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HIGHLIGHTS

Electrochemical reduction of CO2

to renewable fuels is urgently

needed

The incorporation of sulfur into tin

favors formate generation

Sulfur-modulated tin increases the

CO2 reduction current density

Sulfur-modulated tin provides

excellent stability
The electrochemical reduction of carbon dioxide (CO2RR) offers a compelling

route to energy storage and high-value chemical manufacture. The presence of

sulfur atoms in catalyst surfaces promotes undercoordinated sites, thereby

improving the electrochemical reduction of CO2 to formate. The resulting sulfur-

modulated tin catalysts accelerate CO2RR at geometric current densities of

55 mA cm�2 at �0.75 V versus RHE with a Faradaic efficiency of 93%.
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Context & Scale

With rapid advances in the

efficient and cost-effective

conversion of sunlight to electrical

power, the development of

storage technologies for

renewable energy is even more

urgent. Using renewable

electricity to convert CO2 into

formate simultaneously addresses

the need for storage of

intermittent renewable energy

sources and the need to reduce

greenhouse gas emissions. We

report an increase of greater than
SUMMARY

Electrochemical reduction of carbon dioxide (CO2RR) to formate provides an

avenue to the synthesis of value-added carbon-based fuels and feedstocks pow-

ered using renewable electricity. Here, we hypothesized that the presence of

sulfur atoms in the catalyst surface could promote undercoordinated sites,

and thereby improve the electrochemical reduction of CO2 to formate. We

explored, using density functional theory, how the incorporation of sulfur into

tin may favor formate generation. We used atomic layer deposition of SnSx fol-

lowed by a reduction process to synthesize sulfur-modulated tin (Sn(S)) cata-

lysts. X-ray absorption near-edge structure (XANES) studies reveal higher

oxidation states in Sn(S) compared with that of tin in Sn nanoparticles. Sn(S)/Au

accelerates CO2RR at geometric current densities of 55 mA cm�2 at �0.75 V

versus reversible hydrogen electrode with a Faradaic efficiency of 93%. Further-

more, Sn(S) catalysts show excellent stability without deactivation (<2% produc-

tivity change) following more than 40 hours of operation.
4-fold in the current density

(hence the rate of reaction) in

formate electrosynthesis

compared with relevant controls.

Our catalysts also show excellent

stability without deactivation

(<2% productivity change)

following more than 40 hours of

operation.
INTRODUCTION

The electrochemical reduction of carbon dioxide (CO2RR) offers a compelling route

to energy storage and high-value chemical manufacture.1–4 It enables the use of

increasingly abundant renewable energy sources, such as solar and wind, to drive

the conversion of CO2 to renewable fuels and feedstocks. This approach stands to

reduce present-day dependence on conventional fuels and also help mitigate net

CO2 emissions. Despite recent breakthroughs, the energy efficiency of CO2RR is still

far from being a viable alternative to fossil energy sources.4–7 Improvements in

selectivity and partial current density with robust and stable long operating times

are of crucial importance to continue advances in the direction of commercial

viability.

Formate is one interesting product among the variety that can be synthesized via

CO2RR. It can be directly used as a fuel, as a means of H2 storage, or as a feedstock

in the synthesis of fine chemicals of interest to the pharmaceutical industry.8,9

A recent paper utilizing a gross-margin model for defining technoeconomic bench-

marks for CO2 reduction showed that formate and carbon monoxide may offer paths

to economically viable products.10 Unfortunately, in the case of formate, high selec-

tivity has been achieved only at the expense of low current density, yielding
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impractically low partial current densities (jHCOO�). In addition, many catalysts exhibit

rapid deactivation within hours.4,11–15

Metal surfaces have been widely used for the heterogeneous electroreduction of

CO2 due to their robustness and superior catalytic activity.6,14,16 Different strategies

have been explored to control selectivity, reduce overpotentials, and increase en-

ergy efficiency.17–26 From a materials perspective, the choice of metals can be

used to tailor CO2RR selectivity. For example, metals such as Pd, Pb, Co, Hg, In,

Bi, Cd, or Sn have been reported to favor selectivity toward formate over carbon

monoxide or hydrogen.4,13,17–24 On the other hand, it has been shown that the pres-

ence of high-index facets, undercoordinated sites, and adatoms can improve CO2RR

energetics as the energy required for the intermediate steps in the electroreduction

of CO2 is lowered.
25–27

The use of metal-oxide-derived catalysts has been found to increase performance in

CO2 reduction when compared with their fully reduced counterparts.4,12,21 Metal

electrodes obtained from the reduction of metal oxides exhibit a prominent increase

in selectivity and provide lower overpotentials in the electrosynthesis of CO and

ethylene.28 This is ascribed to a combination of an increased number of undercoor-

dinated sites, the presence of oxygen promoters in metal oxides, and the synergetic

effect between remaining oxide species and native metal atoms.4,21,28

Here, we demonstrate the use of sulfide-derived metal catalysts to promote a high

number of favorable catalytic sites. We obtain, as a result, high selectivity and high

partial current density for CO2RR to formate. We hypothesized that sulfur-modu-

lated tin catalysts (Sn(S)) could offer superior catalytic selectivity, since the removal

of sulfur atoms incorporated in the Sn slab leads to a surface lattice distortion,

thereby generating undercoordinated active Sn sites. We developed a materials

strategy based on atomic layer deposition that combines ultra-sharp features—

which enable exploitation of field-induced reagent concentration (FIRC)3—with

the benefits of a tin sulfide-derived catalyst. As a result, we report high current

density to geometric formate (�55 mA cm�2). The new catalysts exhibit excellent

stability over the course of a 40-hr initial study.
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RESULTS AND DISCUSSION

Computational Studies

We first sought to model the effect on the catalytic activity of CO2RR to formate pro-

vided by doping sulfur atoms into Sn slabs. To this end, we carried out a computa-

tional study in which we systematically varied the sulfur content from pure tin to tin(II)

sulfide. Density functional theory (DFT) calculations were used to probe the ener-

getics along the different CO2RR pathways toward formate, carbon monoxide,

and hydrogen. Different sulfur contents are expected to modify the surface

morphology and electronic structure thereby affecting the CO2RR activity (Fig-

ure S1). The electrochemical reduction of CO2 to formate is known to proceed via

an initial proton-coupled electron transfer to form a bound formate intermediate

(HCOO*).25 Other competing reaction pathways have different predominant inter-

mediates. Carbon monoxide evolution, for example, typically proceeds via a bound

carboxylate intermediate (COOH*).3,29 The hydrogen evolution reaction (HER), on

the other hand, requires a bound proton (H*) intermediate.30

A highly selective catalyst for the production of formic acid will favor the formation of

formate over carboxylate and proton intermediates. To assess the selectivity and
Joule 1, 794–805, December 20, 2017 795
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Figure 1. Computational Investigation of Sulfur-Modulated Tin System

(A) Optimized surface slab structures of pure Sn, S-modulated Sn, and SnS.

(B) Gibbs free energies of formation (DGformation) for HCOO* (yellow), COOH* (gray), and H* (blue) intermediates, which are the rate-limiting

intermediates along the reaction pathway to produce formate, carbon monoxide, and hydrogen gas, respectively.

(C) Volume slice of the charge densities through the middle of the oxygen atom of a bound HCOO* intermediate.

