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A B S T R A C T   

Layered materials have been investigated in many different catalytic reactions due to their excellent function
alities. In particular, understanding the anisotropic properties of layered materials is important for the design of 
more efficient catalysts. Herein, SnS2 nanoflakes with abundant edge sites (E-SnS2) were synthesized and their 
catalytic properties towards the electrochemical CO2 reduction reaction (CO2RR) were studied. Combining 
experimental data and computational analysis, we found that the edge sites of SnS2 are more active for CO2 to 
formate conversion compared with the basal sites. Moreover, a CO2 reduction intermediates triggered activation 
mechanism at the edge sites is proposed, the formation of sulfur vacancies at the edges would generate more 
active sites for CO2RR. The as-synthesized E-SnS2 shows high selectivity, activity and robust stability for at least 
12 h in a flow cell under a current density of − 200 mA⋅cm-2. This work may provide a new perspective on 
rational catalyst design for CO2RR.   

1. Introduction 

While fossil fuels boost the prosperity of modern industry, their 
consumption results in massive emission of carbon dioxides (CO2) and 
severe global environmental issues [1,2]. The electrochemical CO2 
reduction reaction (CO2RR) provides an appealing approach to miti
gating the excessive CO2 under ambient condition [3,4]. It enables the 
use of increasingly abundant renewable energy sources, such as solar 
and wind, to drive the conversion of CO2 to renewable chemicals, 
thereby establishing a sustainable “carbon cycle” [5]. However, the 
overall energy conversion efficiency of CO2RR is limited by high acti
vation energy barrier of CO2 molecule, and the complicated reaction 
pathways lead to many different products [6–8]. Therefore, designing 
and developing CO2 conversion electrocatalysts with high activity and 
selectivity is crucial for a feasible carbon cycling. 

Among many different heterogeneous catalysts, layered materials 
have gained a lot of attention since the discovery of single-layer gra
phene in 2004 [9]. For example, transition metal dichalcogenides 
(TMDs) are typical layered materials widely applied to catalyze diverse 

electrochemical reactions [10–14]. The relatively weak out-of-plane van 
der Waals interactions make it possible to engineer such materials with 
atomic thickness via exfoliation process, which endows them with large 
specific surface areas and tunable structural and electronic properties 
[15–19]. One of the most intriguing characteristics is the anisotropy, as 
the two dimensional structures have both strong in-plane chemical 
bonds and many edge dangling bonds [20–22]. Understanding the 
structure-activity relationship of basal and edge sites is crucial in order 
to design more efficient electrocatalyst. Researchers have identified that 
the edge sites of MoS2 is catalytically more active than basal sites [23, 
24]. Therefore, structural engineering strategies, such as reducing the 
lateral dimension to nanoscale [25], creating porous structures or 
tailoring the film orientations [26–28], are primarily conducted to 
expose more edge sites to promote catalytic activity. 

Similar with 1 T-MoS2, tin disulfide (SnS2) is a layered material, 
wherein the metal atoms are sandwiched between alternate layers of 
sulfur atoms [29]. This material has been considered as a potential 
candidate for electrochemical CO2 to formate conversion due to the 
tunable electronic structures and high surface to volume ratio [30–34]. 
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The basal plane of SnS2 exposes coordination saturated sulfur atoms 
only, while coordination unsaturated tin and sulfur atoms are exposed at 
edges. Due to such anisotropic structures, the edge sites and basal sites 
are expected to show different catalytic performance in CO2RR. How
ever, the active sites in SnS2 are still vague, in particular, it is still un
clear whether the CO2 to formate conversion activity comes from the 
edge sites or basal sites. 

To this end, edge-site-enriched SnS2 (E-SnS2) and basal-site-enriched 
SnS2 (B-SnS2) are synthesized to elucidate the active site toward CO2RR 
in this report. Based on the measurements of CO2RR activity and 
selectivity, catalyst structural characterization and theoretical simula
tions, the edge sites of SnS2 with sulfur vacancy are identified as the 
active centers for CO2 to formate conversion. Besides the remarkable 
selectivity and activity, E-SnS2 is stable under an industrial grade of 
current density for at least 12 h. 

