 2p XPS spectra of SnS, powders.
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further confirming the transformation of substances in the CV
process. SnSg 4o/CC produced more gray-white materials than
SnS, 55/CC, indicating that different potential ranges of CV ac-
tivation had effects on SnS, conversion in electrochemical
processes. The effect of activation using different potential in-
tervals on the morphology of the electrocatalysts was con-
firmed by SEM. As shown by Fig. 2a, S6a and S6b, the pre-
catalyst SnS,/CC consisted of numerous nanoparticles that
were composed of smaller ones. The average size of SnS,/CC
particles was 69.3 + 6 nm. Compared to SnS,/CC, larger
particles with the average size of 186 + 4 nm appeared on the
SnSg0e/CC electrode. In contrast, the particles did not grow
significantly on the SnS;;s/CC electrode, with the average
size of 73.3 + 9 nm (Fig. 2b, 2¢, and S6c-S6f). The EDS map-
ping patterns of Sn and S in the three electrodes reflected the
different S contents (Fig. S7). This feature was further evident
by the elemental content analysis of the EDS (Fig. S8 and Ta-
ble S1). The Sn/S atomic ratios of SnS,/CC, SnS;,,/CC and
SnSy55/CC were 1/1.68, 1/0.09 and 1/0.47, respectively, which
were consistent with the XPS results. It indicated that the S
content of both electrocatalysts decreased after CV activa-
tion, and SnSyss/CC contained more S elements than
SnSy 0o/CC. The above results could illustrate that different ac-
tivation potential intervals in CV activation affect the morpho-
logy and composition of the electrocatalysts.

To further investigate the composition and structure of
SnSg0e/CC and SnS, 55/CC, we carried out a series of character-
izations including XRD and XPS measurements. As evidenced
by XRD patterns (Fig. 2d), SnSy4e/CC was consisted of metal-
lic Sn, SnS and Sn,S;, indicating the reduction of SnS, to
metallic Sn occurred at a potential interval (0.16 V~-1.54 V)
vs. RHE) with a small amount of unconverted SnS,. In contrast,
SnSy55/CC just showed peaks with weak intensities assigning
to Sn, SnS and Sn,S;, respectively. The reason was ascribed to
the fact that SnS, constantly underwent reduction and oxida-
tion during electrochemical activation in the potential region
of 0.76~-1.54 V vs. RHE. As evidenced by the Sn 3d XPS spec-
tra of the three electrodes, SnS; 4,/CC had the appearance of

the peak of Sn® whereas this phenomenon was not observed
for SnS, 55/CC (Fig. 2e).13746] Fig. 2f showed the S 2p XPS spec-
tra of the three electrodes. Two characteristic peaks at 168.4
eV and 169.8 eV were assigned to sulfate/nafion.#748 Two
peaks at 162.7 eV and 161.5 eV attributed to S 2p,,, and S
2ps/, of SnS,, respectively. Fig. 2e and 2f also reflected that
peaks shift of Sn and S in the XPS for SnSgo/CC and
SnSy55/CC. Relative to SnS,/CC, the XPS peaks of Sn for
SNnS;00/CC and SnS,55/CC shifted to lower binding energies,
whereas the XPS peaks of S shifted to higher binding ener-
gies, which could be attributed to the electron transfer from S
to Sn. The different degree of peaks shift could further infer
that the different potential intervals in CV activation affected
the electron transfer between Sn and S, which changed the
electronic structure of the Sn sites and thus may influence the
interaction between catalysts and CO,.[2%]

Scheme 1 demonstrated the in-situ conversion processes
of the pre-catalyst SnS,/CC through different potential inter-
vals in electrochemical activation. The CV curves of SnS 4o/CC
showed only one reduction peak at —0.35 V vs. RHE, indicat-
ing the occurrence of only reduction reactions. Most of the
SnS, was converted to metallic Sn, and a very small amount of
S remained. In this conversion, the nanoparticles on the
SnSy09/CC electrode became larger. For SnS;55/CC, SnS, was
first converted to metallic Sn and S ions entered the electro-
lyte before the oxidation process occurred with S ions. Dur-
ing electrochemical activation, SnSg 55/CC has been following
this redox process. Thus, compared to SnS;¢e/CC, SnSy 55/CC
contained more S and smaller particles. Through the selec-
tion of different potential intervals in CV activation, the pre-
catalyst transformed to two electrocatalysts with different
particle sizes and composition, which was especially reflected
in the atom ratio of Sn to S. The thus obtained catalysts fea-
ture different active sites, which were used in the electrocata-
lytic CO,RR.

