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ABSTRACT: The electrochemical carbon dioxide reduction reaction (CO,RR) catalyzed by Sn-based materials shows great
potential for CO,-to-formate conversion. The presence of tin species with different oxidation states can promote the catalytic
performance, most likely due to the interfaces of metallic and oxide phases that induce a synergistic effect. Therefore, it is desirable
yet challenging to synthesize a hybrid catalyst with abundant active heterogeneous interfaces. Herein, we synthesize a hybrid catalyst
constructed by decorating nanosized SnS, in the SnO, matrix. The uniformly distributed SnS, nanoparticles are first reduced to
metallic tin, which assists in the generation of abundant Sn/SnO, heterogeneous interfaces under the in situ reduction process.
Because of the electronic modulation at the heterogeneous interfaces, the resulting catalyst delivers a high current density of 200 mA-
cm™? at —0.86 V vs RHE, and the performance is stable for over 20 h. This work suggests a potentially powerful interface engineering
strategy for the development of high-performance electrocatalysts for the CO,RR.

KEYWORDS: CO, reduction reaction, tin dioxide, formate, in situ reconstruction, heterostructure

1. INTRODUCTION

demonstrate that the most appealing catalysts for formate
production are represented by main group metals and their

The global environmental concern and energy crisis have
accelerated the development of sustainable energy. In the past
decades, electrocatalysis has emerged as a prornisin%
technology for renewable energy conversion and storage.”
Among the diverse proposed methods, the electrochemical
carbon dioxide reduction reaction (CO,RR) is an elegant
solution for sustainable and renewable energy supply, which
can fix atmospheric CO, and produce fuels or industrially
important chemicals, thereby closing the carbon cycle."””
However, the energy conversion efficiency of the CO,RR is
usually impeded by the following aspects: the CO, molecule
has stable carbon oxygen bonds that require high activation
energy to break; multiple reaction routes and multiple proton/
electron transfer steps are involved during the CO,RR process;
and the reaction is accomspanied with hydrogen evolution,
resulting in poor selectivity.”” Therefore, efficient catalysts are
essential to achieve the goal of carbon neutrality based on the
electrochemical CO,RR.”"°

Formic acid or formate is regarded as a suitable target
product with high economic viability and widely applied in the
realms of both industries and agriculture.'"'” Previous studies
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compounds,”’ >~ possibly due to their non-close-packed
crystal structures.'”” In particular, Sn-based materials have
attracted substantial interest since 1980s due to their low
toxicity and earth-abundant features.'”>' However, the
sporadic Faraday efficiencies (ranging from 10 to 90%) and
undesirable intrinsic activity still hinder their application,
whereas the uncontrollable evolution of Sn species during the
CO,RR process is proposed as the primary issue.'””*~*
Generally, metallic Sn is prone to oxidation in air, and the
oxide shell contributes to catalytic activity.””*” Nevertheless,
the oxide shell tends to be reduced since the operating
potential for the CO,RR is more negative than its standard
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redox potentials. This reduction process is accompanied by
structural reconstruction and produces diverse Sn species
depending on the reduction potential, which leads to
uncontrollable variation in catalytic performance toward the
CO,RR >3

Of note, a substantial oxide phase persists in SnO, electrodes
durin% cathodic reactions as manifested by in situ observa-
tions.””*' Consequently, multivalent Sn species including
metallic Sn and its oxides are usually involved in SnO,-based
catalysts, which can contribute synergistic effects for the
catalytic process.”” >* In particular, the metallic Sn and SnO,
derived from identical precursors tend to join with each other,
forming robust heterogeneous interfaces at the grain
boundaries. Because of the unique local coordination environ-
ment at interfaces, the electronic structure of Sn atoms can be
altered, thereby influencing the intrinsic catalytic activity.*>~*’
In this regard, constructing a heterostructure of metallic Sn and
SnO, with abundant interfacial boundaries is promising to
fabricate an efficient catalyst for CO,-to-formate conversion,
wherein a uniform distribution of Sn in the SnO, matrix is
essential. However, aggregation of metallic Sn in situ derived
from SnO, is thermodynamically more favorable, and
modulating the dispersion of Sn in the nanoscale remains
challenging.

