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Current Sn-based materials are ideal catalysts developed to drive the electrochemical conversion of CO, to
formate, but competing proton reduction to hydrogen is an ever-present drain on catalytic selectivity.
Herein, we report a reliable electrochemical exfoliation route, with the assistance of alternating voltage,
for large-scale preparation of two-dimensional (2D) ultrathin tin monosulfide nanosheets (SnS NSs),
which feature a large lateral size of 1.0 um with a thickness of ~5.0 nm. Systematic electrochemical
studies demonstrated that the achieved SnS NSs exhibited an outstanding electrocatalytic activity
towards the CO, reduction reaction (CO,RR) to the formate product, as evidenced by a considerable
faradaic efficiency (F.E.) of 82.1%, a high partial current density of 189 mA cm~2 at —1.1 V, and a low
Tafel slope of 180 mV dec™ . Further, using an electrode prepared from the resulting SnS NSs by the
particle transfer method, a remarkably high formate F.E. over 91% was achieved in a wide potential
window. Such high performance renders the SnS NSs among the best reported tin sulfide-based CO,RR
electrocatalysts. Theoretical calculations coupled with comprehensive experimental studies
demonstrated that the synergistic effect between the ultrathin layered architecture and dominantly
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Introduction

The electrochemical CO, reduction reaction (CO,RR) has been
recognized as a promising strategy to convert problematic CO,
into value-added feedstocks, thanks to the multiple advantages
of the electrochemical route, including mild conditions (i.e.,
ambient pressure and room temperature), potential synergy
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exposed (001) plane of SnS NSs accounted for the uniquely efficient catalytic activity for the CO,RR.

with renewable energy, and product tunability.”” However, the
electrochemical CO,RR occurs at a potential close to that of the
hydrogen evolution reaction (HER), inevitably leading to
a rather low selectivity toward the CO,RR since the HER is
thermodynamically more favorable in most electrocatalysts.
Moreover, the development of advanced CO,RR electrocatalysts
still faces issues of high overpotential, low efficiency, slow
kinetics, and poor stability.*** Thus, exploration and develop-
ment of high-performance electrocatalysts, i.e., exhibiting high
activity, high selectivity, and robust stability, are of great
importance and understandably become the necessary prereq-
uisites to fulfill high-efficiency electrochemical CO, conversion.
Among the various CO,RR products, formate (HCOOH) is one of
the most appealing products as a liquid fuel with high energy
density and is convenient to handle and transport. Although
a variety of metal-based materials, such as Pb, Hg, and Cd, have
been reported as CO,RR electrocatalysts to produce the HCOOH
product, their high toxicity greatly limits their widespread
application.”™ In contrast, as environmentally friendly, rela-
tive low cost, non-noble metal catalysts, copper-based, bismuth-
based, and tin-based materials have recently received much
attention for selective conversion of CO, into HCOOH due to
their intrinsic electrochemical properties, that is, the larger
hydrogen evolution potential, the smaller CO adsorption
energy, and the stronger stabilization of HCOOH."*** For

This journal is © The Royal Society of Chemistry 2020
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instance, tin sulfides have recently attracted considerable
attention for selective conversion of CO, into HCOOH.:**
However, the overall electrocatalytic activity and selectivity of
tin sulfide-based materials for HCOOH production are not
satisfactory due to the limited exposed active sites/planes and
low charge transfer rate in bulk materials.””* Moreover, it
remains unclear which is the major active site for selective
catalysis toward the HCOOH product. In this respect, ultrathin
nanosheets with a layered crystallographic structure and
a specific exposed facet deserve extensive investigation, as they
hold promise in further improving the associated electro-
catalytic properties and provide a chance to study the catalyti-
cally active site, thanks to the dominantly exposed crystalline
facet and abundant active sites.>®****