2. Materials and methods 

2.1. Materials and reagents 

Tin chloride pentahydrate (SnCl4⋅5 H2O, AR), tin chloride dihydrate 
(SnCl2⋅2 H2O, AR), acetic acid (HOAc) were supplied by Shanghai 
Aladdin Biochemical Co., Ltd. Nafion 117 solution (5 wt%) was supplied 
by Sigma Aldrich. Chemours (formerly DuPont) Nafion 117 proton ex
change membranes were used during electrolysis. Thioacetamide (TAA) 
and potassium bicarbonate (KHCO3, ≥ 99.99% metals basis) were pur
chased from Shanghai Macklin Biochemical Co., Ltd. Carbon paper was 
purchased from Ce Tech Co., Ltd. High purity CO2 (99.999%) was used 
in electrochemical test. 

2.2. Synthesis of E-SnS2 and B-SnS2 

Edge rich SnS2 nano-flakes (E-SnS2) were synthesized via a hydro
thermal process. Typically, 3 mL of HOAc and 17 mL of water were 
mixed, then 0.1 mmol SnCl2⋅2 H2O and 2 mmol of SnCl4⋅5 H2O were 
dissolved in this HOAc solution after stirring for 30 mins at 50 ◦C. Af
terwards, 10 mL aqueous solution containing 4.5 mmol of TAA was 
added dropwise under stirring. The transparent solution was sealed in a 
50 mL Teflon lined autoclave and heat at 160 ◦C for 12 h. The product 
was collected with centrifugation, rinsed with water and ethanol for 
several times and then dried in vacuum at 60 ◦C. The ratio of SnCl2⋅2 
H2O was adjusted to generate various samples with different 
morphology. Basal plane rich nanosheets (B-SnS2) were synthesized and 
utilized as a reference sample following the similar route, but the vol
ume of HOAc was elevated to 10 mL and the amount of water was 
reduced to 10 mL. 

The exfoliation of E-SnS2 was conducted via a previously reported 
method [35]. Typically, 80 mg of E-SnS2 was added into 50 mL form
amide and then refluxed at 110 ◦C for 24 h. Differential centrifugation 
was conducted to separate SnS2 in different thickness at 500 rpm for 20 
min, 5000 rpm for 5 min and 15000 for 8 min, respectively. The sample 
collected at 500 rpm and 15000 rpm were then dried in vacuum over
night for further characterization. 

2.3. Characterization 

Electron microscope images and elemental mappings were collected 
using a transmission electron microscope (TEM, JEOL JEM 2100 F) and 
a field emission scanning electron microscope (FESEM, JEOL JSM-IT800 
(SHL)). High-angle annular dark-field imaging scanning transmission 
electron microscopy (HADDF-STEM) was obtained on a FEI Themis Z 
spherical aberration electron microscope at 200 kV acceleration voltage. 
Atomic force microscopy (AFM) was performed by means of Bruker 
Dimension Icon atomic force microscope. X-ray powder diffraction 
(XRD) patterns were recorded on a Bruker D8 Advanced X-ray diffrac
tometer using Cu Kα radiation source (λ = 0.15418 nm). X-ray 

photoelectron spectroscopy (XPS) was conducted on a ThermoFisher 
Nexsa X-Ray photoelectron spectrometer with Al Kα excitation source. 
In-situ FTIR spectra was measured on Nicolet 6700 with MCT detector. 
The concentrations of different elements in the samples were deter
mined using an Inductively Coupled Plasma Optical Emission Spec
trometer (ICP-OES, Agilent 720ES). 

