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Experimental Section

Materials and reagents. Indium (III) chloride tetrahydrate (InCl;-4H,0),
thioacetamide (TAA), Zinc chloride (ZnCl,) and Ethylene glycol (EG) were obtained
from Shanghai Macklin Biochemical Technology Co, Ltd. (China). All chemical
reagents were used without further purified in the experiments.

Synthesis of In,S; and xZn—In,.,S; (x=1%~6%). To synthesize In,S; by a
simple solvothermal method, 2 mmol of InCl;-4H,0, and 3 mmol of TAA were
dissolved in 30 mL of EG with continuous stirring for 2 h. Then, the mixture was
maintained at 220 °C for 24 h in a 50 mL Teflon-lined autoclave. The orange precipitate
was washed by deionized water and ethanol for several times after cooling down to
room temperature. Finally, the obtained powders were collected by centrifugation,
washed with deionized water and ethanol for several times, and freeze-dried for 12 h.
The synthesis method of xZn—In,_S; is as same as In,S; expect for ZnCl, addition (the
molar ratios of Zn/(Zn + In) were 1, 2, 3, 4, 5, and 6%, and the total number of moles
of (Zn + In) was 2 mmol, respectively).

Characterizations. The morphologies and the element mappings were obtained
from a scanning electron microscopy (SEM, ZEISS Sigma 300, Germany). The
morphologies and lattice fringes were obtained from a transmission electron
microscopy (TEM, JEOL, JEM-2100 F, Japan) with an accelerating voltage of 200 kV.
HAADF-STEM images were obtained from a FEI Titan cubed Themis G2 300
TEM/STEM with anaspherical aberration corrector. The crystalline phases composition
was characterized by X-ray diffraction (XRD, Bruker D8 Advance, Germany) with Cu
K o (L = 1.542 A). The electronic structures and chemical states of elements were
analysis by X-ray photoelectron spectroscopy (XPS, Shimadzu KRATOS AXIS
SUPRA +, Japan) with an exciting source of Al K a (0.1 eV). The extended X-ray
absorption fine structure (EXAFS) and X-ray absorption near-edge spectra (XANES)
were measured at Sci-go Research Service. The BLI4W Beam line at the Shanghai
Synchrotron Radiation Facility (SSRF) (Shanghai, China). The EPR measurements
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were performed at room temperature using a spectrometer (Bruker, A-300) at 300 K
and 9.86 GHz. The BET adsorption and desorption isotherms, pore size distribution
was performed on a Belsorp-Mini II analyzer (Japan). The photoluminescence (PL)
spectra were obtained and excited at 295 nm by a fluorescence spectrophotometer
(Hitachi F4500, Japan) at room temperature. The time-resolved fluorescence
spectrofluorometer (TRPL, Edinburgh FSS5, Britain) with 320 nm excited wavelength
was used to record the fluorescence emission spectra. An integrating sphere-equipped
UV-vis spectrophotometer (DRS, Cary 300, America) was used to capture the diffuse
reflection spectra (DRS) in the UV-vis range. The photocurrent response was tested in
Na,SO,4 aqueous solution (0.2 M, pH = 6.8) using an electrochemical workstation
(Chenhua Instrument Co., Shanghai, China) with a three-electrode electrochemical
system that Ag/AgCl electrode, Pt electrode, and fluoride tin oxide (FTO) with covered
as-prepared photocatalysts (active area of 1.0x1.0 cm?) were used as the reference
electrode, counter electrode, and working electrode, respectively. The preparation
process of the working electrode 20 mg photocatalysts were dispersed in 200 pL. of
ethyl alcohol and 30 pL. of Nafion to obtain a suspension after ultrasonic treatment, then
coated onto FTO glass substrate uniformly. After that, the coated FTO glass was dried
at 60 °C. The transient photocurrent response was also evaluated under visible-light
irradiation (the interval is 50 s for light on and off) at a fixed potential of 0.4 V (vs.
Ag/AgCl) for 350s. The intermediate products for CO, adsorption and reduction were
analyzed from in-situ Fourier transform infrared spectroscopy (Bruker INVENIO R,
Germany). Photothermal mapping images were taken with a thermal infrared imager
(FLIR E95—14). The isotope-labeled experiments were performed using D,O instead
of H,O, and the products were analyzed using gas chromatography—mass spectrometry
(Agilent 7890A AMETEK DAC 200 MS).