Herein, we report the efficient synthesis of 2D ultrathin tin
monosulfide nanosheets (SnS NSs) through an electrochemical
exfoliation method with the assistance of alternating voltage.
The thickness of the exfoliated SnS NSs was ~5.0 nm with an
apparent exfoliation yield of 75%. Benefitting from the advan-
tageous ultrathin layer features as well as the highly exposed
facets, the achieved SnS NSs exhibited a small Tafel slope of
180 mV dec™?, a high faradaic efficiency (F.E.) of 82.1%, and
a large partial current density of 18.9 mA cm™? at —1.1 V for
HCOOH production. In addition, the electrode of the resulting
SnS NSs fabricated by a particle transfer method delivered
a remarkably high HCOOH F.E. over 91% in a wide potential
window, outperforming the bulk SnS and almost all previously
reported tin sulfide-based CO,RR electrocatalysts. The experi-
mental results and density functional theory (DFT) calculations
shed light on the fact that the tightly stacked (001) high-index
facet in SnS NSs is more favorable for producing HCOOH as
compared with the (100) plane.

Results and discussion

The electrochemical exfoliation to obtain ultrathin SnS NSs is
illustrated in Fig. 1. The bulk SnS with a layered structure was
first prepared by a solid-state reaction of Sn and S powders at
500 °C for 24 h. Next, a two-electrode system was set up with the
bulk SnS electrode as the working electrode and Pt mesh as the

|

Fig. 1 (a) Pictures of the starting bulk SnS with a negative voltage and
(b) the exfoliated SnS removed from bulk SnS when changing to
a positive voltage. (c) Exfoliated SnS materials dispersed in the solution.
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counter electrode for the electrochemical exfoliation in 0.5 M
Na,SO, under alternating voltage. During the cathodic process
with a negative voltage of 5.0 V applied at the working electrode,
the hydrogen evolution reaction (HER) occurs within SnS
interlayer edges, as evidenced by H, bubbles around the elec-
trode, which induces the electrochemical exfoliation of bulk
SnS (Fig. 1a). When tuning to an anodic process by applying
a positive voltage of 3.0 V on bulk SnS, the SO,>~ ions are
inserted into SnS crystals (for details see the ESIf), and the
interlayer distance of bulk SnS is continuously expanded due to
the generation of a large number of H, and O, gas molecules
between the SnS interlayers (Fig. 1b). As a result, the exfoliated
SnS with yellow/black color is removed from the bulk SnS
(Fig. 1c).>® The exfoliated SnS powder can be readily collected
and dispersed in N,N-dimethylformamide (DMF) to provide
a homogeneous and stable dispersion with a concentration of
3.2 mg mL " (exfoliation yield of 75%, Fig. S11). The crystal
structure of SnS is shown in Fig. S2,1 and more details of the
synthesis process and exfoliation mechanism of ultrathin SnS
NSs are presented in the ESI.{

The X-ray photoelectron spectroscopy (XPS) survey spectrum
of ultrathin SnS NSs reveals the presence of Sn, S, and O
elements, besides the C element (Fig. 2a). In the high-resolution
Sn 3d XPS spectrum (Fig. 2b), two Sn 3d5,, and Sn 3d;/, peaks of
ultrathin SnS NSs can be deconvoluted into four peaks, which
are located at 486.0, 486.9, 494.6, and 495.5 €V, respectively.””>°
The peaks with the lower binding energies of 486.0 and 494.6 eV
can be assigned to Sn>*.>* The peaks with higher binding
energies of 486.9 and 495.5 eV can be attributed to the surface
adsorbed oxygen upon exposure to air, which has a higher
electronegativity than that of sulfur, thus increasing the Sn
binding energy. Fig. 2c¢ presents the high-resolution S 2p XPS
spectrum of ultrathin SnS NSs, which is deconvoluted into S
2ps» and S 2pq,, peaks located at 161.2 and 162.2 eV, respec-
tively, ascribed to S>.>° The Raman spectrum (Fig. S31) of
ultrathin SnS NSs exhibits two typical peaks located at 93