2.4. Electrochemical measurements 

The electrochemical measurements were conducted in a typical 
three-electrode system. A Ag/AgCl electrode filled with 3 M KCl and a 
piece of platinum foil (1 × 1 cm2) were used as reference and counter 
electrode, respectively. An electrocatalyst ink was prepared by 
dispersing 10 mg of electrocatalyst in 1 mL ethanol and 80 μL of Nafion 
solution (5 wt%) via ultrasonication. For working electrode tested in H 
type cell, 200 μL of the uniform electrocatalyst ink was sprayed on 
porous carbon paper (GDL210S, Ce Tech Co., Ltd.), of which 1 × 1 cm2 

area is accessible to electrolyte. The cathodic and anodic chambers of H- 
cell were separated by a Nafion proton exchange membrane and filled 
with 60 mL of 0.5 M KHCO3 electrolyte. The electrolyte in cathodic 
chamber was bubbled by high-purity CO2 before and during electro
chemical measurements at a constant rate (10 sccm). The cathodic 
electrolyte was stirred at 350 rpm. Cyclic voltammetry was recorded at 
0 to − 1.2 V vs RHE to reveal the redox features of pristine electro
catalyst. To achieve a stable catalytic performance, electrocatalysts were 
reduced at − 0.7 V vs RHE for 0.5 h and potentiostatic electrolysis was 
subsequently conducted at different potentials ranging from − 0.6 to −
1.2 V vs RHE with a duration of 2 h at each potential. In regard to flow 
cell test, working electrode was prepared by spaying 500 μL of the 
electrocatalyst ink on a (1.5 × 2.5 cm2) carbon paper. For stability 
evaluation, 10 mg of the electrocatalyst was loaded on a (1.5 × 2.5 cm2) 
carbon paper (GDL210SHT, Ce Tech Co., Ltd.). The carbon paper was 
sandwiched between cathodic and gas chamber with 1 cm2 geometric 
area exposed to cathodic electrolyte. A proton exchange membrane 
(Nafion 117) was used to separate anodic and cathodic chamber. 1 M 
KOH electrolyte was pumped into the cathodic and anodic chambers and 
the CO2 electroreduction was evaluated with constant CO2 gas feed rate 
of 30 sccm. 

2.5. Products analysis 

The products were analyzed according to our previous reports [36]. 
Hydrogen and carbon monoxide were quantified via online gas chro
matography (Angilent 7890B) with an interval of 25 mins during bulk 
electrolysis for two hours. Formate concentration in the electrolyte was 
quantified by nuclear magnetic resonance chemical analyzer (JEOL 
JEM-ECZ400S/L1). 

2.6. DFT calculation details 

The spin polarized periodic DFT calculations were performed at the 
GGA-PBE level using the MedeA VASP (Vienna ab-initio simulation 
package) [37–40]. A SnS2 monolayer composed of 48 atoms (Sn16S32) 
was constructed as model slab for the calculation. The slab exposes both 
basal plane and edges. The vacuum space perpendicular to the basal 
plane is ~ 15 Å. The structural optimizations were performed using a 
k-spacing of 0.3 per Angstrom (corresponding to a 2 × 1 × 1 mesh) and a 
plane-wave cut-off energy of 400 eV. The DFT+D3 approach of S. 
Grimme with zero-damping was used to describe Van der Waals in
teractions [41]. During the geometry optimization, all the atoms 
including adsorbates were allowed to relax until the residual force on 
each ion was lower than 0.01 eV/Angstrom. The electronic iterations 
convergence is 1x10-5 eV. 

The following CO2RR mechanism was considered for the theoretical 
calculations: 

Formic Acid: 
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CO2 + H+ + e- + * = *OCHO                                                         (1)  

*OCHO + H+ + e- = * + HCOOH                                                   (2) 

Carbon Monoxide:  

CO2 + H+ + e- + * = *COOH                                                         (3)  

*COOH + H+ + e- = *CO + H2O                                                    (4)  

*CO = * + CO                                                                               (5) 

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

ΔG(1) = G(*OCHO) – G(CO2) – G(H+ + e-) – G(*)                                   

ΔG(2) = G(*) + G(HCOOH) – G(*OCHO) – G(H+ + e-)                            