(D) Atomic accessible surface area of the metal slab normalized to the number of tin atoms as a function of sulfur content.
limiting potentials for each product, we calculated the Gibbs free energy of forma-

tion (DGf) for HCOO*, COOH*, and H* intermediates on the (100) surface of Sn(S) as

a function of sulfur content (Figure 1B and Table S3). The bound HCOO* intermedi-

ate visualized with a volume slice of the electronic charge densities through the cen-

ter of the oxygen atoms is shown in Figure 1C. Here, the free energy of formation is

the reaction free energy necessary to electrochemically reduce CO2 to a surface in-

termediate species at 0 V versus reversible hydrogen electrode (RHE) at pH 0, 298 K,

and 1 atm. In the majority of cases, the Gibbs free energy of formation for HCOO* is

lower than that of COOH*. This suggests that the production of formic acid is the

energetically preferred pathway. The reaction energy diagram for electroreduction

of CO2 to formic acid with catalysts of various sulfur content is shown in Figure S2.

For both formate and carboxylate intermediates, the same trend is observed

whereby a slight doping of S into Sn drastically lowers DGf and, as the content of

S increases, so does the free energy of formation. An opposite trend was observed

for H*, whereby the free energy of formation increases upon S incorporation.

Interestingly, the DGf for HCOO* was found to be negative for 3.8% (�0.13 eV),

12.5% (�0.17 eV), and 25% (�0.21 eV) S-doped Sn. This suggests that the formation

of the rate-limiting formate intermediate is thermodynamically downhill when sulfur

is slightly doped into tin.

The theoretical limiting potential for CO2RR—the calculated minimum thermody-

namic potential necessary to drive the electrochemical reaction forward—was found

to be closest to zero for 3.8% Swith a value of�0.07 V versus RHE at pH 0, 298 K, and

1 atm (Table S4). The limiting potential is taken from the reaction energy diagram

(Figure S2) and is the largest DG along the reaction pathway. For this same compo-

sition, the limiting potentials for CO production and HER were much more negative
796 Joule 1, 794–805, December 20, 2017
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Figure 2. Fabrication of Nanostructured Sn(S) Catalysts

(A–C) Schematic and SEM images of the process leading to the fabrication of Sn(S) nanostructured

electrodes. (A) Au needles. (B) Au needles after SnS deposition by ALD process. (C) Au needles

coated with sulfur-modulated-tin films.

(D) A SnSx slab is conformally deposited by ALD on top of the nanostructured metal backbone.

(E) The selective reduction of SnSx leads to Sn(S) films, which promotes CO2RR toward formate. The

dashed circle means active sites for formate generation.
(�1.06 V and �0.75 V, respectively). These results suggest that the onset potential

for formate production may be lower than that of CO or H2, highlighting the bene-

ficial effects of S incorporation on the energetics of formate generation.

To computationally investigate the morphological changes that doping induced on

the tin, accessible surface areas were calculated using Connolly surface areas (Fig-

ure S3 and Table S6). It was found that slight doping of sulfur atoms increased the

atomic surface area (normalized to the number of tin atoms in the slab) compared

with tin sulfide or pure tin by 13% (Figure 1D). The 12.5% sulfur-doped Sn(S) struc-

ture had the largest accessible surface area of 210 Å2 per unit cell, whereas the

close-packed pure tin structure had the lowest accessible surface area of 186 Å2

per unit cell. This high surface area suggests the surface has a greater degree of

accessibility and is more likely to have undercoordinated sites due to the imperfect

packing caused by the slight doping of sulfur. This result was validated by comparing

the electrochemically active surface area (ECSA) of Sn(S) and Sn nanoparticles (NPs)

as described later in the text.
Synthesis and Characterization of Sulfur-Modulated Tin Catalysts

A method to achieve a controllably sulfur-doped Sn surface was then required to

successfully implement these findings. We took the view that atomic layer deposi-

tion (ALD) could provide precise control over both S content and film thickness (Fig-

ures 2 and S4). SnSx thin films were deposited from the reaction of tetrakis(dimethy-

lamino)tin(IV) (TDMA-Sn) and H2S. The resulting films were then electrochemically
Joule 1, 794–805, December 20, 2017 797



Table 1. Comparison of Catalytic Parameters of Sulfur-Modulated Tin Catalysts and Controls

Samples Electrolyte Potential
(V versus RHE)

Current Density
(mA cm�2)

Faradaic
Efficiency (%)

Reference

Sn(S)/Au 0.1 M KHCO3 �0.75 55 93.3 This work

Sn nanoparticles/Au 0.1 MKHCO3 �0.75 42 30.2 This work

SnOx-derived Sn 0.5 M KHCO3 �1.05 12 19 Lu et al.11

SnO2 nanoparticles 0.1 M KHCO3 �1.05 9.5 90 Kim et al.14

SnOx/Sn 0.1 M KHCO3 �1.05 11 70 Pander et al.22

Oxide-derived Pb 0.5 M KHCO3 �1.05 1 95 Hollingsworth et al.23

SnS2-derived Sn/rGO 0.5 M KHCO3 �1.05 11.75 85 Li et al.31

Sn quantum sheets/GO 0.1 M KHCO3 �1.05 12 60 Lei et al.32

Partial oxidized Co 0.1 M Na2SO4 �0.24 10 90 Gao et al.4

Pd nanoparticles 0.5 M KHCO3 �0.20 22 97 Klinkova et al.13

Pd nanoparticles 0.5 M KHCO3 �0.35 8 90 Won da et al.18

Sn [Bmim]PF6 �1.05 15 95 Lee et al.16
reduced to partially remove S atoms (see Experimental Procedures for details),

thereby increasing the density of active sites. In situ Raman spectra at �1.0 V versus

RHE confirmed that the bulk and vast majority of SnSx is reduced to Sn metal at high

potentials (Figure S5). As discussed later, the catalytic activity of Sn(S)/Au shows

significantly superior performance than pure Sn nanoparticles/Au samples, which

is in agreement with DFT calculations (Table 1).

Morphological strategies have been shown to dramatically increase the rate for

CO2RR toward a given product. Field-induced reagent concentration (FIRC) is a cat-

alytic phenomenon that was first reported on nanostructured gold nanoneedles for

the reduction of CO2 to CO (Figure 2A).3 Simply, high-curvature nanostructures

exhibit a high local negative electric field, which concentrates proximate positively

charged cations that help to stabilize CO2 reduction intermediates, promoting

CO2RR. Computational studies have since shown that strong local electric fields

and the presence of cations proximate to the surface promote CO2RR.
33 The concept

of sharp nanostructures promotingCO2RR activity andboosting current densities has

since been demonstrated for CO2 reduction to formate13 and formic acid oxidation15

on branched Pd NPs and CO2 reduction to ethylene on copper nanodendrites.17

We sought to explore the synergy between FIRC and sulfur-modulated tin catalysts,

building hybrid electrodes that combine the best nanostructured FIRC morphol-

ogies of Au nanoneedles with Sn(S), which improves formate evolution energetics

(Figure 2). This required that the sulfur-modulated tin film be conformally deposited

over the Au nanoneedles, maximizing activity toward the desired products and

otherwise blocking CO active Au facets. We optimized the ALD process by control-

ling substrate preparation, pulse duration, and the number of cycles (Figures 2B and

2D). We achieved homogeneously dispersed sulfur elements into the Sn metal by

ALD of SnSx followed by an in situ reduction process to give the active Sn(S) catalyst

(Figures 2C and 2E). We have found that regardless of starting Sn:S composition

(1:1 or 1:2), the majority of the sulfur is removed during the reduction step. These

results imply a limitation to the amount of sulfur that can remain after the initial

reduction to SnSx (Figure S13).