Bulk SnS (€))
3
&
2 T = — =
> »
2 ™ @ Yy 3 ]
[] c. c o = [ " o <
= Z » T o N c
- O v © (7]
SnS NSs A A . |
T T T T T T T
800 600 400 200 0
Binding energy (eV)
Sn3ddesgeve . oo R Sn 3d S 2p)
2p 161.2 eV
3 3 (c)
& &
2 [BulkSns 2
[} [}
g S
§ 3d 486.0 e §
|SnS NSs ;
500 495 490 485 480 165 163 161 159
Binding energy (eV) Binding energy (eV)
Fig.2 (a) XPS survey spectra and (b and c) high-resolution Sn 3d and S

2p XPS spectra of bulk SnS and SnS NSs.
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and224 ecm ', corresponding to the Ag modes of the ortho-
rhombic SnS phase.**** An obvious decrease in the peak
intensity of the Raman spectrum and a blue shift of the Ag band
located at 224 cm™' are observed for ultrathin SnS NSs as
compared with bulk SnS, demonstrating the reduced numbers
of SnS layers after electrochemical exfoliation.”**”*® The effi-
cient exfoliation of bulk SnS was further supported by the X-ray
diffraction (XRD) patterns, in which the diffraction peaks of
ultrathin SnS NSs are broader and weaker than those of the bulk
SnS (Fig. S37), indicating the decreased thickness.?®

Different from the bulk SnS (Fig. S4t), the field-emission
scanning electron microscopy (FESEM) image of ultrathin SnS
NSs exhibited a layered structure with several wrinkles on the
surface of the NSs (Fig. 3a). An obvious Tyndall effect for the SnS
NS dispersion further demonstrated that the bulk SnS was
successfully exfoliated into thin SnS layers (inset of Fig. 3a). The
ultrathin SnS NSs have a relatively large lateral size of 1.0 um
and a thickness of ~5.0 nm (~6 layers), as illustrated in the
atomic force microscopy (AFM) image (Fig. 3b). The high-
resolution transmission electron microscopy (HRTEM) image
of ultrathin SnS NSs (inset of Fig. 3¢) exhibited the (101) plane of

Fig. 3 (a) FESEM image of SnS NSs and the corresponding Tyndall
effect (inset). (b and c) AFM, TEM, and HRTEM images (inset) of SnS
NSs. (d) HAADF image of SnS along the (100) direction. The inset shows
the crystal structure of SnS in the same projection, where Sn and S
atoms are depicted in green and red, respectively. (e) A simulated
HAADF image along (100), using the thickness of 2 unit cells, consis-
tent with that in (d). (f) Crystal structure of the SnS (100) plane where Sn
and S atoms are depicted in grey and yellow, respectively. (g) TEM
image and corresponding element maps (S, Sn—-K, and Sn-L) of SnS
NSs.
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SnS with a lattice fringe distance of 0.29 nm, which has a 45°
included angle with the (100) plane (Fig. S51). Fig. 3d displays
a typical high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image for ultrathin SnS
NSs along the (100) direction. The arrangement of atomic
columns in these images was well consistent with the crystal
structure of SnS (space group Pbnm) in this projection, as
depicted in the inset of Fig. 3d. The corresponding HAADF
image simulation was further carried out using the thickness of
2 unit cells, and the results demonstrate the well-defined crys-
talline structure of ultrathin SnS NSs (Fig. 3e). Moreover, the
presence of the (100) plane also supported the highly exposed
(001) plane in the vertical direction (Fig. 3f),** which was sepa-
rated and exposed during the exfoliation process (Fig. S51). In
the selected area electron diffraction (SEAD) pattern of ultrathin
SnS NSs (Fig. S6t), the interplanar spacings of 0.40, 0.28, and
0.20 nm, which correspond to the (110), (040), and (141) planes
of SnS, can be observed. The corresponding energy-dispersive X-
ray (EDX) elemental mapping images of S, Sn-K, and Sn-L
illustrated that both S and Sn are uniformly dispersed
throughout the ultrathin SnS NSs (Fig. 3g).