ΔG(3) = G(*COOH) – G(CO2) – G(H+ + e-) – G(*)                                   

ΔG(4) = G(CO) + G(H2O) – G(*COOH) – G(H+ + e-)                               

ΔG(5) = G(*) + G(CO) – G(*CO)                                                           

The value of G(H+ + e-) is equivalent to 0.5 G(H2) based on 
computational hydrogen electrode (CHE) model. The Gibbs free energy 
values of non-adsorbed molecules were obtained from previous publi
cations [42,43]. The free energy of *COOH was corrected by − 0.25 eV 
to account for the contribution of hydrogen bond stablization effect in 
aqueous solution [44]. After calculating the total energy of adsorbed 
intermediates from DFT, the Gibbs free energy was further calculated by 
VASPKIT software at 298.15 K [45]. The LOBSTER software was used to 
analyze the chemical bonding in the materials [46–48]. 

3. Results and discussion 

3.1. Materials synthesis and characterization 

The synthesis of SnS2 with Berndtite-2 T phase was conducted 
through a simple hydrothermal route as illustrated in Fig. 1a. During the 
process, SnCl4 was used as major tin precursor, and SnCl2 was added to 
assist the formation of nanoflakes, of which the proportion of SnCl2 is 
positively correlated with the thickness of the nanoflakes (Fig. S1). Sn2+

is a soft acid, and S2- is a soft base, there’s strong bonding strength be
tween them. So it’s expected that the presence of Sn2+ can accelerate the 
growth of metal chalcogenide. But excess SnCl2 leads to the formation of 
Berndtite-4 H SnS2 and small amount of SnO2 due to air oxidation 
(Fig. S2). Therefore, SnS2 synthesized with Sn2+/Sn4+ = 0.05/1 is 
selected for further analysis and discussion in prospective of concise 
(denoted as E-SnS2). Both XRD and XPS results indicate that E-SnS2 is 
only composed of SnS2 phase (Fig. S2). The corresponding TEM image 
(Fig. 1b) reveals that E-SnS2 is a layered material with lateral size of ~ 
100 nm. The nanoflake is constructed by ~ 15 layers of SnS2, stacking 
with an interlayer distance of 0.58 nm (Fig. 1c). Moreover, lattice fringes 
indexed to octahedral SnS2 with a distance of 0.32 nm was observed on 
the basal plane (Fig. 1d). Such a nanoflake morphology is favorable to 
expose edge site in SnS2. Aside of E-SnS2, another tin disulfide with 
larger lateral size was synthesized by adjusting the amount of HOAc 
used during the synthesis for comparison purpose. The resulting mate
rial is also composed of tin disulfide based on XRD measurement 
(Fig. S3), but the sizes of nanosheets are significantly larger in lateral 
dimension (Fig. S4). As a result, this control sample predominantly ex
poses basal sites and is denoted as B-SnS2. After coating E-SnS2 or B-SnS2 
on substrate as thin films, the grazing-incidence wide-angle X-ray scat
tering (GIWAXS) spectra reveals similar patterns in q-space, indicating 
that their orientations are quite similar (Fig. 1e). 

Fig. 1. Physical characterization of tin disulfide. (a) Schematic illustration of the synthesis of E-SnS2 and B-SnS2. (b, c) TEM and (d) aberration-corrected HRTEM 
images of E-SnS2. (e) Comparison of GIWAXS 2D images for E-SnS2 and B-SnS2 thin films deposited on a Si substrate. 