To this end, we propose a hybrid precatalyst constructed by
doping SnS, in SnO, uniformly. Different coordination
structures of Sn induce discrepant reduction barriers, and
SnS, is reduced first, forming a number of metallic nano-
domains embedded in the SnO, matrix. These metallic
nanodomains serve as nucleation sites for further generation
of metallic tin, which lead to uniform distribution of metallic
Sn and help fabricate abundant Sn/SnO, heterogeneous
interfaces. Due to the electronic modulation at the interface,
the in situ reconstructed catalyst exhibits a remarkable catalytic
performance toward the CO,RR with a high selectivity of
formate over a wide potential range, surpassing the pristine
SnO, electrocatalyst. Moreover, it delivers high selectivity and
robust stability under industrially applicable current density in
a flow cell.

2. EXPERIMENTAL SECTION

2.1. Synthesis of SnS,@Sn0, and SnO,. First, 2 mmol stannous
chloride (SnCl,) was dissolved in a 20 mL aqueous solution
containing 0.3 g of polyetherimide (PEI), 3 mL of acetic acid
(HOAc), and 0.5 mmol citic acid (CA). The solution was mildly
stirred for 30 min at SO °C. Afterward, 2 mmol thioacetamide (TAA)
was dissolved in 10 mL of deionized water and slowly added to the
above-mentioned solution under vigorous stirring to form a uniform
solution. The solution was then transferred into an autoclave and
heated at 100 °C for 24 h. After cooling to room temperature
naturally, the solid product was collected via centrifugation, rinsed
with deionized water and ethanol several times, and dried at 60 °C in
a vacuum oven. The as-obtained black powder was denoted as a SnS
precursor. The SnS precursor was then converted into SnS,@SnO,
via annealing in a muffle furnace at 550 °C for 2 h with a heating rate
of § °C-min~". To investigate the structural evolution during thermal
treatment, 1 and 3 h heating times were also adopted.

For comparison purposes, SnO, was synthesized via annealing the
SnS precursor at an elevated temperature of 800 °C for 2 h with the
same heating rate to oxidize all tin sulfide species.

2.2. Material Characterization. Scanning electron microscopy
(SEM) images were collected using a field emission SEM instrument
(Zeiss SIGMA or JEOL JSM-IT800) at 10 kV acceleration voltage.
Transmission electron microscopy (TEM) images were collected on a
JEOL JEM-2100F microscope at 200 kV equipped with an energy

dispersive X-ray (EDS) spectrometer (INCA). The crystallographic
information of the catalysts was measured on a Bruker D8 Advanced
X-ray diffractometer with Cu Ko radiation (1 = 0.15418 nm) at 40 kV
and 40 mA. The surface chemical state of the catalysts was
investigated on a ThermoFisher Nexsa X-Ray photoelectron
spectrometer with Al Ka radiation (hv = 1486.6 €V).

2.3. Working Electrode Preparation and Electrochemical
CO,RR Measurements. To prepare the working electrode, 10 mg of
electrocatalyst and 80 uL of Nafion solution (S wt %) were added to 1
mL of ethanol and ultrasonicated to prepare homogeneous catalyst
ink. Then, 500 yL of catalyst ink was sprayed on carbon paper with a
working area of 1 X 1 cm? and the resulting electrode was dried in a
vacuum oven at 60 °C for 24 h.

The electrochemical CO,RR measurements were conducted in a
gas-tight two-compartment H-cell separated using an ion exchange
membrane. Next, 0.5 M KHCOj solution was utilized as a catholyte,
which was bubbled with CO, before and during the CO,RR test (10
sccm) to ensure that CO, is saturated in the electrolyte. The catholyte
was also stirred at a rate of 300 rpm. The electrochemical
measurement was conducted using a typical three-electrode system
connected to a potentiostat (CHI 660E). A Ag/AgCl (3 M KCl)
electrode and a piece of platinum foil were utilized as the reference
and counter electrodes, respectively. The carbon paper loaded with
the catalyst was used as the working electrode. The potential of the
working electrode was held at —1.1 V vs RHE for 1 h to reduce the
catalyst before evaluation of the CO,RR performance. Subsequently,
the electrolyte was replaced, and the chronoamperometry curve was
recorded for 2 h under a static potential ranging from —0.8 to —1.4 V
vs RHE to analyze the products of the CO,RR. The product analysis
was performed according to our previous reportf“’42 In the process of
bulk electrolysis, the gaseous products were directly vented into the
sampling loop of an online gas chromatograph (Angilent 7890 B) at
20 min interval for quantification. After electrolysis, 300 pL of the
catholyte was sampled and analyzed by nuclear magnetic resonance
(NMR) spectroscopy (JEOL JEM-ECZ400S/L1) using DMSO as an
internal standard.

