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Supplementary Fig. 1 Sulfur contents in S—In catalysts measured by Auger electron

spectroscopy.
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Supplementary Fig. 2 NMR spectra of products for 3CO; labelling experiments over the

S2—-In catalyst at —0.98 V versus RHE. a *H-NMR spectrum. b 3C-NMR spectrum.
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Supplementary Fig. 3 Electrocatalytic CO2RR performances of the S2—In and In foil catalysts
at different applied potentials for 1 h. a FEs of H,, CO, HCOO™ and current density for the
S2—In catalyst. b FEs of Hz, CO, HCOO™ and current density for In foil. ¢ Formation rates of
H>, CO and HCOO™ for both S2—In and In foil catalysts. The experiments in each case were

performed at least for three times. The error bar represents the relative deviation.
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Supplementary Fig. 4 Total current density and partial current density of CO2RR over the
S2—In catalyst at different applied potentials. The partial current density of CO2RR was
calculated by multiplying the total current density by the sum of FEs of formate and CO
(CO2RR products). The experiments in each case were performed at least for three times. The

error bar represents the relative deviation.
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Supplementary Fig. 5 Double-layer capacitance (Cai) of In foil, SO—In, S1-In, S2—In, S3—In
and S4—1In samples. The Cq was determined by measuring the capacitive current associated
with double-layer charging from the scan-rate dependence of cyclic voltammetric stripping.
For this, the potential window of cyclic voltammetric stripping was —0.3 to —0.4 V versus SCE
(0.5 M KHCO;s solution). The scan rates were 30, 50, 80, 100 and 120 mV s™*. The Cq was
estimated by plotting the Aj = (ja — jc) at —0.35 V (where jc and ja are the cathodic and anodic
current densities, respectively) versus SCE against the scan rate, in which the slope was twice

that of Cq.
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Supplementary Fig. 6 Stability of the S2—In catalyst. The reaction was conducted at —0.98 V
(versus RHE) for 10 h in 0.5 M KHCO:3 electrolyte in the presence of 0.02 mM of NaxS.
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Supplementary Fig. 7 XRD patterns. a sulfur-containing In2Os precursors. b The S—In

catalysts.



Supplementary Fig. 8 SEM images of the S—In catalysts. a SO—In; b S1-In; ¢ S2—In; d S3—In;
e S4—In; f S2—In after reaction at —0.98 V (versus RHE) for 1 h; g In foil. Scale bar: 2 um.
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Supplementary Fig. 9 Indium particle size distributions. a SO—In; b S1-In; ¢ S2—In; d S3—In;
e S4—In; f S2—In after reaction at —0.98 V (versus RHE) for 1 h.
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Supplementary Fig. 10 HRTEM images of the S—In catalysts. a SO—In; b S1-In; ¢ S2—In; d
S3—1In; e S4—In; f S2—In after reaction at —0.98 V (versus RHE) for 1 h. Scale bar: 2 nm.
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Supplementary Fig. 11 line-scan EDS for the S2—In catalyst.
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Supplementary Fig. 12 Auger electron spectra before and after sputtering with Ar ions for the

S2-In catalyst.
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Supplementary Fig. 13 XPS O1s spectra for the S—In catalysts.
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Supplementary Fig. 14 XPS spectra for the S2—In catalyst after electrocatalytic reaction at

—0.98 V (versus RHE) for 1 h. a In 3d spectrum. b S 2p spectrum. ¢ O 1s spectrum.
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Supplementary Fig. 15 Electrochemical characterization. a Linear sweep voltammetric (LSV)
curves of S—In catalysts in CO-saturated (solid) and N-saturated (open) 0.5 M KHCOs3
aqueous solution at a scan rate of 50 mV s . b Electrochemical impedance spectra (EIS) of
S—In catalysts. The Nyquist plots were measured with frequencies ranging from 100 kHz to
0.1 Hz at a potential of —0.6 V (versus RHE), and the amplitude of the applied voltage was 5

mV. The impedance data were fitted to a simplified Warburg circuit to extract the charge-