High-resolution transmission electron microscopy (HRTEM) studies were performed

to provide greater insight into the surface structure and morphology of the catalyst
798 Joule 1, 794–805, December 20, 2017



Figure 3. Characterization of Sulfur-Modulated Tin Catalysts

(A) High-resolution transmission electron microscope (HRTEM) image of the ALD SnSx before reaction showing a highly polycrystalline surface. Scale

bar represents 5 nm.

(B and C) Fast Fourier transform (FFT) of the polycrystalline region (B) and one specific crystalline grain (C).

(D and E) HRTEM image of the reduced Sn(S) active catalyst after reaction showing a uniform amorphous layer on the surface. Scale bar represents 20 nm

for (D); scale bar represents 5 nm for (E). Inset is the FFT of the amorphous region.

(F–I) STEM image (F) of Sn(S)/Au and the corresponding EDS mapping to show homogeneously dispersed Au (G), Sn (H), and S (I). Scale bar represents 100 nm.
before and after reaction (Figure 3). It was found that, before reaction, highly

polycrystalline tin sulfide is formed with extremely small grain sizes of�5 nm (Figures

3A–3C). After reaction, a thin layer of amorphous tin-based material about 2–3 nm

thick forms on the surface (Figures 3D and 3E). Scanning transmission electronmicro-

scopy-energy dispersive spectroscopy (STEM-EDS) elemental mapping showed a

conformal coating of Sn(S) on Au needles, and a uniform, uncorrelated spatial distri-

bution of Au, Sn, and S (Figures 3F–3I), consistent with the EDS line scan (Figure S6).

To elucidate the electronic configuration of the resulting Sn(S) layer in the final struc-

ture, we performed X-ray absorption spectroscopy (XAS) on Sn(S) and Sn NPs

before, in situ, and after reaction (Figure 4). Sn NPs were used as a control of

Sn(S). We analyzed the edge position of each compound as it shifts to higher en-

ergies with increasing oxidation of Sn.34,35 In situ Sn L3-edge spectra at�0.7 V versus

RHE indicate that the reduction of SnSx to Sn(S) resulted in an oxidation state be-

tween Sn0 and Sn2+, while Sn NPs do not change oxidation state (Figure 4A).36,37

This suggests Sn(S) at �0.7 V versus RHE was more oxidized than Sn metal, which

agreed with the in situ S K-edge spectra38 (Figure S11). The trend observed from

the Sn L3-edge (Figure 4B) indicates that sulfur-doped Sn possessed a higher oxida-

tion state than Sn NPs after reaction (edge shift indicated by a red arrow),36,37 consis-

tent with Sn K-edge measurements (Figure 4C).35 Sn(S) exhibited a higher oxidation

state than Sn NPs after reaction because Sn(S) was more readily oxidized to high

valence after exposure to the open circuit potential and air. We propose that Sn(S)

may have more undercoordinated Sn sites than the Sn NP control.

The surface chemical compositions of SnSx, Sn(S) after reaction, and Sn NPs after re-

action were further probed by X-ray photoelectron spectroscopy (XPS). The S 2p

spectra of Sn(S) after reaction revealed the survival of sulfur throughout the reaction

(Figure 4D). Based on the results from XPS analysis, the content of S in the Sn(S)
Joule 1, 794–805, December 20, 2017 799
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Figure 4. Electronic Structure of Sn(S) and Sn

(A) In situ Sn L3-edge XANES spectra of Sn NPs, SnS, Sn NPs at �0.7 V versus RHE, and Sn(S) at �0.7 V versus RHE. Inset shows zoom in of the pre-edge

energy range.

(B) Sn L3-edge spectra of Sn(S) and Sn NPs on carbon paper after reaction (edge shift indicated by a red arrow).

(C) Sn K-edge of Sn(S) and relevant controls. Inset shows zoom in of the pre-edge energy range.

(D) XPS spectra of Sn(S), Sn NPs, and ALD SnSx.
catalyst was calculated to be 3.2%. To avoid the effect of Au substrates and thus the

potential increased sulfur content adhering to gold, we deposited Sn(S) on carbon

paper (Figure S14) and found the content of S in the Sn(S)/carbon paper after reac-

tion to be 4.6% (Figure S15).

Evaluation of Activity for Electrochemical Reduction of CO2

We then proceeded to evaluate the catalytic performance of the Sn(S)-FIRC hybrid

electrodes. Linear sweep voltammetry traces reveal the superior current density

of S-modulated Sn samples over bare Sn NPs (Figure 5A). The Faradaic efficiency

of S-modulated Sn samples approaches 100% for potentials more negative

than�600 mV versus RHE. The resulting partial current density is significantly higher

than that of Sn samples (Figures 5B and S12). We have also synthesized Sn film on Au

needles by sputtering as a control (Figure S19). A record Faradaic efficiency of 93%
800 Joule 1, 794–805, December 20, 2017
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Figure 5. Performance of Sulfur-Modulated Tin Catalysts and Controls in a Three-Electrode Configuration in CO2 Saturated 0.1 M KHCO3 Aqueous

Electrolyte

(A) The CO2RR polarization curve of catalysts loaded on Au needles and Sn foil, respectively.

(B) Potential dependence (with iR corrected) of Faradaic efficiencies and current densities for CO2RR on Sn(S)/Au (squares) and Sn NPs/Au (circles).

(C) Stability test of Sn(S) at �0.75 V versus RHE (iR corrected).
with a total current density of 55 mA cm�2 (normalized to geometric surface area) is

obtained at �0.75 V versus RHE for Sn(S)/Au. This formate partial current density on

Sn(S)/Au represents higher than that of the best non-noble metal (Tables 1 and S8).

To evaluate the effect of surface area, we measured the ECSA for Sn(S)/Au, Sn

NPs/Au, and sputtered Sn/Au from the electrochemical double-layer capacitance

of the catalytic surface (Figure S8). From ECSA normalized performance of CO2

reduction to formate, the high catalytic activity of Sn(S)/Au includes an appreciable

intrinsic (not surface-area-related) contribution. The partial current density for

formate on Sn(S)/Au, normalized by ECSA, is between 1.2 and 3 times higher than

that of Sn NPs/Au and sputtered Sn/Au (Figure S9 and Table S9). To experimentally

probe the reaction intermediates, we observed formate in the interfacial region

(1,300–1,400 cm�1) by in situ attenuated total reflection mode Fourier transform

infrared (ATR-FTIR) (Figure S18).39,40 We note that a bound intermediate formate

species (HCOO*) has been reported before in the literature,39 but unfortunately

we were not able to detect this species. While our in situ ATR-FTIR was inconclusive

for bound HCOO* intermediates, there were no peaks that could be attributed to
Joule 1, 794–805, December 20, 2017 801



the bound or interfacial carboxylate intermediate (COOH*). These results qualita-

tively agree well with our simulations, whereby the reaction pathways are based

on prior literature.13,25

One of the most critical aspects of formate production from CO2RR is the deactiva-

tion of the catalyst over time. Although Pd catalysts only require low potential for

CO2 to formate (Table 1), CO poisoning has limited its potential practical applica-

tion.13 To characterize the performance stability of the Sn(S) catalysts, we performed

CO2 reduction with the Sn(S) catalyst under a constant potential of �0.75 V versus

RHE continuously for 40 hours. We observed no appreciable decrease (<2%) in cur-

rent (Figure 5C) during this time interval. Furthermore, we performed potential-

cycling experiments that showed no degradation in activity over five 1-hr cycles (Fig-

ure S20). We also confirmed the Faradaic efficiency for formate generation was

nearly quantitative (>93%) throughout the electrocatalytic process. This formate

partial current density on Sn(S)/Au is higher than the previously reported non-noble

metal catalysts in aqueous solution (Table 1),2,30 confirming that the undercoordi-

nated tin sites greatly increased the catalytic activity of CO2 to formate.