To evaluate the electrochemically active surface area (ECSA),
cyclic voltammetry (CV) measurements were conducted in the
potential range from 0.1 to 0.3 V vs RHE at several scan rates between
20 and 180 mV-s~! with 20 mV-s™" interval. The electrode potential
was converted to the reversible hydrogen electrode scale following
E(RHE) = E(Ag/AgCl) + 0210 + 0.0591 X pH without i-R
compensation. The TOFs of the electrocatalysts were estimated based
on the mass loading of electrocatalysts on carbon paper according to
the following equation®
j

TOF = ———
nX FXL

where j is the partial current corresponding to formate, n = 2 is the
number of transferred electrons, F(96485.3 C-mol™") is the Faraday
constant, and L (mole) is the number of active sites under the
assumption that all tin atoms in the catalyst are active.

2.4. CO,RR in a Flow Cell. The performance of the CO,RR at
high current density was evaluated in a flow cell as described in our
previous report."" To prepare the gas diffusion electrode, 1 mL of
catalyst ink was sprayed on a 2.5 X 2 cm?® carbon paper and 2 X 0.5
cm? of the carbon paper was exposed to the electrolyte. A Pt foil and a
solid Ag/AgCl electrode (GaossUnion) were used as the counter
electrode and reference electrode, respectively. The flow rate of CO,
gas was set as 30 sccm during the electrolysis. 1 M KHCO; or 1 M
KOH solution was used as the electrolyte. Electrochemical impedance
spectra were recorded with frequencies ranging from 10 kHz to 0.01
Hz at a potential of 0.1 V vs RHE, and the impedance data were fitted
according to a simplified Randles model. Electrochemical test data in
the flow cell configuration were presented with 80% i-R
compensation.

2.5. Density Functional Theory (DFT) Calculations. The spin
polarized DFT calculations were performed using MedeA VASP
(Vienna Ab initio Simulation Package).d"‘_46 The generalized gradient
approximation Perdew—Burke—Ernzerhof (GGA-PBE) exchange
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Figure 1. (a) Schematic illustration of the synthesis process of the SnS,@SnO, precatalyst and the subsequent in situ reduction process to generate
hybrid Sn-based catalysts with many metal/oxide interfacial boundaries. (b) EDS elemental mappings, and (c) SEM, (d) TEM, and (e¢) HRTEM

images of SnS,@SnO, after annealing the SnS precursor for 2 h.

correlation functional was selected to described the interactions.’
The plane wave cutoff energy was set as 400 eV. The DFT + D3
approach of S. Grimme with zero damping was used to handle van der
Waals interactions.*® The y-centered k point was sampled with a k-
spacing of 0.3 A”. For geometry optimization, the convergence
criteria of 1.0 X 107° eV and 0.01 eV-A™ were used for the electronic
self-consistent iteration and the ionic relaxations. The vacuum space
between the slabs is ~18 A.

To calculate the free energy profile of CO,-to-formate conversion,
the following elementary steps were considered

CO, + H" 4+ ¢~ + x = *OCHO (1)

*OCHO + H" + ¢~ = % + HCOOH ()

where * represents the catalyst slab. The free energy changes of each
step were calculated based on the following equations

AG(1) = G(*OCHO) — G(CO,) — G(H' + ¢7) — G(x)

AG(2) = G(x) + G(HCOOH) — G(xOCHO) — G(H" + ¢7)

The value of 0.5G(H,) was used to replace G(H" + e”) based on a
computational hydrogen electrode (CHE) model. The results of
G(CO,) = —22.79 eV, G(H,) = —6.94 eV, and G(HCOOH) =
—29.71 €V were obtained from the previous publications.*”*® After
calculating the total energy of *OCHO from DFT, the Gibbs free
energy was further calculated using the VASPKIT package at 298.15
K’