Performance evaluation for photocatalytic CO, reduction. 300 W Xenon lamp
(Microsolar 300, Beijing China Education Au-light Co., Ltd.) was equipped with a 420
nm cutoff wavelength filter as a light source that simulates visible light for
photocatalytic CO, reduction tests. The performance evaluation of photocatalytic CO,

reduction was proceeded in a 50 mL quartz tube at atmospheric pressure and ambient
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temperature. First, 2 mg of photocatalyst and 6 mL of water were added to a 50 mL
quartz tube and sonicated for 1 min to disperse the catalyst; the quartz tube was then
purged with high-purity CO, gas (99.999%) for 30 mins to completely remove air and
injected with 1.0 atm of pure CO, (argon pressurization experiments continue to be
performed on top of this by passing 0.1~0.8 atm argon gas); finally, the quartz tube is
closed with a rubber stopper and sealing film. The reactor was placed under a Xenon
lamp for photocatalytic reaction, and the current was 15 A. After reaction, the generated
products (CHy, CO and O,) were analyzed qualitatively and quantitively by gas
chromatograph (FL GC9790Il, Zhejiang, China) equipped with flame ionization
detector (FID) and thermal conductivity detector (TCD), while ultrahigh-purity argon
was used as a carrier gas. The product was qualitatively and quantitatively analyzed by
gas chromatography retention time and appearance standard curve method.
Calculation details. All calculations were performed by using the VASP package.
The Perdew-Burke-Ernzerhof (PBE) within generalized gradient approximation (GGA)
treats exchange-correlation functional, while projected augmented wave (PAW)
describes the electron-io interaction. Grimme’s zero-damping DFT-D; method was
used to calculate van der Waals correction. For the plane-wave basis set, a cutoff of E;
=500 eV has been used. For bulk In,S;, Supercells consisting of 3x3x1 In,S; unit cells
were used and Brillouin zones were sampled using a Monkhorst—Pack k-point mesh
with a 5x5x1 k-point grid. Meanwhile, the convergence criterion of energy and force
within the process of geometric optimization is chosen as 1075 eV and 0.01 eV/A,
respectively. A vacuum thickness of 15 angstroms were used to avoid virtual image
interactions in all supercell models. The CI-NEB method and dimer method were used
to determine transition state of reaction. The activation energy barrier E, and reaction
energy AE, of reaction could be determined as Ea = Ers - Eig and AE, = Egg -Ejg
respectively, where Ejs, Eps and Erg are the energy of initial state, final state and
transition state, respectively. Vibrational analyses were also carried out to verify
transition states and local minimum. The CO, reduction reaction performance was
evaluated by reaction free-energy change (AG) using spin-polarized calculation for

each step, as shown in following equation:
3



AG = AE + AEzpg — TAS + AG,u + AGy

where AE is the difference between adsorption energies of a given group, AEzpg
and AS are the differences in the zero-point energy and the change in entropy between
adsorbed state and free-standing state, respectively; T is the temperature (T= 298.15
K), AGy is the contribution of electrode potential (U) to shift free energy AG at applied
U, and AG,y is the correction of the H" free energy due to the influence of H*
concentration (AG,y = 2.303xkgT>xpH = 0.059xpH, where kB is Boltzmann constant

and pH is assumed to be 0 in this work).
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Fig. S1 SEM image of In,S;.
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Fig. S2 Nitrogen adsorption — desorption isotherms of In,S; and xZn—In,S; (x=1% ~
5%).



Fig. S3 EDS spectra of 4%Zn—In,_ S5,



Table S1. EDS results of 4%Zn—1In,S;

Element Family Atomic Fraction (%) Mass Fraction (%)
S K 58.55 29.55
In L 35.74 64.58
Zn K 5.71 5.87
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Fig. S4 XRD pattern of In,S; and xZn—In, S; (x=1% ~ 4%).
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Hexa-coordinated In atoms

Fig. S6 Atomic modeling diagram of a single cell of bulk In,S;3 . (a) front view. (b) top
view.
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Fig. S7 Atomic model diagram for surface electrostatic potential over Zn-In,S;.
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Fig. S8 XPS spectra of full spectrum for In,S; and 4%Zn—In,_,S;.
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Fig. S9 High resolution XPS spectra of Zn 2p over xZn—In,S; (x =1% ~ 5%).
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Table S2. XPS fitting data of area of elements, Zn atomic concentrations, the atomic
ratios of S to In and Vg concentrations. The RSF (relative sensitivity factor) for Zn 2p,

In 3d and S 2p are 5.589, 7.265 and 0.668 respectively.