transfer resistance.
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Supplementary Fig. 16 Electrocatalytic performance at —0.98 V (versus RHE) for 1 h. a
Formation rates of Hz, CO, HCOO™ and FE of formate for In foil, surface-oxidized In foil and
the SO—In catalyst. b ECSA-corrected formation rates of H,, CO and HCOO™ for In foil,
surface-oxidized In foil and SO—-In catalyst. Surface-oxidized In foil was prepared by
pretreating In foil in air at 250 <€ for 3 h. The experiments in each case were performed at least

for three times. The error bar represents the relative deviation.
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Supplementary Fig. 17 CO> adsorption isotherms of In foil, the surface-oxidized In foil and

the S—In series of catalysts at 35 <.
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Supplementary Fig. 18 CO2RR performances for sulfur-modified SO—In and In foil catalysts
prepared by impregnation at —0.98 V (versus RHE) for 1 h. a Formation rates of Hz, CO,
HCOO™ and FE of formate for S-impregnated SO—In catalysts. b Formation rates of Hz, CO,
HCOO™ and FE of formate for S-impregnated In foil catalysts. The experiments in each case

were performed at least for three times. The error bar represents the relative deviation.
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Supplementary Fig. 19 Kinetic isotopic effect (KIE) of H/D over S2—In catalyst at —0.98 V
(versus RHE) for 1 h. The experiments in each case were performed at least for three times.

The error bar represents the relative deviation.
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Supplementary Fig. 20 HER performances at —0.98 V (versus RHE) for 1 h. a Formation rate

of H, for S-impregnated SO—In catalysts. b Formation rate of H> for S-impregnated In foil

catalysts. ¢ Formation rate of H, for S—In series of catalysts. The experiments in each case were

performed at least for three times. The error bar represents the relative deviation.
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Supplementary Fig. 21 Effect of electrolytes or pH on performances for CO2RR over the
SO—In and S2—In catalysts at —0.98 V (versus RHE) for 1 h. a Formation rates of Hz, CO,
HCOO™ and the ratio of formate formation rate over the S2—In and SO—In. b FE of formate.

The experiments in each case were performed at least for three times. The error bar represents

the relative deviation.
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Supplementary Fig. 22 Optimized configurations of 1 CO2, Il *COOH, 11l *CO, IV CO on
(101) facet of In and V CO», VI *COOH, VII *CO, VIII CO on (101) facet S-In. The green,

yellow, gray, red and blue balls represent In, S, O, C and H, respectively.
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Supplementary Fig. 23 Electrocatalytic CO2RR performances over Pt-promoted In catalysts
at —0.98V (versus RHE) for 1 h. a Formation rates of H,, CO and HCOO™. b Average current
densities and FE of formate. The experiments in each case were performed at least for three

times. The error bar represents the relative deviation.
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Supplementary Fig. 24 FE of HCOO™ and average current density at —0.98 V (versus RHE)
for 1 h. a S—In, Se—In and Te—In catalysts. b S—Bi and S—Sn catalysts. The experiments in each

case were performed at least for three times. The error bar represents the relative deviation.
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Supplementary Fig. 25 Schematic setup of electrocatalytic apparatus and product
measurements. a Scheme of the setup for the electrochemical reduction of CO2. b *H-NMR
spectrum for formate determination. ¢ Linear relationship between the formate concentration

and relative area versus DMSO internal standard.
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Supplementary Fig. 26 Evaluation of the diffusion layer thickness. a Picture of the setup for
the determination of the diffusion layer thickness. b LSV curves measured at different rotation

rates with rotating disk electrode (RDE) or magnetic stirrer with a speed of 2000 rpm.
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Supplementary Table 1 Electrocatalytic performances for CO; to formate in H-type cell over