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of SnS,@Sn0,. A
uniform hybrid precatalyst of SnS, and SnO, (denoted as
SnS,@Sn0,) was obtained via a two-step synthetic approach
as illustrated in Figure la. Tin monosulfide (SnS) with a
nanoflower morphology (Figure S1) was first fabricated
through a hydrothermal method and utilized as a precursor,
which was gradually converted into SnS,@SnO, by annealing

in air. The time-dependent XRD results (Figure S2) indicate
that SnS is consumed at the initial period of annealing, as
evidenced by the disappearance of the representative
diffraction signals corresponding to SnS. Meanwhile, SnO,
and SnS, are synchronously obtained and SnS, is further
converted into SnO, as calcination proceeds. The EDS
elemental mappings of the samples obtained at different
annealing times reveal a homogeneous distribution of Sn, S,
and O along the nanosheets (Figures 1b and S3), suggesting
that SnS, is uniformly doped in SnS,@SnO,. Moreover, the
proportion of sulfide species gradually decreases as the reaction
time was prolonged (Table S1), and a blue shift of Sn 3d
binding energy was observed in the XPS spectra (Figure S4).
The time-dependent SEM images indicate that the initial
nanoflower morphology of the SnS precursor was well retained
(Figures 1c and SS5) throughout the calcination process, but
the surface of the nanosheets became coarse. In accordance,
the TEM images (Figures 1d, S1, and S6) manifest that the
nanosheet is fragmented into nanoparticles with a diameter of
a few nanometers. Cracks and chaps were observed between
the nanoparticles, which are probably correlated with the
volume contraction involved in the conversion from SnS to
$n0,. %53

Based on the above-mentioned characterization results, the
annealing process enables the construction of a heterogeneous
structure with a uniform distribution of SnS, and SnO,.
Moreover, it is expected that the SnO, and SnS, nanoparticles
have intimate connection between each other since they are
simultaneously derived from an identical SnS precursor. The
proportion of SnS, is about 10% in SnS,@SnO, according to
the EDS analysis. The corresponding TEM image (Figure le)
reveals that the sample is composed of nanocrystals with a
diameter of less than 20 nm. Nanodomains with lattices
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Figure 2. XRD patterns of (a) SnS,@Sn0, and (b) SnO, electrodes after reducing for various times. The diffraction peaks corresponding to SnS,,
SnO,, Sn, and carbon paper substrates are marked in the graph. (c) XPS spectra of reduced SnS,@Sn0O, and SnO,. SEM images of reduced (d)
SnS,@Sn0, and (e) SnO, electrodes collected via a backscattered electron detector.

indexed to the (100) plane of SnS, (circled with a yellow dash
line) were embedded in the SnO, matrix (circled with a blue
dash line), and different lattices are interwoven with each other
(Figure le). Aside from SnS,@SnO,, a control sample was
synthesized at 800 °C to oxidize the material thoroughly. The
resulting material (denoted as SnO,) has a similar tin oxidation
number compared with that of SnS,@Sn0O,, based on Sn 3d
XPS analysis (Figure S4a). It is porous, based on the SEM
observation, and only composed of tin dioxide according to the
XRD measurement (Figure S7).

3.2. In situ Reconstruction of the Catalysts. Generally,
the CO,RR is conducted under a cathodic potential more
negative than the standard redox potential of Sn/SnO,;
therefore, generation of metallic Sn is inevitable during the
electrolysis.”*** Because of the distinct coordination structures
of SnS, and SnO,, they could have different reduction energy
barriers. The XRD results suggest that SnS, in SnS,@SnO, is
fully reduced as the characteristic peak at ~15° disappears
within 10 min at —1.1 V vs RHE (Figure 2a) and the S signal is
not detected in the XPS spectrum (Figure S8). Meanwhile, the
peaks attributed to SnO, decrease slightly and diffraction peaks
correlated with metallic Sn increase. Notably, the proportion of
metallic Sn is almost constant in SnS,@SnO, for a prolonged
reaction time at —1.1 V, indicating that SnO, species were not
further reduced. In contrast, the metallic Sn in the control
SnO, sample appears after 30 min of reduction, and the
material is unstable, as the amount of metallic Sn continues to
increase significantly after 2 h of reduction (Figure 2b).
Consistent with the XRD results, a minor peak correlated with

metallic Sn species arises in both XPS spectra of reduced
SnS,@Sn0, and SnO, (Figure 2c), and the proportions of
metallic Sn generated from SnS,@SnO, and SnO, are ~ 10%
and ~20%, respectively. Based on these results, we conclude
that both SnS,@SnO, and SnO, precatalysts are converted
into new materials composed of different ratios of metallic Sn
and SnO, during the CO,RR process.