Zn atom
Area/(T*  Area/(RSF S: Vs
Samples  Elements concentrations
MFP) *T*MFP) N (In +Zn)*  Concentrations*
In 3d 112097.85  15429.8493
In,S; 0.00% 1.49 0.81%
S2p 15335.1 22956.7365
In 3d 198143.20 27273.6691
1%Zn—In,
S S 2p 26946.15  40338.5479 0.20% 1.47 1.88%
-x93
Zn2p 754.5 134.997316
In 3d 108815.68  14978.0713
2%7Zn—In,
S S 2p 14784.45  22132.4101 0.46% 1.46 2.61%
-x93
Zn 2p 966.9 173.000536
In 3d 102982.85 14175.2035
3%Zn—In,
S S2p 13869.6 20762.8742 1.08% 1.43 4.92%
-x93
Zn2p 2140.95 383.064949
In 3d 116921.52  16093.8091
4%7Zn—In,
S S 2p 15503.7 23209.1317 1.93% 1.38 8.27%
-x93
Zn2p 4327.5 774.288781
In 3d 103702.52  14274.2630
5%7Zn—In,
S S2p 14533.35  21756.5119 2.31% 1.44 4.11%
-x93
Zn2p 4758.3 851.368760
The calculation method for Vs concentrations:
Areay,

Atomic concentration of Zn =

Areas

Area, + Area,, + Areag

S/(In+Zn) = Areay, + Areaz, o4 Area(RSF*T*MFP) of corresponding elements
S:In(In,S3) - S:(Zn + In)(xIn, _ S3)
S:In(In,S;)

Vs concentrations” (%) =
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Fig. S10 Zn K-edge EXAFS fitting results of 4%Zn—In,S;.
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Fig. S12 In L-edge EXAFS fitting results of 4%Zn—In,S;.
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Table S3. Fitting parameters for Zn K-edge and In L-edge EXAFS for the sample.

R
Sample Shell CN*  R(A)P o6*(A)c AEy (eV)! S?
factor
. 0.8105
Zn foil Zn-Zn 6 (set) 2.64 0.011 -0.9+0.5 0.015
(calculated)
ZnS Zn-S  42+02 2.34 0.006 4.2+0.5 0.8105(set) 0.017
4%7Zn—In,S;  Zn-S  4.0£0.1  2.33 0.006 2.2+0.4 0.8105(set) 0.011
In-In 4 (set) 3.45 0.024
. 0.9024
In foil 2.1+0.1 (calculated) 0.003
calculate
In-In2 8 (set) 3.22 0.022
In,S; In-S 5.8:0.2 2.55 0.013 1.6+£0.3 0.9024(set) 0.015
4%7Zn—In,S;  In-S  5.5£0.2  2.52 0.014 -0.8£0.3  0.9024(set) 0.015

“CN, coordination number; ’R, the distance to the neighboring atom; °s?, the Mean
Square Relative Displacement (MSRD); Y4E,, inner potential correction; R factor
indicates the goodness of the fit. Sy? was fixed to 0.8081, according to the experimental
EXAFS fit of the sample foil by fixing CN as the known crystallographic value. This
value was fixed during EXAFS fitting, based on the known structure of In foil. Data
ranges 3.0<k <10.0 A1, 1.0 <R <3.0 A. The Debye-Waller factors and ARs are based
on the guessing parameters and constrained for paths.
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Table S4. The PL lifetime of In,S; and 1-6%Zn—In,_ S5