EXPERIMENTAL PROCEDURES

DFT Calculations

Initially, we started by simulating a SnS slab.41 It is characterized by an orthorhombic

herzenbergite structure where the Sn2+ ion adopts a tetrahedral geometry coordi-

nating three S2� ions with the Sn 5s2 lone pair occupying the fourth position.42 We

then gradually increased the Sn content in the SnS crystal structure by randomly re-

placing S atoms with Sn atoms such that the resultant structures had 37.5%, 25%,

and 12.5% sulfur content. The atomic positions and unit cell parameters of all struc-

tures were relaxed and fully optimized using DFT (Figure S17). The optimized struc-

tural parameters for SnS (Tables S1 and S2) served as a benchmark for the validity of

further calculations. The {100} facet was used for all slabs with a 4 3 4 3 4 atom slab

and 20 Å between mirror images in the z axis in the unit cell. To justify the facet

choice, we calculated the surface energies for the {100}, {110}, {111}, {211}, and

{311} facets of SnS (Table S7). It was found that the {100} facet has the lowest surface

energy and is thus expected to be the most stable surface. Bader charge analysis

shows electron density of the bound oxygen atoms is slightly higher on slightly

doped Sn(S), suggesting a stronger Sn–O intermediate bond (Table S5).

X-Ray Absorption Measurements

The Sn K-edge spectra were collected at the 06ID-1 Hard X-ray MicroAnalysis

(HXMA) beamline and soft X-ray Microcharacterization (SXMRB) beamline from Ca-

nadian Light Source. In situ Sn-L3 edge and S K-edge XANES spectra were collected

at the soft X-ray Microcharacterization (SXMRB) beamline from Canadian Light

Source. Ex situ Sn L3-edge spectra were collected at Beamline 10.3.2 from the

Advanced Light Source.

Preparation of Sn(S) on Au Needles

Gold electrodes were prepared through an electrodeposition process using a solu-

tion containing HAuCl4 (99.99%, Sigma) and HCl (TraceSELECT) solution.3 SnSx was

deposited at 90�C using tetrakis(dimethylamino)-tin(IV) (TDMASn, 99.99% Sn; Strem

Chemicals) and H2S at a constant growth rate of 0.035 nm per cycle measured by el-

lipsometry. TDMASn was held at 65�C. Nitrogen was used as a carrier gas (99.9999%

pure, Carbagas) with a flow rate of 10 sccm.43–45 Cyclic voltammetry measurements

from 0.4 V to �1.0 V versus RHE at 50 mV/s were performed in CO2 saturated 0.1 M

KHCO3 electrolyte for three cycles to activate and partially remove sulfur atoms from
802 Joule 1, 794–805, December 20, 2017



the as-prepared SnSx/Au electrode. The CO2 reduction performance was then car-

ried out in the same electrolyte.

Preparation of Sn Nanoparticles on Au Needles

Electrophoretic deposition was implemented to uniformly deposit Sn NPs on nano-

structured Au electrode.34,46,47 Specially, 10 mg/L Sn NPs in ethanol were placed in

the ultrasonic bath for 50 min and centrifuged for 30 min at 4,000 rpm to remove

large NPs from the suspension. Finally, a DC power supply of 20 V was applied for

20 min to deposit Sn NPs (Figure S7).

Electrocatalytic Reduction of CO2

All CO2 reduction experiments were performed using a three-electrode system

connected to an electrochemical workstation (Autolab PGSTAT302N). Ag/AgCl

(with saturated KCl as the filling solution) and platinum mesh were used as refer-

ence and counter electrodes, respectively. Electrode potentials were converted

to the RHE reference scale using ERHE = EAg/AgCl + 0.197 V + 0.0591 3 pH. The

potentials were iR corrected using electrochemical impedance spectroscopy

(Figure S16).

The electrolyte was 0.1 M KHCO3 saturated with CO2. Formate was quantified on

gas chromatography with mass spectrometry (PerkinElmer Clarus 600 GC-MS

System). Assuming that two electrons are needed to produce one formate mole-

cule, the Faradaic efficiency was calculated as follows: Faradaic efficiency = 2F 3

nformate/Q = 2F 3 nformate/(I 3 t), where F is the Faraday constant, I is the current,

t is the running time, and nformate is the total amount of formate produced

(in moles).

Characterization

High-resolution TEM (HRTEM) images were taken on an FEI monochromated F20 UT

Tecnai microscope operated at 200 kV. STEM elemental mapping of samples were

taken on a FEI Titan 80–300 environmental (scanning) electron microscope (E(S)

TEM), with a spot size of 6 and a C2 aperture size of 70 mm. Scanning electron micro-

scopy (SEM) was performed on a Hitachi SU8230 scanning electron microscope

operated at 1.0 kV. Powder X-ray diffraction patterns were obtained with a

MiniFlex600 instrument. XPS measurements were carried out on a Thermo Scientific

K-Alpha system, with a 300 mm spot size, 75 eV pass energy, and energy steps of

0.05 eV, and aluminum anode X-ray excitation. The Shirley algorithm was used to

fit the background. Then the atomic ratio was computed by summing over the curves

over the background and taking into account the absorption cross-section of Sn and

S to determine relative ratios from their intensities (Figure S10). The in situ spectroe-

lectrochemical (ATR-FTIR) measurements were performed on a Bruker IFS 66/S

spectrometer. For the in situ technique, a sealed electrochemical cell (Figure S18)

with Pt as counter electrode, Sn(S) as working electrode, and Ag/AgCl reference

electrode was mounted in the spectrometer. The system was continuously flushed

with CO2 saturated 0.1 M KHCO3. Sn(S) was deposited onto a germanium crystal

(1 3 1 3 0.2 cm parallelepiped, angle 45�C) as reflection element. During the spec-

troscopic recording, a constant potential was applied (�0.3 V, �0.5 V, and �0.7 V

versus RHE, respectively) (Figure S18).
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Supplementary Figures and Tables 

 

 

 

 

Figure S1. Plot of intermediate (HCOO*) binding energy with respect to different configurations 

of SnxSy.  



 

 

 

 

 

 

Figure S2. The reaction energy diagram for electroreduction of CO2 to formic acid with Sn(S) 

catalysts of various sulfur content.  

 

 



 

 

 

 

Figure S3. Atomic surface area for the different slab models normalized to the number of Sn 

atoms.  