Next, we aim to explore the distribution and microstructures
of Sn and SnO, on the electrode after the CO,RR via electron
microscopy. For SEM observations, aside images obtained via a
typical secondary electrons detector (SED), a backscattered
electron detector (BED) was used to take images, which are
sensitive to the composition of the sample and capable of
distinguishing the compositional difference. In terms of SnS,@
SnO,, the shape of the nanoflower is slightly destroyed in the
reduction process (Figure S9a), indicating significant structural
reconstruction. Of note, the brightnesses in different positions
of the SEM image obtained with the BED are similar (Figure
2d), suggesting that distribution of metallic tin is uniform in
SnS,@SnO, after reduction. On the contrary, a slew of
randomly distributed metallic Sn nanoparticles is observed via
backscattered electron imaging (Figure 2e). The elemental
mappings further confirm that the brighter areas have less
oxygen contents (Figure S10). These results prove that
metallic Sn derived from SnO, experiencing an identical
reduction process tends to agglomerate and form large
particles.

TEM was used to investigate the structure in more detail.
Regarding SnS,@SnO,, the resultant still consists of nano-
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Figure 3. (a) HRTEM image of reduced SnS,@Sn0, and (b, c) zoom-in view of the selected regions. (d) EDS elemental mapping of the reduced

SnS,@Sn0,.

particles with a similar size to that of the initial precatalyst
(Figure S11). The HRTEM image (Figure 3a—c) reveals
distinct lattice fringes as marked with green and red dash lines,
which can be indexed to the (101) planes of Sn and the (110)
planes of SnO,, respectively. In addition, the distributions of
tin and oxygen elements are uniform (Figure 3d). Therefore, it
is expected that a plenty of heterogeneous interfaces are
generated between the boundaries of metallic Sn and SnO,. In
contrast, for the sample derived from the SnO, precatalyst,
isolated tin nanoparticles with a larger size are observed
(Figure S12).

Compared with pure SnO,, the unique structure with
abundant Sn/SnO, interfaces derived from SnS,@SnO, is
likely related with the presence of SnS, nanodomains, leading
to different reduction mechanisms between SnS,@SnO, and
SnO,. Given the fact that SnS, is uniformly distributed along
the SnO, matrix after thermal annealing, this metallic Sn
reduced from SnS, can incorporate with SnO, lattices
intimately and form abundant heterogeneous interfaces,
while in the case of SnO,, the reduction occurs stochastically
and segregation of metallic Sn is thermodynamically more
favorable compared with uniform distribution.

3.3. Electrochemical Measurements. To check whether
the distinct structures derived from SnS,@SnO, and SnO,
precatalysts would have noticeable impacts on their CO,RR
performance, the catalytic activity and selectivity were
compared in a H-type cell. The electrolysis was conducted
with a potentiostatic measurement. The gas and liquid
products were quantitatively identified by online gas
chromatography (GC) and 'H nuclear magnetic resonance
(NMR) spectroscopy, respectively. For both catalysts, H, and
CO were collected as gas products and formate is the only
liquid product (Figure S13). The Faraday efficiencies (FEs) of
these products are illustrated in Figure 4a,)b. In the case of
SnS,@Sn0,, the FE of formate (FE;, ) is over 80% under a
wide potential range from —1.0 to —1.4 V vs RHE and
approaches the maximum value of 90% at —1.1 V. Compared
with SnS,@Sn0O,, the FEq, ... in SnO, is apparently
dependent on the applied potential values. A volcano-shaped
correlation was observed with a maximum FE reaching ~75%

at —1.0 V, which is typically found in many Tin-based
electrocatalysts (Figure S14).