\ni In,S;  1%Zn-  2%Zn-  3%Zn-  4%Zn-  S%Zn-  6%Zn-
Parameter In,_S; In,.,S; In,.,S; In,.,S; In,.,S; In,_S;
71(ns) 0.2173  0.1983  0.3834 0.2262 0.2373  0.1986  0.2785
72(ns) 1.4836 13141 1.2396 1.1497 1.0168 1.1726  1.9517
T5(ns) 7.2247  6.1418  7.7928  6.2869  7.5325  5.1024 11.422
3
A 0.413 0.434 0.229 0.36 0.266 0.459 0.344
A 0.002 0.02 0.032 0.031 0.065 0.016 0.01
As 0.002 0.002 0.001 0.001 0.002 0.001 0
74(ns) 1.25 1.01 1.06 0.80 1.36 0.58 0.56

#The calculated formula:

B Alrf + Azrg + A3T§

Ty =

Aty + Ayt + ATy
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Fig. S16 The CH,4 selectivity and the yields of CH4 and CO over 4%Zn—In, ,S; (Img
catalyst dispersed in 6 mL water), which were obtained from 8 parallel experiments.
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Fig. S17 The CH,4 selectivity and the yields of CH4 and CO over 4%Zn—In, S; (2mg
catalyst dispersed in 6 mL water), which were obtained from 8 parallel experiments.
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catalyst dispersed in 6 mL water), which were obtained from 8 parallel experiments.
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catalyst dispersed in 6 mL water), which were obtained from 8 parallel experiments.
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Table SS. The different partial pressure ratios of Ar/CO,.

CO; Volume Ar Volume partial pressure ratios
of Ar/CO,
1 50ml Sml 0.latm
2 50ml 10ml 0.2atm
3 50ml 15ml 0.3atm
4 50ml 20ml 0.4atm
5 50ml 25ml 0.5atm
6 50ml 30ml 0.6atm
7 50ml 36ml 0.7atm
8 50ml 40ml 0.8atm
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Table S6. Performance comparison with other sulfur-based catalysts for photocatalytic

CO; reduction reaction without sacrificial agents. (RT: Room Temperature)

Reaction Selectivity
Catalysts Light source Products and yields Reference
medium of CH,
300 W Xe lamp CH,4(50.7umol gh!) )
4%7Zn-Iny S; H,O(), RT 92.3% This work
(A>420nm) CO (4.2umol g''hl)
CH,4 (68.41pmol g-th-
D)
300 W Xe lamp
MoS,/In,S; H,O(D, RT  CO (10.09umol g-tht) 80.3% Ref.1
(300<A>>700nm)
CH;O0H (6.66pmol g
hl)
300 W Xe lamp Gas-solid, CH,4(28.3umol gh!)
Fe/SiC 94.3% Ref2
(A>420nm) water, 298K CO (1.7umol g''h'!)
300 W Xe lamp
Ui0-66/C0ySs (AM 1.5G and cut  H,O(l), RT =~ CH4(25.7umol gh'!) 100% Ref.3
800 nm filter)
300 W Xe lamp Gas-solid, CH,4 (5.83pmol g''h!)
CuSnInS, 67.3% Ref4
(A>420nm) water, RT CO (2.4umol g'h'l)
CH,4 (43.25umol g''h
300 W Xe lamp Gas-solid,
1%Pt/CulnSnS, D] 84.6% Ref4
(A>420nm) water, RT
CO (7.85umol g'th')
10%CoO/CulnS 300 W Xe lamp Gas-solid, =~ CH4(33.3umol g''h'!)
78.1% Ref.4
nS, (A>420nm) water, RT CO (9.36umol g'h)
10%NiO/CulnS 300 W Xe lamp Gas-solid, CH4 (11.8umol g''h)
63.3% Ref.4
nS, (A>420nm) water, RT CO (6.85umol g'h'!)
) CH4 (145.45umol g
5%Co(OH), 300 W Xe lamp Gas-solid,
'h'h 81.8% Ref4
/CulnSnS, (A>420nm) water, RT
CO (32.32umol g''h")
) CH,4 (195.6pmol g''h-
5%Co(OH), 300 W Xe lamp Gas-solid,
D] 89.9% Ref4
/CulnSnS4/1%Pt (A>420nm) water, RT
CO (22.0umol g''h!)
CuS@ZnIn,S4/ 300 W Xe lam Gas-solid, CH, (43.6pumol g'h!
@ZninsSs P 3. 6umol g7 e oy RefS
C60 (A>400nm) water, 25°C CO (6.4umol g''h")
Xe lamp CH4(20.3pmol g-'ht)
Pd1+Nps/C3N4 H20(l), RT 97.8% Ref.6
(250mW cm?) CO (0.46pmol g''h!)
black 300 W Xe lamp CH,4 (19.5pmol gtht)
H,O(l), RT 64.8% Ref.7
Nb,0s5_,NFs (A>420nm) CO (10.6pmol g''hl)
300 W Xe lamp Gas-solid, CH4 (11.3pmol g'tht)
Auga/Cd; S 22.0% Ref.8
(UV-vis) water, RT CO (32.2umol g'thl)
300 W Xe lamp Gas-solid, CH,4 (0.40pmol g-'ht)
Auga/CdS) « ] 9.3% Ref.8
(UV-vis) water, RT CO (3.70umol g''h')
Ni-doped CoS, 300 W Xe lamp Gas-solid, CH,4 (101.8pmol g'th
~73.1% Ref.9
nanosheets (AM 1.5Gand cut  water, RT D]
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800 nm filter)