 



 

 

 

Figure S4. SEM images of SnSx deposited via (a) 50 cycles, (b) 200 cycles and (c) (d) 500 

cycles of ALD on Au needles. It was found that 500 cycles were enough to fully cover Au 

needles. 

 

 

 



 

 

 

 

 

Figure S5. In situ Raman spectra of Sn(S) deposited via 500 cycles of ALD on Au needles at 

open circuit (red line), and -1.0 V vs. RHE (blue line). Raman spectra at -1.0 V vs. RHE 

confirmed that the bulk and vast majority of SnSx is reduced to Sn metal at high potentials. 

Note that because Raman is not explicitly a surface technique, it is unlikely to observe trace 

Sn-S bonding vibrations, especially in comparison to the bulk crystalline vibrations that are 

easily observed in the bulk ALD SnSx. In other words, it cannot be used to rule out the 

presence of S atoms near the surface. 

 



 

 

 

 

 

Figure S6. Energy dispersive spectroscopy line-scan of Sn(S) after reaction. 

   

 



 

 

 

 

 

Figure S7. SEM image of uniformly deposited Sn nanoparticles on Au needles by 

electrophoretic deposition.  



 

 

 

Figure S8. Electrochemical surface area measurement. a, b, Determination of double-layer 

capacitance over a range of scan rates for Sn(S)/Au electrode. c, d, Determination of 

double-layer capacitance over a range of scan rates for Sn NPs/Au electrode. e, f, 

Determination of double-layer capacitance over a range of scan rates for Sputtering Sn/Au 

electrode. a, c, e, Cyclic voltammagrams taken over a range of scan rates. b, d, f, Current due 

to double-layer charging plotted against cyclic voltammetry scan rate. 

 

 



 

 

 

Figure S9. Surface-area-normalized current densities for formate production for Sn(S)/Au 

(black) and Sn NPs/Au (red), respectively. 

 



 

 

 

 

 

Figure S10. (a) Sn 3d and (b) S 2p XPS spectra of SnSx/Au before and after reduction. The Sn 

3d and S 2p spectra of SnSx/Au before and after reduction revealed the partial removal of 

sulfur throughout the reduction process. Based on the results from XPS analysis, the content 

of S in the Sn(S) catalyst was calculated to be 3.2 at%. 

 

 



 

 

 

Figure S11. In situ S K-edge of ALD SnSx (black line) and Sn(S) at -0.7 V vs. RHE (blue line).



 

 

  

Figure S12. Partial current densities for formate production for Sn(S)/Au (black) and Sn 

NPs/Au (red), respectively. 



 

 

 

Figure S13. (a) Sn 3d and (b) S 2p XPS spectra of SnSx/Au and Sn(S)/Au after reduction. 

Different compositions of the SnSx were synthesized by changing the ratio of 

tetrakis(dimethylamino)-tin(IV) (TDMASn) and H2S during atomic layer deposition 

(TDMASn:H2S=1:1 i.e. SnSx/Au-1 and TDMASn:H2S=1:2 i.e. SnSx/Au-2). X-ray photoelectron 

spectroscopy (XPS) was used to determine the ratio of Sn and S before the initial reduction 

step (The content of surfur for SnSx/Au-1 and SnSx/Au-2 is 48% and 67%, respectively). The 

Sn 3d and S 2p spectra of SnSx/Au before and after reduction for one hour revealed the partial 

removal of sulfur throughout the reduction process (Figure S13). The Shirley algorithm was 

used to fit the background. Specifically, the atomic ratio is computed by summing over the 

curves over the background and taking into account the absorption cross-section of Sn and S 

to determine relative ratios from their intensities. Based on the calculation from XPS analysis, 

the content of S in the Sn(S)/Au-1 and Sn(S)/Au-2 after reaction was calculated to be 3.4 at% 

and 5.2 at%, respectively. We also performed the CO2 reduction reaction of of Sn(S)/Au-1 and 

Sn(S)/Au-2 in 0.1 M KHCO3 electrolyte. The Faradaic efficiency of Sn(S)/Au-1 and Sn(S)/Au-2 

approached ~95% when applying potential at -0.75 V vs. RHE (iR-corrected). These results 

show that the specific doping amount between 3.4% and 5.2% have a negligible impact on 

Faradaic efficiency. These results agree well with the computational simulations that showed 

low sulfur doping amounts are thermodynamically favourable for formate production. 



 

 

 

Figure S14. SEM images of Sn(S) activated on carbon paper after reaction. 



 

 

 

Figure S15. S 2p XPS of SnSx/carbon paper and Sn(S) on carbon paper after reaction. To 

avoid the effect of Au substrates and thus the potential increased sulfur content adhering to 

gold, we deposited SnSx on carbon paper via atomic layer deposition as a control sample. 

SEM images showed that SnSx thin films and Sn(S) after reaction were deposited uniformly on 

carbon paper (Figure S14). We then performed cyclic voltammetry (CV) measurements from 

0.4 V to -1.0 V vs. RHE at 50 mV/s in CO2 saturated 0.1 M KHCO3 electrolyte for 3 cycles to 

activate and partially remove sulfur atoms from the as-prepared SnSx/carbon paper electrode. 

The content of S in the Sn(S)/carbon paper after reaction for 1 hour was calculated to be 4.6 

at% (Figure S15). The amount of S in the Sn(S)/carbon paper system is similar to the Sn(S)/Au 

system and not significantly decreased which suggests that the sulfur is present at the surface 

of the Sn(S). 



 

 

 

Figure S16. Electrochemical impedance spectroscopy (EIS) data for catalysts loaded on Au 

needles and Sn foil, respectively in three-electrode configuration in CO2 saturated 0.1 M 

KHCO3 aqueous electrolyte.   

 



 

 

 

 

Figure S17. Plot of change in energy with respect to optimization step, i.e Frame for Sn20S-

12-HCOO* system (left). Snapshots from the geometry relaxation at the initial (1), 25 steps (2), 

60 steps (3), and final configuration (4).  



 

 

 

Figure S18. (a) Schematic illustration of the in situ liquid cell experimental setup for FTIR. (b) 

In-situ FTIR spectra plot during applying different potentials.  



 

 

 

 

Figure S19. (a) SEM image of uniformly deposited Sn nanoparticles on Au needles by 

sputtering process. (b) Faradaic efficiency of formate, CO, and H2 on sputtering Sn on Au 

needles. We synthesized a thin layer of Sn film on Au needles by sputtering as a control (Figure 

19a). The CO2 reduction activity of sputtering Sn on Au needles was carried out in CO2 

saturated 0.1 M KHCO3. We also calculated the Faradic efficiency of formate for sputtering 

Sn(S) on Au needles. The Faradaic efficiency of formate on sputtering Sn/Au approached 80% 

at -1.0 V vs. RHE, which is 300 mV higher than that of Sn(S)/Au (Figure 19b). This agrees well 

with the qualitative trend from DFT calculation that the presence of sulfur in tin is more 

favourable for formate production than tin alone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure S20. Stability test of Sn(S) cycling between -0.75 V vs. RHE and open circuit potential 

(Inset is the zoomed part near point D). 

 

 

 



 

 

 

Table S1: Optimized Structural Parameters 

 

Material a b c α β γ Ref 

Sn 6.42 
  

90 
  

Calc. 

Sn 6.46 
  

90 
  

Nature 166, 482 (1950) 

Sn16S16 4.02 4.43 11.41 90 90 90 Calc. 