In addition to the superior selectivity, the catalytic activity of
SnS,@Sn0, is significantly higher than that of SnO,. The
partial current density (Figure 4c) for formate in SnS,@SnO,
is approximately 2 times that in SnO, under various potentials.
Of note, SnS,@Sn0O, reveals a comparable ECSA to that of
SnO, (Figures 4d and S15), but its turnover frequency (TOFs,
Figure 4e) is substantially larger, suggesting that SnS,@SnO,
has higher intrinsic catalytic activity toward the CO,RR.
Considering that both SnO, and CO, species can be reduced
on the electrode and these reactions compete with each other,
the presence of highly active sites is favorable to accelerate the
electron transfer through the CO,RR route, thereby suppress-
ing the self-reduction of SnO,. Based on the time-dependent
XRD patterns in Figure 2a, SnS,@Sn0, is converted into Sn@
SnO, quickly at the beginning of the CO, electrolysis and
remains relatively stable afterward. As a result, after the initial
activation process, the observed stable current density under a
CO, atmosphere is due to CO, reduction, instead of catalyst
reduction, which is also confirmed by stable product selectivity
(Figure S16a). A fluctuant i—t curve and variable selectivity are
obtained in SnO, (Figure S16b). In addition, more metallic Sn
is produced by reducing SnS,@SnO, in the absence of CO,
compared with that reduced under CO,RR conditions (Figure
S16c,d). Combined with the aforementioned XRD results, it is
deduced that further reduction of SnO, is suspended in the
case of SnS,@SnO, as the CO,RR is predominate. The active
sites, namely, the heterogeneous Sn/SnO, interfaces, were well
retained after S h of CO,RR electrolysis (Figure S17).

Economically competitive application of the CO,RR
technology needs to convert CO, at a high current density,
whereas the reaction rate in a H-type cell is significantly limited
by the low solubility of CO, in the electrolyte.”*~>* Therefore,
the catalytic properties of these catalysts were further evaluated
in a flow cell configuration. The LSV curves (Figures 4f and
S18) reveal that the reaction rates in the flow cell are greatly
accelerated both in KOH and KHCO; electrolytes. In
particular, SnS,@SnO, can deliver a current density of 100
mA-cm™ in KOH and KHCO; at ~—0.72 and —0.98 V vs
RHE, respectively (Figure S19). In addition, the selectivity of

https://doi.org/10.1021/acsami.2c18522
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18522/suppl_file/am2c18522_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18522?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c18522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(@)

(c)o
SnS,@sn0, [EHiHcoo" [EEjco HH, SnO, [T Hcoo I co IH2 | *
T -5
100 4 S
3 215
5 2
S 60+ 8 -20-
i ot —o—SnS,@Sn0,
S 25 ——
§‘ 40+ g sns,
5 S 30
p ©
w 20 € -354
©
a
0- 40 +— : : v : v :
14 13 12 11 10 -09 -08 44 13 42 41 1 09 44 13 42 44 10 09 08
Potential (V vs RHE) Potential (V vs. RHE) Potential (V vs. RHE)
(d) (e) - (f) o
038 6l [ sns,@8n0, |
[ sno, "g
— -100 4
o~ .
Y 064 <
g 0.6 é
£ >
£ @ -200 -
< 0.4+ S
o~ o
% o SnS,@Sn0, P —— 1M KOH
~ 02 9 Sn0, & 300- —— 1M KHCO,
- =]
[$)
0.0 T T T T T T T T T -400 T :
0 20 40 60 80 100 120 140 160 180 200 A4 A3 A2z A1 A 15 1.0 05 00
Scan Rate (mV-s™) Potental (V vs. RHE) Potential (V vs RHE)
(g )120 - (h) 0.0 100
[T Hcoo [ colmiH, . ) 9 ] ° 9 9 9 9 ) Q
?100- o 180 =
e I .044 o
3 80- o g
$ o 0.6 F60 <
k) S m
E 601 :'OR‘WWW ~ - ) PP PR 3
> 8 v e Fnmront L 40 g
@
g 404 § -1.04 2
@ s R
ol 1.2 _J L2o <
200 mA-cm2
144
0- . . : . . - : - : —0
4 09 08 07 06 05 0 2 4 6 8 10 12 14 16 18 20
Potential (V vs. RHE) Time (h)

Figure 4. Faraday efficiency of (a) SnS,@SnO, and (b) SnO, tested
current density. (d) Linear regressions of differences in current density

in a H-type cell in 0.5 M KHCOj; and (c) corresponding HCOO™ partial
(J=J.—Jo) at 0.2 V plotted against the scan rates for the estimation of the

electrochemical surface area (ECSA). (e) TOFs of SnS,@Sn0O, and SnO,. (f) LSV curves of SnS,@Sn0O, collected in a flow cell in 1 M KHCO,

and 1M KOH. (g) FEs measured under various potentials and (h) st

ability test under a current density of 200 mA-cm™ in 1 M KOH.
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displayed as CPK, while the bottom structures are shown as sticks. For
ball and sticks.