Z. Liu et al.                                                                                                                                                                                                                                       



Applied Catalysis B: Environmental 341 (2024) 123274

4

3.2. Edge sulfur vacancy induced performance enhancement 

The catalytic performance of E-SnS2 was tested in CO2-saturated 
0.5 M KHCO3 solution within an H-cell configuration. It should be noted 
that the activation of CO2 is generally achieved under a relatively high 
cathodic potential, while SnS2 species tend to undergo a chemical evo
lution in this potential window [49]. In our case, E-SnS2 shows cathodic 
peaks at approximately − 0.3 V and − 0.65 V vs RHE in the first branch 
of CV curves, indicating a reduction process (Fig. S5). Therefore, the 
working electrode coated with E-SnS2 film was hold at a constant po
tential of − 0.7 V to inspect the corresponding structural evolution. The 
initial reduction process of E-SnS2 is accompanied by a substantial 
variation in catalytic selectivity (Fig. 2a). Carbon monoxide (CO) is the 
dominate product at the initial stage of potentiostatic electrolysis, but its 
faradaic efficiency decreases significantly as the reaction proceeds. 
Meanwhile, the hydrogen evolution is obviously suppressed along the 
reaction and the FE for formate increases from 15% to 60%. On the other 
hand, the B-SnS2 doesn’t show obvious change of selectivity at the 
beginning of CO2 electrolysis, and hydrogen maintains the predominant 
product through the electrolysis process. These results manifest a cata
lytic activation process of E-SnS2, which is accompanied by the change 
of catalyst structure under cathodic potential. 

To inspect the underlying mechanism of structural evolutions, the 
catalyst film was characterized after 1 h and 2 h of electrolysis at 
− 0.7 V. The XRD patterns reveal no significant change in phase 
component after reduction (Fig. S6), and nanoflake morphologies are 
well retained for both E-SnS2 and B-SnS2 (Fig. S7). However, the XPS 
peaks of Sn 3d shift to lower binding energy after the reduction process 
(Fig. S8), suggesting the surface of catalyst is reduced. Moreover, in case 
of E-SnS2, some S is detected in the electrolyte after reduction according 
to the ICP-MS analysis, while Sn is negligible in the electrolyte. On the 
basis of aforementioned analysis, the reduction process probably in
duces a dissolution of S element from E-SnS2 lattices, thereby generating 

sulfur vacancies in the material. In contrast, the amount of detached 
sulfur is relatively small from B-SnS2. Based on the physical character
izations of E-SnS2 and B-SnS2, we propose that the distinct performance 
is correlated with the amount of exposed edge sites. Compared with B- 
SnS2, E-SnS2 exposes more edges with coordination unsaturated atoms, 
wherein sulfur vacancy is more likely to generate and favorable for the 
CO2RR. 

To investigate the sulfur vacancy formation mechanism and the 
origin of CO2 to formate selectivity on SnS2, DFT calculation was per
formed. Upon the formation of sulfur vacancy from stoichiometric SnS2, 
the calculated energy barrier is 0.41 eV lower when the vacancy is 
located at the edge compared with the basal site (Fig. 2b). This means 
the sulfur atoms at the edge site of SnS2 can be removed more easily in 
thermodynamics. Next the free energy profile from CO2 to formate 
conversion was calculated at the basal and edge sites of stoichiometric 
SnS2. The formation of *OCHO is the potential limiting step, and the 
energy barriers for basal and edge sites are 2.12, 1.11 eV, respectively, 
indicating that the latter one is more active for this reaction (Fig. 2c). 
The geometric analysis of stoichiometric SnS2 before and after *OCHO 
formation indicate that the *OCHO can influence the bonding environ
ment of edge sulfur (S37). The bond length of S37-Sn20 enlarges from 
2.46 to 2.55 Å, indicating the destabilization of this bond upon the 
adsorption of *OCHO (Fig. 2d). The bonding strength between S37 and 
Sn20 is further analyzed by calculating the COHP profile [48], it’s clear 
that some electrons fill in the antibonding orbital after the adsorption of 
*OCHO (Fig. 2d). And the ICOHP value changes from − 2.22 eV to 
− 1.78 eV. On the basis of aforementioned analysis, the formation of 
*OCHO further destabilizes the edge sulfur, which could trigger the 
reductive elimination of edge sulfur at the beginning of CO2 electrolysis. 
We then evaluated the CO2RR selectivity at the edge of SnS2 with sulfur 
vacancy by DFT calculations. For CO2 to formate conversion, the for
mation of *OCHO is energetically favorable at 0 V vs RHE, and the 
subsequent step is slightly up hilled by 0.20 eV (Fig. 2c). On the other 