Sn16S16 4.02 4.44 11.43 90 90 90 APL Materials, 2013, 1(1), 011002. 

Sn28S4 5.63 5.94 8.07 94.5 83.9 91.1 Calc. 

Sn24S8 5.79 5.72 8.04 93.7 81.23 91.1 Calc. 

Sn20S12 5.44 6.18 7.58 92.2 93.3 91.1 Calc. 

 

 

 

 

Table S2: Gas phase molecules and their thermodynamic quantities (eV). 

Molecule EDFT ZPE ∫CvdT TS G 

H2O -14.21 0.56 0.10 0.67 -14.22 

CO2 -22.95 0.31 0.10 0.66 -22.79 

H2 -6.77 0.27 0.09 0.43 -6.94 

CO -14.78 0.13 0.09 0.67 -15.22 

HCOOH -29.87 0.89 0.11 1.05 -29.71 

 

 



 

 

Table S3: Adsorbate molecules and their thermodynamic quantities (eV). 

 

Adsorbates E_elec ZPE ∫CvdT (-TΔS) G 

Sn16S16 (100) 

Slab -136.18 
    

CHOO* -162.40 0.62 0.10 -0.21 -161.89 

COOH* -161.41 0.60 0.12 -0.27 -161.21 

CO* -150.98 0.18 0.18 -0.19 -150.90 

H* -138.53 0.16 0.01 -0.02 -138.38 

Sn20S12 (100) 

Slab -128.25 
    

CHOO* -153.90 0.61 0.11 -0.26 -153.44 

COOH* -154.01 0.62 0.11 -0.24 -153.78 

CO* -143.29 0.18 0.09 -0.20 -143.22 

H* -131.55 0.16 0.01 -0.01 -131.39 

Sn24S8 (100) 

Slab -123.31 
    

CHOO* -150.28 0.63 0.09 -0.20 -149.75 

COOH* -149.25 0.63 0.09 -0.18 -148.95 

CO* -149.75 0.18 0.08 -0.17 -138.03 

H* -126.42 0.15 0.01 -0.01 -126.27 

Sn28S4 (100) 

Slab -118.41 
    

CHOO* -145.29 0.61 0.11 -0.22 -144.80 

COOH* -144.50 0.61 0.11 -0.25 -144.28 

CO* -133.22 0.18 0.08 -0.18 -133.13 

H* -121.44 0.15 0.02 -0.02 -121.29 

Sn26S1 (111) 

Slab -98.71 
    

CHOO* -125.54 0.61 0.11 -0.23 -125.06 

COOH* -124.42 0.63 0.09 -0.16 -123.86 

CO* -113.49 0.16 0.10 -0.25 -113.48 

H* -101.51 0.14 0.02 -0.03 -101.38 

Sn (111) 

Slab -98.65 
    

CHOO* -125.14 0.61 0.11 -0.22 -124.64 

COOH* -124.05 0.62 0.10 -0.20 -123.78 

CO* -112.98 0.17 0.09 -0.21 -112.92 

H* -101.14 0.14 0.02 -0.03 -101.01 

 



 

 

Table S4: Theoretical limiting potential (V vs. RHE pH = 0, 273K, 1 atm).  

% Sulfur HCOOH CO H2 

0.00 -0.22 -1.08 -1.06 

3.8 -0.07 -1.06 -0.75 

12.50 -0.11 -0.35 -0.55 

25.00 -0.15 -0.58 -0.46 

37.50 -1.03 -0.69 -0.28 

50.00 -0.51 -1.19 -1.23 

 

 

Table S5: Calculated Bader partial atomic charges in units of e. 

Atom Sn16S16 Sn20S12 Sn24S8 Sn28S4 Sn 

O1 8.04 7.89 7.96 8.14   8.00 

O2 7.97 7.81 7.99 8.14   7.97 

Sn1 2.11 4.19 4.23 4.00 3.97 

Sn2 1.59 3.53 3.34 4.01 3.95 

 

Table S6: Surface energies for various facets of SnS slab models  

Facet Energy/FU (eV) Surface Energy (eV) Relative Surface Energy (eV) 

Bulk SnS -35.47 - - 

100 -35.08 0.20 0.00 

110 -34.89 0.29 0.09 

111 -34.72 0.38 0.18 

211 -34.40 0.54 0.34 

311 -34.65 0.41 0.21 

 



 

 

Table S7: Surface energies for various facets of SnS slab models.  

 

Facet Energy/FU Surface Energy Relative Surface Energy 

Bulk SnS -35.47 - - 

100 -35.08 0.20 0.00 

110 -34.89 0.29 0.09 

111 -34.72 0.38 0.18 

211 -34.40 0.54 0.34 

311 -34.65 0.41 0.21 

 



 

 

Table S8. Summary of the electrochemical reduction of CO2 to formate for homogeneous 

catalysis. 

Catalysts 

Potential 

(V vs. RHE) 

Total Current 

density (mA cm−2) 

Faradic 

efficiency of 

formate 

Reference 

Sn(S)/Au -1.05  55 93.9% Our work 

W-containing formate 

dehydrogenase enzymes  

-0.81 
             0.08 

97.3% 
Ref53 

Polymeric{Ru0(bpy)(CO)2}n -1 0.05 58% Ref54,55 

2,2'-bipyridyl Os complexes  -1.1 0.6 - Ref56 

iron carbonyl complex -0.65  4 95% Ref57 

Ir trihydride complex -1.2 0.45 97% Ref58 

Ir dihydride complexes -1 0.07 95% Ref59 

Iron0 Porphyrins -0.9 0.015 80% Ref60,61 

 



 

 

Table S9. Summary of performances for Sn(S)/Au, Sn NPs/Au, and sputtered Sn/Au at -0.6 V 

and -0.75 V vs. RHE in CO2 saturated 0.1 M KHCO3 electrolyte. 

 

Samples Potential  

(V vs. 

RHE) 

Total 

geometric 

current density 

(mA/cm2) 

Partial current 

density for formate 

production (mA/cm2) 

ECSA  

(cm2) 

ECSA normalized 

current density for 

formate production 

(mA/cm2) 

Sn(S)/Au -0.6 -34 -32 13.5 -2.4 

Sn NPs/Au -0.6 -26 -4 3.8 -0.9 

Sputtered Sn/Au -0.6 -27 -6 6.9 -0.9 

Sn(S)/Au -0.75 -55 -51 13.5 -3.8 

Sn NPs/Au -0.75 -38 -12 3.8 -3.2 

Sputtered Sn/Au -0.75 -38 -15 6.9 -2.2 

 



 

 

Supplemental Experimental Procedures 

 

Energetics Calculations 

All density functional theory (DFT) calculations were carried out with the Vienna Ab Initio 

Simulation package (VASP)42. The projector augmented wave (PAW) method43 was used with 

the Perdew-Burke-Ernzerhof (PBE)44 generalized gradient approximation (GGA) exchange 

correlation functional. All-electron frozen-core PAW pseudopotentials with a plane wave basis 

set as described by Blöchl45 were used with a cutoff energy of 500 eV, and fermi smearing 

width of 0.1 eV and dipole corrections were employed. Monkhorst-Pack mesh46 was used for 

k-point sampling with 6x6x6 k-points sampled for the optimization of all bulk structures and 

5x5x1 k-points sampled for all vacuum slabs of Sn, S-doped-Sn and SnS. The {100} facet was 

used with a 4x4x4 atom slab and 20Å between mirror images in the z-axis in the unit cell. Spin 

polarization was included as it has previously shown to be important for binding energies on 

metal and metal oxide catalyst surfaces46. Structural and unit cell optimizations were 

performed with the BFGS algorithm until the maximum cutoff was less than 0.02 eV/atom with 

the structures being fully optimized. Once the slab models were optimized all subsequent 

thermodynamic calculations were performed with the bottom two layers fixed.  