typical catalysts reported recently

Eapp

j

F Eformate

Formation rate

Catalyst Electrolyte Ref.
(versus RHE)  (mAcm™) (%) (umol h™* cm™?)
Partially —-0.25 11 90 178
o 0.1 M NazSO4 1
oxidized Co -0.60 11 ~20 ~41
Cu,O-derived
0.1 M KHCO3 -0.50 2.0 35 13 2
Cu
o —-0.60 2.5 57 27
S-modified Cu 0.1 M KHCO3 3
-0.80 ~15 80 ~220
S-Cu,0 —-0.65 5.3 64 63
. 0.1 M KHCO3 4
derived Cu —-0.80 10.7 74 146
ZnO-derived
- 0.5 M NaHCO3 -1.93 13 87 208 5
[Emim]TFA/
In -1.3 2.0 90 34 6
DO
Anodized In 0.5M K3SOq4 -0.90 0.3 75 4.2
Dendritic In 0.5 M KHCO3 —-0.86 5.8 86 93 8
Sn/SnOy 0.5 M NaHCO3 -0.70 1.8 43 14 9
—-0.67 6 35 39
Porous SnO; 0.5 M NaHCO3 -1.07 50 87 811 10
-1.27 70 ~50 653
SnS,-derived
0.5 M KHCO3 -1.05 12 85 186 11
Sn/rGO
Sn(S)/Au -0.75 55 93 957
0.1 M KHCO3 12
needles -1.05 55 94 963
—0.66 2 50 19
Sb nanosheets 0.5 M NaHCO3; 13
—0.96 8.0 89 132
-2.2
[BmimPFe]/H.0 (vs. Ag/AgY) 41 %2 7ol
mim VS,
Pb el 979 14
/AcN -2.5
56 ~50 ~522
(vs. Ag/Ag)
Bi,0,CO3 0.1 M KHCO3 —-0.60 1.0 83 15 15
0.1M
[FeaN(CO)12]™ —-0.60 3.8 96 68 16
BU4NPF5/MECN
Pd
] 0.5 M KHCO3 —-0.20 22 97 398 17
nanoparticles
Pd/C 0.5 M KHCO3 -0.10 4.0 99 74 18
-0.63 5 81 75
S-1n,03 0.5 M KHCO3 —-0.98 57 93 1002 This
derived In -1.23 95 85 1501 work
0.5 M CsHCO3 —-0.98 84 93 1449
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Supplementary Table 2 Electrochemical surface area (ECSA) and ECSA-corrected formation

rate of formate for different catalysts®

ECSA Formation rate of formate® = ECSA-corrected formation rate
Catalyst
(cm?) (umol h™t cm™) (umol h™* cm™)
In foil 4 60 15
SO0-In 24 523 22
S1-In 27 840 32
S2-In 30 1002 34
S3-In 24 766 32
S4~In 30 637 21

& ECSA = Rf xS, in which S stands for the real surface area of the smooth metal electrode,
which is equal to the geometric area of carbon fiber electrode (in this work, S = 1 cm?). The
roughness factor Rt was evaluated by the ratio of double-layer capacitance Cqi for the working
electrode and the corresponding smooth metal electrode (assuming that the average double-
layer capacitance of a smooth metal surface is 20 pF cm2). ® The reaction was conducted at

—0.98 V versus RHE for 1 h in CO»-saturated 0.5 M KHCOs electrolyte.
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Supplementary Table 3 CO2RR activity for the S2—In catalyst without and with soaking in 0.1
mM Zn(NO3)2 solution for 30 s°

FE (%) Formation rate (umol h™* cm™) j
Catalyst
Ha Cco HCOO~ Ha CoO HCOO~ (mA cm™)
S2-In 3.4 3.5 93 37 37 1002 57
S2-In-(Zn?) 3.4 4.2 924 26 21 687 40

¢ The electrolysis was conducted at —0.98 V versus RHE for 1 h. Since the reduction potential
of ZnS/Zn (as following equation) is more negative than our electrolysis potential, Zn?* is able

to block the surface S®- by forming stable Zn3—S%- on the surface.