Electrochemical CO,RR performance of the SnS,, o/CC
and SnS 55/CC
Electrocatalytic CO,RR performance of the SnS;,/CC and
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SEM images of a SnS,/CC, b SnS4o/CC and ¢ SnSy55/CC; d XRD patterns, @ Sn 3d XPS spectra and f S 2p XPS spectra of SnS,/CC,
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Scheme 1  In-situ electrochemical activation of SnS, by differ-
ent potential regions in CV activation.

SnSy55/CC samples were evaluated in a gas-tight H-cell con-
taining 180 mL of CO,-saturated 0.5 M KHCO; electrolyte,
which was separated by a proton exchange membrane (Fig.
$10). Fig.3a showed LSV curves of the SnS;,/CC and
SnSg55/CC in CO,- and N,-saturated 0.5 M KHCOs. As shown in
the inset of Fig. 3a, the reduction peaks were observed in LSV
curves, indicating that the self-reduction of SnSjo,/CC and
SnSy55/CC occurred during the LSV test. Both SnS;4,/CC and
SnSy55/CC exhibited higher current densities in CO,- than in
N,-saturated electrolyte, implying their promising applica-
tions in CO, electroreduction. Furthermore, SnSy 55/CC exhib-
ited a larger current density than that of SnS o/CC in CO,-sat-
urated electrolyte, suggesting SnS; 55/CC was more active for
electrocatalytic CO,RR. At potentials of —1.0 V and —1.1 V vs.
RHE, SnSy55/CC exhibited considerable current densities of
21.8 mA/cm? and 30.5 mA/cm?, respectively. To further evalu-
ate CO,RR activity and selectivity, chronoamperometry tests
were conducted at different potentials. Quantified by gas
chromatography and ion chromatography analysis, the cata-

a b Hz
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lytic products in CO, electroreduction included formate
(HCOO"), CO, and H, over the SnS;4o/CC and SnS;55/CC. As
shown in Fig.3b and S11, formate was the major product
over the whole potential range, while CO and H, were the
minor products for the SnSq4e/CC and SnSy 55/CC. SnSy 55/CC
exhibited higher selectivity to formate, achieving a formate
FE of 93.1% at —1.1 V vs. RHE, whereas the maximum formate
FE of SnS4e/CC was 86.8% (Fig. 3b, S11 and 12c). Compared
with SnS, 55/CC, the lower selectivity for formate of SnSg 4o/CC
was attributed to its preference for hydrogen evolution reac-
tions (Fig. 3b, S11 and 12a). There was no significant differ-
ence in FE for CO production between the SnS;q,/CC and
SnSy55/CC (Fig. 3b, S11, 12a and S12b). We further calculated
the partial current density (J) of the SnS; 45/CC and SnS; 55/CC
at all of applied potentials (Fig. S13). At —1.1 V vs. RHE,
SnSy55/CC exhibited a Jycoo- of 28.4 mA/cm?, which was lar-
ger than that of SnS;e/CC (22.1 mA/cm?, Fig.3c). Jy, of
SnS, 55/CC was slightly less than that of SnSg4/CC, and Jcg of
SnSy55/CC was slightly higher than that of SnSgo./CC (Fig.
S14). The stability of the SnSg4/CC and SnS;55/CC in CO,RR
were examined at a constant applied potential of —1.1 V vs.
RHE for 12 h (Fig. S15). Both SnSg45/CC and SnS, 55/CC exhib-
ited steady FEs for formate of about 83.3% and 90.4%, re-
spectively. The current densities of both electrodes showed a
trend of increasing with time, in which the current densities
increasing more rapidly in the first 2 hours. After 12 hours of
stability testing, both electrodes became whiter in color and
the particle sizes became larger (Fig. S16 and S17). The EDS
and the XPS quantitative analysis results reflected that after
12 hours of reaction, S content among the two electrodes got
decreased (Fig. S16g and S$18-520), and similar Sn/S atom ra-
tio was found for SnS;4o/CC-12 h and SnS;55/CC-12 h (Table
S3 and S4). XRD patterns and the Sn 3d XPS spectra of
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Fig.3 a, Geometrical current densities over the SnSg45/CC and SnS 55/CC in CO,- and N,-saturated 0.5 M KHCO;. b, Potential-dependent FEs
of CO, H, and formate and ¢, partial current densities of formate (Jycoo~) over the SnSy 4o/CC and SnS, 55/CC. d, Tafel plots of the SnS 4o/CC and
SnS, 55/CC. e, Charging current density differences plotted against scan rates for the SnS 4o/CC and SnS 55/CC. The fitting slopes are twice that
of the Cdl values. f, Nyquist plots of the SnSgo/CC and SnS 55/CC at -0.8 V vs. RHE.
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SnSg0o/CC-12 h demonstrated that SnSg 4o/CC was reduced to
Sn (Fig. S16e and S16f). Compared with SnS, 55/CC, SnS, 55/CC-
12 h after 12-h stability test showed clear XRD diffraction
peaks, but no obvious characteristic peak for metallic Sn was
observed in the XPS spectra. The above characterization res-
ults indicated that the electrocatalysts continued to undergo
in-situ transformation under the action of a long-time CO, re-
duction potential. Compared with other tin sulfide materials,
SnSye/CC and SnSy55/CC had comparable electrocatalytic
properties and milder synthesis conditions (Table S5).