We chose the {100} facet because SnS is a layered metal-sulfide compound and it has 

been shown that with metal-sulfides the {100} facet is the lowest energy surface50. With 

respect to SnS, experimental studies on atomic layer deposition of tin monosulfide thin films 

showed that the preferred orientation of SnS upon deposition is when the layer planes are 

perpendicular to the substrate surface, which is consistent with our model. We have calculated 

the surface energies for the {100}, {110}, {111}, {211}, and {311} facets of SnS as shown in 

Table S6. It was found that the {100} facet has the lowest surface energy and is thus expected 

to be the most stable surface. The surface energies were calculated by the equation, ESurface = 

(Eslab – Ebulk)/2, where Eslab is the energy per formula unit of the slab, Ebulk is the bulk energy for 

SnS and this is number is divided by two to account for the top and bottom surfaces in the slab 

model.  

   For the calculation of all thermodynamic quantities, the open-source atomic simulation 

environment (ASE) code47 was used. The Gibbs free energies were calculated at 298K and 1 

atm as outlined below:  

 

where is the DFT calculated electronic energy, is the zero-point vibrational 

energy,  is the heat capacity, T is the temperature, and  is the entropy. Gas 

phase molecules such as CO2 and H2 were treated using the ideal gas approximation while 

adsorbates were treated using a harmonic approximation. The DFT calculated energy for gas 



 

 

phase CO2 and HCOOH was corrected by 0.45 eV and 0.20 eV respectively commonly 

employed to account for systematic errors by DFT48. Further, the free energies of COOH* were 

corrected by -0.25 eV as estimation for the hydrogen bond stabilization by water species in 

solution24. The computational hydrogen electrode model (CHE)49 was used to calculate the 

change in Gibbs free energy, ΔG, between reaction steps of the CO2 to HCOOH.  

 The reactions step for the electrochemical reduction of CO2 to formic acid, CO, and the 

competing HER are as follows:  

Formic Acid:   

CO2 + H+(aq) + e- + * → HCOO*        (1) 

HCOO* + H+(aq) + e- → HCOOH        (2)  

Carbon monoxide:  

CO2 + H+(aq) + e- + * → COOH*         (3)  

COOH* + H+(aq) + e- → HCOOH        (4) 

COOH* + H+(aq) + e- → CO* + H2O       (5)  

CO* → CO + *             (6) 

Hydrogen:  

 H+ + e- + * → H*            (7) 

 H* + H+ + e- → H2             (8) 

where * represents either a vacant surface catalytic active site, or intermediate species 

adsorbed on the active site. The Gibbs energy of formation for an intermediate (ΔGf) for formic 

acid is based off reaction 1 (ΔGformation (HCOO*) = GHCOO* – (GCO2 + ½GH2 + Gslab – 0.25 eV), for 

carbon monoxide is based off reaction 3 (ΔGformation (CO*) = GCOOH* – (GCO2 + ½GH2 + Gslab)), and 

for hydrogen is based off reaction 4 (ΔGformation (HCOO*) = GH* – (½GH2 + Gslab). 

To test the effect of different configurations of the Sn to S doping, we performed 

calculations on three additional configurations. We calculated the formate intermediate binding 

energy to the surface of all systems including different configurations of the Sn28S4 (12.5% S) 

slab as shown in Figure S6. The first configuration (the one used in the main text) has the 

sulfur atoms in the top two layers of the slab surface to appropriately capture the effects of 

surface embedded sulfur. The second configuration has the in the subsurface layer 

surrounded by a more well ordered crystalline Sn phase. The third configuration has the sulfur 

randomly dispersed throughout the entire slab and its optimized structure is much more 

amorphous. The fourth configuration has sulfur both in on the surface layer and three atom 

layers deep. It was found that the binding energy of HCOO* remained negative for all slab 

configurations. While configurations 2 to 4 were slightly more positive than configuration 1, 

they were all still lower in energy (and thus more favoured) than pure Sn, SnS, or Sn20S12 

slabs. We also find that that the most positive binding energy found for these configurations 

was the amorphous and high energy surface of configuration 3.  



 

 

 We have provided the full reaction energy diagram for the reduction of CO2 to formate 

(Figure S7). Incorporation of tin sulfide in the Sn28S4 configuration results in the first 

proton-coupled electron transfer step of CO2 to adsorbed formate intermediate to be 

thermodynamically favoured by 0.17 eV. The rate limiting step is now the second 

proton-coupled electron transfer to the HCOO* intermediate and desorption from surface to 

form formic acid. Interestingly, the rate limiting step is primarily the initial proton-coupled 

electron transfer to form the formate intermediate. The calculations now suggest that 

incorporation of sulfur in the tin lattice lowers the thermodynamic energy barrier for the first 

proton-coupled electron transfer. In this derivation, we assume that the surface coverage of the 

CO2 intermediate is small relative to the total number of active sites on the Sn(S)/Au catalyst. 

Bader partial atomic charges were calculated using an open-source code. The volume 

slice of the electronic charge densities was visualized in Visual Molecular Dynamics (VMD) 

directly from the VASP CHGCAR file. It was found that the oxygen atoms of the bound formate 

intermediate on slightly doped Sn(S) structures had slightly higher charge distribution (8.14e) 

than on tin sulfide (8.04e) or pure tin (8.0e) (Table S5). Thus, the electron density of the bound 

oxygen atoms is slightly higher on slightly doped Sn(S) suggesting a stronger Sn-O 

intermediate bond. 

The atomic surface area was calculated via the Connolly accessible surface area 

calculation as implemented in Materials Studio. This method was first developed to calculated 

the solvent accessible surface area for proteins and nucleic acids51, but has since been used 

in materials science of porous materials such as metal organic frameworks52. Simply, this is a 

method which can calculate a smooth three-dimensional contour based on a rolling-probe of 

certain size. The Connolly accessible surface areas were calculated using a Connolly radius of 

1.4 Å and a grid interval of 0.75 Å.  

Materials and Methods 

Chemicals 

The tin precursor, tetrakis(dimethylamino)-tin(IV) (TDMASn, 99.99%-Sn) was purchased from 

Strem Chemicals. HAuCl4 (99.99%), Sn nanoparticles with average 10 nm and commercial 

SnS were purchased from Sigma-Aldrich. 

Synthesis of SnSx on Au needles  

Au needles were prepared on carbon paper (Toray TGP-H-060, purchased from Fuel Cell Store) 

through an electrodeposition process as previously reported3. The Au needle electrode was 

formed using a 160 mM HAuCl4 and 0.5 mol/L solution, and direct current potential 

amperometry at −400 mV for 300 s. Au nanoneedle morphology provides the enhancement to 

the current density due to field-induced regent concentration effect. 