O 55/2n (VErsus RHE) = §”®2n3/2n (versus NHE) + 0.059 xpH =-1.47 + 0.059 x7.2=-1.05V
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Supplementary Table 4 Summary of simulation parameters obtained from DFT calculation

a Free energy corrections for gas-phase species (eV)

Species EbFr Ezpe fcudT TS G
CO: —22.958 0.308 0.091 0.652 -23.211
H20 —14.218 0.573 0.104 0.584 -14.125
CcoO -14.779 0.136 0.091 0.611 -15.163

HCOOH —-29.879 0.897 0.104 0.988 —29.866

Ho —6.7665 0.284 0.091 0.403 —6.794
b Free energy corrections for surfaces and adsorbates on pure In (eV)
Species EbFr Ezpe fcudT TS G
* —59.941
*COOH —85.506 0.599 0.118 0.273 -85.062
HCOO* -86.730 0.601 0.112 0.244 -86.261
HCOOH* -89.938 0.892 0.119 0.349 -89.276
*CO -74.748 0.141 0.118 0.362 -74.851
¢ Free energy corrections for surfaces and adsorbates on sulfur-doped In (eV)

Species Eprr Ezpe fcudT TS G

* —61.798
*COOH —88.050 0.669 0.157 0.367 -87.591
HCOO* -89.057 0.608 0.108 0.230 -88.571
HCOOH* -92.450 0.902 0.124 0.282 -91.706
*CO -76.619 0.153 0.132 0.353 -76.687
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Supplementary Note 1

Proposed elementary steps involved in the reduction of CO to formate:
COz+* — COx*
HO+e +*— H*+ OH"
COx* + H* — HCOO* +*
HCOO* + e~ — HCOO +*
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Supplementary Methods

Evaluation of mass-transport limited current density
As described in Methods, the current density under mass-transport limitation can be evaluated
using the following equation®®:

jiimit = (n xF xD xC) /§ (1)

(n=2; F=96485 C mol'*; D =2.02 x10°m?s*; C = 34 mol m3at 1 bar and 25 <)

Here, o is the diffusion layer thickness for CO2, which can be estimated from rotating disk
electrode model with the following Levich equation®®:

0= (L.61x DY x ) / 112 ()

(v=1.0 x10°%m?s?)

Here, w is the angular frequency of rotation and can be expressed with 2 z xrotation rate
(s1). Thus, the rotation rate used for the calculation of w is a key parameter determining the
diffusion layer thickness and thus the current density under mass-transport limitation.

To gain the information of diffusion layer thickness under our reaction conditions, we
have compared currents between the agitation with magnetic stirrer and the rotation of rotating
disk electrode in our H-cell by using linear sweep voltammetry (LSV) measurement
(Supplementary Fig. 26a). We used a rotating glassy carbon disc electrode doped with Pt of
3.75 ng cm? as a working electrode at the same position of cathode for our CO:RR
measurements. The reduction of KsFe(CN)s was chosen to probe the diffusion layer thickness
because of its electrochemical reversibility, meaning that the reduction of KsFe(CN)g is facile
so that the observed rate is limited only by mass transfer regardless of the applied
overpotential®®. We performed the LSV measurement in 10 mM KsFe(CN)g solution with 0.5
M KHCOs3 as an electrolyte at a scan rate of 10 mV s from 1.4 to -0.2 V vs. RHE. The current-
potential curve was first recorded at the stirring speed of 2000 rpm by magnetic stirrer. Then,
the current-potential curves of rotating disk electrode at different rotation rates ranging from
500 to 2000 rpm were recorded to fit the current-potential curve obtained by the magnetic
stirrer agitation. The results have been displayed in Supplementary Fig. 26b. The comparison
reveals that the current-potential curve for the stirring speed of 2000 rpm is quite close to that

for the rotating disk electrode with a rotation rate of 1800 rpm. This result allows us to conclude
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that the stirring speed of 2000 rpm in our case is comparable to the rotation rate of 1800 rpm
in the rotating disk electrode.

We have calculated the diffusion layer thickness by using the Eq. 1 with a rotation rate of
1800 rpm. The diffusion layer thickness is calculated to be 14.8 um. Further, the current density
under mass-transport limitation for CO2RR has been calculated to be 90 mA cm based on the
Eq. 2. This value is in agreement with that reported in literature under similar experimental

conditions??.
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