To further understand the different activities of SnSg o/CC
and SnSgs5/CC in CO, electroreduction, we investigated the
relevant reaction kinetics. Fig.3d showed the Tafel plots
(overpotentials for formate production vs. log Jcoo) of the
two electrodes. The Tafel slopes of SnSgoo/CC and SnS 55/CC
were calculated to be 141.3 and 120.9 mV/dec, respectively.
Theoretically, the Tafel slope of activation process is 118
mV/dec. The Tafel slopes of the two electrodes were both
close to 118 mV/dec, proving that the activation of CO, serves
as the rate-limiting step in the system of SnS,.3037.431 The Cdl|
values of SnS;5s/CC (12.3 mF/cm?) was slightly larger than
that of SnS; ,o/CC (10.3 mF/cm?) (Fig. S21). Given that the CdI
value is positively correlated with the electrochemical active
surface area (ECSA), the geometrical current density was nor-
malized by Cdl values to evaluate the intrinsic activity of cata-
lysts. The Cdl-normalized current density demonstrated that
the different ECSA of the two catalysts brought by different
potential regions of CV activation was not the main reason for
the enhanced current density (Fig. S22). Further, Fig.3f
showed the Nyquist plots of the SnSy40/CC and SnSg55/CC.
The charge transfer resistance of SnS; 55/CC was smaller than
that of SnSy4,/CC, indicating a faster reaction rate.3037.43]
Based on the above analysis, SnS;55/CC promoted the kinet-
ics of CO, activation process in CO, electroreduction.

Discussion

It's found that the composition and morphology of SnS,
chalcogel were affected by the regulation of CV activation,
thus resulting in different performances for electrocatalytic
CO,RR. Using SnS, as a pre-catalyst, SnS; ,o/CC and SnS; 55/CC
were obtained through CV activation in different potential
ranges. According to the characterizations, metal Sn was gen-
erated on the SnSyo/CC electrodes after CV activation.
SnSpe/CC had less S contents than SnSgss/CC. Both elec-
trodes showed high selectivity to formate in the electrocata-
lytic CO,RR. SnSq55/CC had a higher current density and FE.
coo- than SnS; 4o/CC. This phenomenon could be attributed to
the different S content in SnSy 4e/CC and SnS; 55/CC obtained
by CV activation at different potential intervals. Being differ-
ent from SnS; o/CC, the formation for SnS; 55/CC underwent
oxidation reactions with S ions, resulting in higher S content
in SnSy 55/CC. Different degrees of the peaks shift of Sn and S
in XPS spectra and the reaction kinetics analysis indicated
that the presence of more S affects the electronic structure of
the catalysts and promotes the kinetics of CO, activation.
There were also works that demonstrated that the presence
of S enhanced the formation of formate.#649.501 The presence
of S could weaken the HCOO* adsorption energies, thus fa-
voring the formation of HCOO* toward formate.[*749, In our
work, although both electrodes still underwent transforma-

Materials Lab 2023, 2, 220046

tion after 12-h stability test, FE;coo- could be maintained and
SnSy 55/CC outperformed SnS 4o/CC. Our work sheds light on
the effect of the CV activation process for the construction of
“real” electrocatalysts for CO,RR.

Conclusions

In conclusion, tin sulfide chalcogel was prepared by a
simple and mild metathesis reaction and applied as the pre-
catalyst for electrochemical CO,RR. Tin sulfide chalcogel de-
rived catalysts with different S contents were obtained
through CV activation at different potential intervals, as the
electrocatalysts underwent different redox processes.
SnSy55/CC with higher S contents exhibited higher current
density and a higher Faraday efficiency for formate than
SnSy0o/CC. The experimental results suggested that higher S
content affected the interaction between the catalysts and
CO,, promoted CO, activation and favored the formation of
formate. Our work revealed that different S contents of cata-
lysts affected the performance of electrocatalytic CO,RR,
while the influence of the choice of potential intervals in CV
activation on the electrocatalysts conversion also brought
valuable insights for other electrocatalytic applications.
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