SnSx was deposited at 90 oC using tetrakis(dimethylamino)-tin(IV) (TDMASn, 99.99%-Sn, 

Strem Chemicals INC) and H2S at a constant growth rate of 0.035 nm per cycle measured by 

ellipsometry. TDMASn was held at 65 oC. Nitrogen was used as a carrier gas (99.9999% pure, 

Carbagas) with a flow rate of 10 sccm38. 

Synthesis of Sn nanoparticles on Au needles  



 

 

Electrophoretic deposition was implemented to uniformly deposit Sn nanoparticles on 

nano-structured Au electrode39, 40. Specially, 10 mg/L Sn nanoparticles in ethanol was placed in 

the ultrasonic bath for 50 min and centrifuged for 30 min at 4,000 RPM to remove large 

nanoparticles from the suspension. Finally, a DC power supply of 20 V was applied for 20 min 

to deposit Sn nanoparticles.  

Characterization 

High resolution TEM (HRTEM) images were taken on an FEI monochromated F20 UT Tecnai 

microscope operated at 200 kV. Scanning transmission electron microscopy (STEM) 

elemental mapping of samples were taken on a FEI Titan 80-300 environmental (scanning) 

electron microscope (E(S)TEM), a spot size of 6 with a C2 aperture size of 70 um. The 

samples were prepared by dropping catalyst powder dispersed in ethanol onto carbon-coated 

copper TEM grids (Ted Pella, Redding, CA) using micropipettes and were dried under ambient 

conditions. Scanning electron microscope (SEM) were acquired using a Hitachi SU8230 

scanning electron microscope operated at 1.0 kV. Powder X-ray diffraction (XRD) patterns 

were obtained with MiniFlex600 instrument. Data were collected in Bragg-Brentano mode 

using 0.02° divergence with a scan rate of 0.1° s-1. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out in a Thermo Scientific K-Alpha system, with a 300 μm spot 

size, 75 eV pass energy, and energy steps of 0.05 eV, aluminum anode X-ray excitation. The 

Shirley algorithm was used to fit the background. Then the atomic ratio is computed by 

summing over the curves over the background and taking into account the absorption 

cross-section of Sn and S to determine relative ratios from their intensities (Figure S10). The 

in-situ spectroelectrochemical (ATR-FTIR) measurements were performed on a Bruker IFS 

66/S Spectrometer. For the in-situ technique, a sealed electrochemical cell (Figure S18) with 

Pt as counter electrode, Sn(S) as working electrode and Ag/AgCl reference electrode was 

mounted in the spectrometer. The system was continuously flushed with CO2 saturated 0.1 M 

KHCO3. Sn(S) was deposited onto a Germanium crystal (1x1x0.2 cm parallelepiped, angle 

45°C) as reflection element. During the spectroscopic recording, a constant potential was 

applied (-0.3 V, -0.5 V, and -0.7 V vs. RHE, respectively) (Figure S18).   

X-ray absorption measurement 

The Sn K-edge spectra were collected at the 06ID-1 Hard X-ray MicroAnalysis (HXMA) 

beamline from Canadian Light Source. In situ Sn L3-edge and S K-edge spectra were collected 

at the soft X-ray Microcharacterization (SXMRB) beamline from Canadian Light Source. For 

every edge, the scanning time was 30 s and repeated for ten times, and the fluorescence of 

every edge was collected at the same absorption edge. The partial fluorescence yield (PFY) 

was extracted from all SDDs by summation of the corresponding metal L emission lines. Ex 

situ Sn L3-edge spectra were collected at Beamline 10.3.2 from the Advanced Light Source. 

The X-ray wavelength was monochromatized by a Si(111) double-crystal, fixed exit 

monochromator. The intensity of the incident X-ray radiation, I0, was monitored with a nitrogen 

filled ionization chamber. All data were collected in fluorescence mode with a 7-element Ge 

detector (Canberra). All spectra were aligned according to a glitch in I0 near the absorption 

edge. 



 

 

Electrochemical Measurements 

Electrochemical measurements were performed using a three-electrode system connected to 

an electrochemical workstation (Autolab PGSTAT302N) with built-in electrochemical 

impedance spectroscopy (EIS) analyzer. All CO2 reduction experiments were performed using 

a three-electrode system connected to an electrochemical workstation (Autolab 

PGSTAT302N). Ag/AgCl (with saturated KCl as the filling solution) and platinum mesh were 

used as reference and counter electrodes, respectively. Electrode potentials were converted 

to the reversible hydrogen electrode (RHE) reference scale using E(RHE) = E(Ag/AgCl) + 

0.197 V+0.0591×pH. The calibrations of Ag/AgCl reference electrode and Ag wire reference 

electrode were conducted in the standard three-electrode system (the same system as that for 

performance measurements) as reference electrodes, using Pt foil as working and counter 

electrodes. 

The electrolyte was 0.1 M KHCO3 saturated with CO2. Formate was quantified on GC with a 

mass spectrometry (PerkinElmer Clarus 600 GC-MS System). Assuming that two electrons 

are needed to produce one formate molecule, the Faradaic efficiency was calculated as 

follows:  

Faradaic efficiency=2F×nformate/Q=2F×nformate/(I×t), where F is the faraday constant, I is the 

current, t is the running time and nformate is the total amount of produced formate (in moles). 

Electrochemically active surface area 

      To evaluate the effect of surface area, we measured the electrochemically active 

surface area (ECSA) for Sn(S)/Au and Sn NPs/Au from the electrochemical double-layer 

capacitance of the catalytic surface26-29. The electrochemical capacitance was determined by 

measuring the non-Faradaic capacitive current associated with double-layer charging from the 

scan-rate dependence of cyclic voltammograms (CVs) (Figure S8)28,29. The double-layer 

charging current is equal to the product of the scan rate, v, and the electrochemical 

double-layer capacitance, CDL, as given by the equation 1. 

ic = v CDL                              (1) 

Thus, a plot of ic as a function of v yields a straight line with a slope equal to CDL (Figure S8b 

and Figure S8d). We then concluded that the ECSA of Sn(S)/Au electrode is three times 

higher than Sn NPs/Au electrode. 

The specific ECSA of the electrodes is calculated from the double layer capacitance according 

to equation 2: 

ECSA = CDL/Cs                   (2) 

where Cs is the specific capacitance of the sample or the capacitance of an atomically smooth 

planar surface of the material per unit area under identical electrolyte conditions. For our 

estimates of surface area, we use general specific capacitances of Cs = 0.029 mF based on 

typical reported values29,30.  

From ECSA normalized performance of CO2 reduction to formate, the high catalytic activity of 

Sn(S)/Au includes an appreciable intrinsic (not surface-area-related) contribution (Figure S9). 

iR correction 

     We carried out iR correction to further lower the overpotential for formate production28,62. 

Specifically, the solution resistance was determined by electrochemical impedance 

spectroscopy ((Figure S16) Rs=45Ω for Sn NPs/Sn foil, Sn(S)/Sn foil and Rs=33Ω for Sn 

NPs/Au, Sn(S)/Au, respectively). At all potentials tested, the potential was manually corrected 



 

 

using Ohm's law: 

E=Eapp-iRs*0.85 (compensating for 85% of the resistance) 

where Rs represents the calculated solution resistance, i is the measured current, and 𝐸app is 

the applied potential on the working electrode.  
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