Fig. 2. Analysis on the catalyst activation mechanism of E-SnS2. (a) i-t curve collected at − 0.7 V vs RHE and corresponding FEs for various products along reaction 
time. (b) Comparison of energy barriers for sulfur vacancy formation at the edge and basal plane of SnS2. (c) Free energy change profiles from CO2 to formate at 
different sites of SnS2. (d) Calculated pCOHP curve of Sn-S bond with (red curve) and without (green curve) *OCHO intermediate at the edge of SnS2. (e) in-situ IR 
spectra of E-SnS2 under CO2RR condition. (f) Comparison of in-situ IR spectra before and after addition of 50 mM HCOOK in the electrolyte. 
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hand, for CO2 to CO conversion, the formation of *COOH is more 
difficult compared with *OCHO as evidenced by the increased free en
ergy for *COOH formation, suggesting that CO2 is more likely to be 
reduced to formate via *OCHO intermediate at the edge of SnS2 with 
sulfur vacancy (Fig. S9). The formation of *OCHO during the CO2RR is 
confirmed by in-situ FTIR (Fig. 2e). The in-situ FTIR spectra reveals the 
absorption band at 1403 cm-1, corresponding to *OCHO key interme
diate, and the signal intensity gradually increases with the reaction time, 
indicating the accumulation of *OCHO on reduced E-SnS2 [50,51]. The 
addition of HCOOK in the electrolyte doesn’t change the IR spectra, 
indicating that the band at 1403 cm-1 is due to the surface adsorbed 
*OCHO intermediate, instead of the HCOO- in the solution (Fig. 2f). On 
the contrary, the downward peak at ca. 1637 cm-1, corresponding to 
water vibration, is observed [52,53]. It’s likely due to the replacement of 
some water molecules around the catalysts’ surface by CO2 reduction 
intermediates. These results manifest a catalytic activation process of 
E-SnS2 triggered by self-reduction of the catalyst, and the resulting 
sulfur vacancy at the edge sites could contribute to selective CO2 to 
formate conversion. 

3.3. Comparison of CO2RR selectivity at edge and basal sites of SnS2 

After the activation process, the catalytic performance of E-SnS2 and 
B-SnS2 was compared at a broad range of potentials (Fig. 3ab). E-SnS2 
deliveries remarkable catalytic performance towards the CO2RR with 
both high selectivity and activity. The FEs for C1 products (HCOO- and 
CO) exceed 90% within the potential range of − 0.6 to − 1.2 V vs RHE, 
while the FE for H2 is below 8%. Such performance is significantly 

superior to B-SnS2. Based on these experimental measurements, along 
with the aforementioned DFT calculation results, we conclude that the 
presence of abundant edges on SnS2 is important for high selectivity of 
formate, and the formation of sulfur vacancy at the edges can render the 
catalysts with even higher performance. 

We also noted that the overall morphologies of E-SnS2 and B-SnS2 are 
different. To further inspect the differences of edge and basal sites, E- 
SnS2 was exfoliated and nanoflakes with different thickness were 
collected via differential centrifugation (See materials and methods 
section for more details). After the exfoliation process, the total number 
of edge sites remains unchanged, while the amount of basal areas 
significantly increases. By controlling the centrifugation speed, two 
catalysts are obtained with different thickness, namely, 15 nm and 
1.5 nm (denoted as E-SnS2-15 and E-SnS2-1.5 nm, respectively), as 
confirmed by AFM measurement (Fig. 3c). The sample with similar 
thickness to that of initial E-SnS2 reveals comparable selectivity towards 
C1 products. The sample with thinner structure exhibits higher selec
tivity towards the HER (Fig. 3d, Fig. S10). Considering that thinner 
nanoflakes expose more basal areas, it’s concluded that basal areas of 
SnS2 is relatively inert for CO2 reduction and the basal sites are relatively 
more active for HER. This conclusion is further supported by the DFT 
calculations (Fig. S11). The ΔG to generate *H is ~1.04 eV, much lower 
than that of *OCHO (2.12 eV), suggesting that basal plane prefers HER 
process. 