Taking into consideration the essential role of the ultrathin
structure and highly exposed facet of NSs in catalysis, the
electrocatalytic properties of the SnS NSs for the CO,RR were
investigated in a 0.5 M KHCO; electrolyte using a three-
electrode system. Obviously, the SnS NSs exhibit a signifi-
cantly enhanced current density in a CO,-saturated electrolyte
as compared with that in an Ar-saturated electrolyte (Fig. 4a).
The increased current density can be rationally attributed to the
electrochemical CO,RR, signifying the more favourable catalytic
activity of SnS NSs toward the CO,RR than toward the HER. Gas
chromatography (GC) and nuclear magnetic resonance (NMR)
were used to determine the gas and liquid products, respec-
tively. The total F.E. of gas and liquid products for SnS NSs is
calculated to be nearly 100%. The main products of the CO,RR
mainly include HCOOH (Fig. 4b) and a small amount of the CO
product. To be specific, the SnS NSs present a maximum F.E.
value of 82.1% for HCOOH production at a potential of —1.1V,
which is about 2.78 times higher than that of bulk SnS (29.5%)
at the same potential. In addition, the partial current density of
ultrathin SnS NSs for HCOOH production could reach 18.9 mA
cm 2 at —1.1 V (Fig. 4c), which is over 4.0 times that of bulk SnS
(41 mA cm™?), further demonstrating an excellent HCOOH
selectivity of the SnS NSs. Also, the partial current density of SnS
NSs for C1 products (CO and HCOOH) is approximately 4.4
times higher than that of the bulk SnS (4.8 mA cm™?), indicating
the superior CO,RR activity of ultrathin SnS NSs (Fig. S77).
Moreover, we further loaded and tested the SnS NSs on a Ti
substrate via a particle transfer approach, which is capable of
attaining a HCOOH F.E. over 91% in a wide potential window.
Notably, this 91% selectivity for HCOOH production for the
resulting SnS NSs is comparable to or even higher than those of
state-of-the-art tin sulfide-based CO,RR electrocatalysts (Table
S1+t).

In order to further study the CO,RR activity of ultrathin SnS
NSs, the Tafel slope, electrochemically active surface area
(ECSA), and electrochemical impedance spectroscopy (EIS)

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Polarization curves of bulk SnS and SnS NSs in Ar-saturated
(dash lines) and CO,-saturated (solid lines) electrolytes. (b) F.E. of bulk
SnS (upper) and SnS NSs (lower) for HCOOH, CO, and H, products at
different applied potentials. (c) Partial current densities (HCOOH) for
the CO,RR of bulk SnS and SnS NSs. Inset: partial current density and
HCOOH F.E. of SnS NSs. (d) Multistep-potential curve of SnS NSs. (e)
Chronoamperometry measurements of SnS NSs at 0.9 V. (f) Sn K-edge
XANES and EXAFS (inset) spectra for bulk SnS and SnS NSs before and
after continuous CO,RR tests.

results of the SnS NSs were investigated. As shown in Fig. S8a,t
the Tafel slope of SnS NSs was as low as 180 mV dec™ ', much
smaller than that of the bulk SnS (357 mV dec '), indicating
favourable reaction kinetics on SnS NSs.>*** The Tafel slope of
180 mV dec™* was close to the theoretical value of 200 mV dec™?,
which indicates that the rate-determining step of CO,RR
catalysis by SnS NSs was CO, adsorption on the active sites to
form CO;.*** Thus the CO,RR process of SnS NSs was
controlled by mass transfer. In addition, the cyclic voltammetry
curve was plotted to calculate the double-layer capacitance (Cqj),
which is supposed to be linearly proportional to the actual
active area of the catalyst (Fig. S91). The value of Cgq was
calculated to be 12.0 mF cm™? for ultrathin SnS NSs (Fig. S8b¥),
which is much higher than that of bulk SnS (2.28 mF cm™?). The
increased ECSA of the ultrathin SnS NSs could be attributed to
more exposed edge sites and improved ion exchange between
the electrolyte and catalytically active sites. Moreover, as
compared with the bulk SnS, an obvious decrease in charge
transfer resistance was observed for ultrathin SnS NSs
(Fig. S8ct), suggesting faster electron transfer upon electro-
catalysis of the CO,RR at the SnS NSs.*” These results reveal that
the SnS NSs possess a much larger electro-active surface area
and faster electron transfer than the bulk SnS, which majorly
contribute to the excellent activity for the CO,RR. Fig. 4d shows
the multistep—potential curve of SnS NSs in the potential range
from —0.8 V to —1.2 V; the rather stable current densities for