Sn/Sn0,-1, the metallic tin is displayed as CPK and the SnO, is shown as

SnS,@Sn0, is enhanced in the flow cell, the FE corresponding
to formate exceeds 90% at potential more negative than —0.7
V, and the hydrogen evolution is substantially suppressed

(Figure 4g). Furthermore, galvanostatic curves collected under

constant current densities of 200 mA-cm™> (Figures 4h and
$20) indicate a robust stability of SnS,@SnO, with FE¢y..c
exceeding 90%. The products were inspected with 2 h interval,

and the corresponding FE, ... was stable for over 20 h. In
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addition, the ratio of Sn and SnO, generated from reducing
SnS,@SnO, remains stable during the CO,RR process in the
flow cell based on the XRD measurement (Figure S21). Such a
performance is quite competitive among the recently reported
tin-based catalysts that can produce formate (listed in Table
S2).

3.4. Discussion on the Catalytic Mechanism. On the
basis of the aforementioned analysis, the final structures of
SnS,@Sn0O, and SnO, precatalysts after the CO,RR process
are different in terms of the distribution and proportion of
metallic Sn. The continuous formation of large Sn aggregates
in SnO, will act as a drag on the overall CO,RR selectivity, as
pure metallic tin generally favors the HER process. In terms of
the SnS,@SnO, precatalyst, metallic Sn nanodomains are
uniformly embedded in the SnO, matrix, forming abundant
heterogeneous interfaces between the boundaries, which we
believe can contribute to better CO,RR performance. To
understand the mechanism, we use density functional theory
(DFT) to calculate the free energy profile of CO,-to-formate
conversion on the SnO, (110) surface and Sn/SnO, model. As
shown in Figure Sa, the conversion of CO, to *OCHO via the
first (H* + e7) transfer step is relatively easy, as the AG is
negative. On the contrary, the free energy change of the system
increases to 1.06 eV when *OCHO is converted into HCOOH
on the SnO, (110) surface, indicating that the addition of the
second (H* + e7) pair is the rate-determining step.
Interestingly, this value is reduced to 0.43 eV at the interface
of Sn/Sn0,-1 (Figure Sb), implying that the sites around the
in situ generated interface of metal/oxide could be more active
for the CO,-to-formate conversion compared with the initial
SnO, phase. As the hydrogen evolution reaction is a major
competing reaction for the CO,RR in aqueous solution, the
free energy change profile of the HER at the interface of Sn/
SnO,-1 is calculated. It is obvious that the AG of *H formation
is positive (Figure S22), suggesting that the formation of *H is
less favorable compared with that of *OCHO, which explains
the high selectivity of formate. In addition to this interfacial
structure, another Sn/SnO,-2 structure was constructed by
putting a tin cluster on the SnO,(110) surface, and the
calculated results also show that the elevated free energy
change of the rate-limiting step is reduced (Figure $23).
However, it should be pointed out that the interfacial structure
is much more complicated than the models we constructed.
Due to the limited computational ability, it is difficult to
consider all the possibilities of interfacial structures. Combined
with the experimental and DFT results, we can still conclude
that uniform distribution of nanosized metallic tin in the SnO,
matrix can generate a lot of more active interfacial sites
compared with those of pure SnO,. Meanwhile, the presence
of these active interfacial sites can protect the catalyst from
further reduction, as the CO, reduction and tin oxide
reduction would compete with each other.

4. CONCLUSIONS

In this work, a hybrid precatalyst constructed using SnS, and
SnO, was synthesized based on a synchronous conversion of
the SnS precursor. The SnS, nanoparticles are uniformly
distributed in the structure, which are reduced in prior to SnO,
under cathodic potential and form metallic Sn nanodomains.
The metallic Sn nanodomains are intimately embedded with
the SnO, matrix, forming heterogeneous interfaces on their
boundaries. These heterointerfaces induce electron transfer
from metallic Sn to SnO,, which alters catalytic properties and

constructs active centers. Consequently, the as-obtained
SnS,@SnO, catalyst exhibits a remarkable performance toward
the CO,RR with high selectivity and robust stability.
Combining experimental and computational analysis, the
mechanism underlying the efficient catalytic performance was
proposed.
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