3.4. CO2RR in flow cell and stability 

The Gas diffusion electrode (GDE) decorated with E-SnS2 was then 

Fig. 3. Catalytic performance of samples tested in H type cell in 0.5 M KHCO3. FEs for (a) E-SnS2 and (b) B-SnS2. (c) AFM images of E-SnS2 after exfoliation and (d) 
corresponding FEs to the HER in E-SnS2 with different thickness. 
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assembled in a flow cell, wherein the sufficient supply of CO2 enables 
electrolyzer to operate at the current densities required for industrial 
deployment. The flow cell setup is illustrated in Fig. S12. Accordingly, E- 
SnS2 reaches a current density of − 100 mA⋅cm-2 at a small potential of 
− 0.6 V vs RHE and approaches to a large current density of 
− 400 mA⋅cm-2 within − 0.9 V vs RHE (Fig. 4a). In addition, the 
hydrogen evolution is efficiently suppressed in alkaline solution, 
resulting in higher CO2RR selectivity. The FEs of C1 products are over 
95% in wide potential values ranging from − 0.4 to − 0.9 V vs RHE and 
formate is the predominant product (Fig. 4b). Such high activity and 
selectivity induce a desirable energy efficiency (Fig. S13). In contrast, B- 
SnS2 deliveries an inferior catalytic selectivity (Fig. 4c). Furthermore, E- 
SnS2 exhibits robust stability in flow cell (Fig. 4d). A steady curve was 
obtained at industrial desirable current density of − 200 mA⋅cm-2 and 
persisted for at least 12 h. The FEs towards formate was retained at 
approximately 90% after 2 h, 4 h and 12 h’s electrolysis (Fig. 4e). 

During the long term bulk electrolysis, we found that the amount of 
catalyst on GDE was decreasing over time, as confirmed by the weak
ening of diffraction signal at ~15◦ in the XRD patterns, indicating the 
peeling of catalyst during long term CO2RR (Fig. 4f). To understand why 
the formate selectivity was not changed when the catalyst amount on 
GDE decreased, various amounts of E-SnS2 was air brushed on GDE to 
study the influence of catalyst loading. As shown in Fig. S14, when the 
catalyst loading is within 0.8 ~ 4 mg/cm2, the selectivity towards 
formate maintains in the range of 75% to ~90%, only when the catalyst 
loading is very low, the FE% of formate plunges significantly. This is 
because in GDE, the CO2 is reduced at the triple interface composed of 
electrolyte, catalyst and gas, as long as the catalyst can cover the entire 
GDE, further increasing the loading would not promote the selectivity. 
At 2 h and 4 h time point, no additional peaks in XRD were found other 
than diffraction patterns of SnS2 and carbon paper substrate. However, 
after 12 h’s electrolysis, two minor peaks at 30.65◦ and 32.04◦ show up, 
which is due to the formation of metallic tin. Aside of catalyst peeling 
from GDE, salt deposition and flooding issue were observed during flow 

cell measurement, which make even longer electrolysis difficult. 

4. Conclusion 

In summary, we synthesized layered SnS2 with different lateral sizes. 
The small one (E-SnS2) exhibits higher selectivity and activity towards 
formate in CO2RR. Based on experimental characterization and DFT 
results, the edge site of SnS2 with sulfur vacancy is much more active for 
CO2 to formate conversion compared with basal sites. Due to the pres
ence of active edge sites, a high current density of − 200 mA⋅cm-2 and a 
FE of ~90% for formate is achieved at ~− 0.84 V vs RHE in 1.0 M KOH 
in a flow cell, and it is stable for at least 12 h. This work is important for 
the design of layered materials for CO2RR. 
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