This journal is © The Royal Society of Chemistry 2020
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each step indicate the excellent mechanical robustness and
mass transport properties of SnS NSs for the CO,RR.

The long-term stability of the SnS NSs for the CO,RR was
evaluated by performing chronoamperometry measurements at
—0.9 V (Fig. 4e), in which the current density remained at 13 mA
cm 2 upon 10 hours of continuous running, demonstrating
a high stability of SnS NSs. In order to reveal the structural
changes of ultrathin SnS NSs before and after CO,RR tests, the
post Sn K-edge X-ray absorption near-edge structure (XANES)
and the extended X-ray absorption fine structure (EXAFS)
characterization were performed. As shown in Fig. 4f, the Sn
absorption edge positions of SnS NSs before and after CO,RR
processes are almost the same as those of bulk SnS, which
indicated the same oxidation state of Sn** for all investigated
samples. Moreover, from Fourier transform (FT) EXAFS results
(inset of Fig. 4f), it was found that there are lots of oxygen
groups adsorbed on the surface of SnS NSs to form the Sn**-O
coordination. After CO,RR electrocatalysis, the disappearance
of the Sn**-0 peak and increased intensity of the Sn-S peak of
SnS NSs revealed that the electrochemical process allows the
desorption of adsorbed oxygen groups on the Sn surface, which
resulted in more exposed Sn-S active sites.***

Density functional theory (DFT) calculations were performed
to gain a theoretical understanding of the high activity and
selectivity of ultrathin SnS NSs for HCOOH production. Four
possible models, including the intact and defect SnS (100) and
SnS (001) surfaces, were built to represent the possible exposed
surfaces of the bulk SnS and SnS NSs. It is noteworthy that our
models included the defect sites because they were generally
accepted as potential active sites during the electrocatalytic
reaction.***' The computational hydrogen electrode (CHE)
method proposed by Nerskov et al. was used*** (Fig. S10%) to
study the relative activity of the HER, CO, and HCOOH path-
ways, with the associated elementary steps of each pathway
listed in (RS1)-(RS5). As a result, four free energy diagrams
(FEDs) for the four possible exposed sites are obtained and
plotted in Fig. 5, which illustrates the following three points: (i)
the general catalytic activity. At —1.0 V of Uryg, besides that on
SnS (100), the CO,RR catalysis on the other three sites are all
exothermic reactions, suggesting good activities for these three
sites, which explains the experimentally notable current for
both bulk SnS and SnS NSs (Fig. 4a); (ii) for the CO pathway, all
three active sites, namely, the SnS001, SnS100-def, and SnS001-
def, generally exhibit smaller limiting potentials (U;) (—0.46,
—0.87, and —0.59 V in Fig. 5) than the HCOOH (—0.46, —0.87,
and —0.11 V) and H, pathways (—0.55, —0.45, and —0.03 V),
suggesting a poorer catalytic selectivity for CO (g) on these sites.
This result is well consistent with the smaller CO (g) F.E. for
both SnS bulk and SnS NSs shown in Fig. 4b, and further
explains the experimentally notable generation of both H, and
HCOOH; (iii) also indicated by the U; value, as compared with
that for the HER, the catalytic selectivity for HCOOH generation
is much lower on SnS100-def (—0.87 vs. —0.45 V), slightly lower
on SnS001-def (—0.11 vs. —0.03 V), and slightly higher on
SnS001 (—0.46 vs. —0.55 V). So relatively, we have a higher
selectivity for SnS001-def (—0.11 vs. —0.03 V) and slightly higher
selectivity for SnS001 (—0.46 vs. —0.55 V). That is to say, the SnS

Chem. Sci., 2020, 11, 3952-3958 | 3955
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(001) has a higher selectivity for HCOOH production than SnS
(100). On the other hand, for the ratio of the (100) and (001)
surfaces exposed practically (R;00/001) 00 SnS NSs and bulk, the
SnS NSs have a higher ratio of signal (100) to (001) than the bulk
SnS, i.e., they contain a higher ratio of (100) than (001) layers in
the volume phase. Since the possible exposed surfaces are only
the (100) and (001) planes for SnS, this will contrarily suggest
a smaller R;(g/001 for SnS NSs than for bulk SnS. As such, the
smaller R;00/001 On SnS NSs, along with the higher selectivity for
HCOOH on SnS (001), explains the higher F.E. of HCOOH on
SnS NSs in Fig. 4b.

Finally, Fig. 5 also shows that, as compared with the intact
sites, the defect sites for both the (100) and (001) planes likely
bind the adsorbates more strongly, hence resulting in an
improved activity (the attached electronic structure analysis is
shown in Fig. S117). This result indicates that the SnS NSs
generated by electrochemical exfoliation will expose more edge
sites, thus resulting in higher catalytic activities. In fact, we
speculate that lots of defect sites have already been generated by
the electrochemical exfoliation approach in the current work,
since the electrochemical exfoliation creates an ungentle envi-
ronment, which exfoliates the bulk form into NSs and exposes
more edge active sites. This unique structure could also possibly
be another important advantage of the electrochemically exfo-
liated electrocatalyst.

Inspired by the excellent CO,RR activity, a two-electrode
electrolyzer was further assembled with the ultrathin SnS NS
cathode for the CO,RR and an Ir/C anode for the oxygen
evolution reaction (OER).****> As shown in Fig. S12a,} the
polarization curve of the CO,RR-OER cell displayed electro-
catalytic properties, in which the current density could reach
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6.54 mA cm” at 3.0 V. Notably, the current density was slightly
decreased by only 10% after 10 hours of continuous reaction
(inset of Fig. S12at). Furthermore, two 1.5 V AA batteries were
used to drive the electrocatalytic CO,RR with the ultrathin SnS
NSs. As shown in Fig. S12b,} a current density of 5.75 mA cm >
for ultrathin SnS NSs can be obtained using two 1.5 V AA
batteries, and current density was decreased by merely 8.5%
after 10 hours of continuous running, suggesting a good
stability.

Conclusions

In summary, ultrathin SnS NSs with a thickness of ~5.0 nm and
lateral size of 1.0 um were successfully prepared by an alter-
nating voltage assisted electrochemical exfoliation strategy. The
resulting SnS NSs exhibited a high electrochemical activity and
selectivity toward the CO,RR with a low Tafel slope, and a high
F.E. for HCOOH production, representing one of the most active
tin sulfide-based CO,RR electrocatalysts. The excellent CO,RR
performance of the as-prepared SnS NSs was attributed
primarily to the synergistic catalytic effects produced by their
ultrathin layer features and high-index (001) facet. We further
demonstrated that the practical application of the SnS NSs for
CO,RR electrocatalysis can be achieved using two AA batteries
connected in series. Our catalyst design introduced in this work
may open new avenues toward development of transition metal
dichalcogenide nanosheets with high-index facets for a variety
of electrochemical applications, including oxygen evolution,
nitrogen reduction, and hydrogen evolution reactions.
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