CO (37.5umol g''hl)
300 W Xe lamp Gas-solid, CH, (20pumol ghl)
Ag,S-In,S; 44.3% Ref.10
(AM 1.5G) water, 298K CO (25.1umol g'th'!)
) CH,4 (23.88umol g'th-
300 W Xe lamp Gas-solid,
InsSnSg D] 57.0% Ref.11
(A>420nm) water, RT
CO (20.96umol g'hl)
CH,4 (4.26pmol g''h!)
. Gas-solid, CO (9.28umol g'th'!)
TiO,@Znln,Sy 300 W Xe lamp 23.3% Ref.12
water, RT CH;0H (4.78umol g
hl)
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250
— H, Photocatalyst Pure water
1 o, : 2mg 4mL
v-fK 200 ~ 2mg SmL
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Nt/ 100 -
w
= ]
o—
3]
* p—
= 50+
0 ll
1 2 3 4 5
Photocatalyst

Fig. S20 The effect of dispersion concentrations of photocatalyst on photocatalytic
performance of water splitting of 4% Zn—In,,S; (photocatalyst: 2mg, H,O: in 4 ~ 8mL).
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Fig. S21 Mass spectra of (a) H, (m/z=2) and (b) D, (m/z=4) produced by 4%Zn—In,.
53 photocatalysts during the water splitting reaction when H,O and D,0O are used as
proton sources, respectively. Mass spectra of (¢c) CH4 and (d) CD, produced by
4%7Zn—In,,S; photocatalyst during CO, reduction reaction using H,O and D,O as
proton sources, respectively.
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aq 015 b 0.15
In,S, 4%7Zn-In,S, Hydrogen deiorpotion peak
o 0.10 / {‘.'-\ 0.10
-E Hydrogen E
o 0.05- desorption peak <
: 2 0.05
& B
T 0.00 o
9
= 10mv s 2 0.004
8 -0.05 20mV s s ? 10mv s
= 3 1
s ——30mV s S -0.05 20mv'S
8.-0.104 o < 30mv s
s ——40mV s o, .
S . = ——40mV S
0.154 —50mV s-l Q -0.104 ——50mV S
——60mV's ——60mV S
'0.20 T T T T T T T '0-15 T T T T T T T
-04 02 0.0 0.2 0.4 0.6 0.8 04  -02 0.0 0.2 0.4 0.6 0.8
Potential(vs.Ag/AgCl) Potential(vs.Ag/AgCl)

Fig. S22 Cyclic voltammetry of (a) In,S; and (b) 4%Zn—In,,S; in Ar-saturated 0.5M
H,SO, with a scan rate of 10~60mV s
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Table S7. Intermediate product processes of HO adsorption and activation, and CO,
hydrogenation and conversion over In,Ss.
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Table S8. Intermediate product processes of HO adsorption and activation, and CO,
hydrogenation and conversion over 4%Zn-In; ,S3

4% Zn—Inz_xS3 *+H20

*COOH-Ha *COOH-Hb *CHOOH *CH,OOH
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Fig. S23 The infrared thermal images of different photocatalyst sample with increasing
irradiation time (0 ~ 3 min). (20 mg photocatalyst, 300W Xenon lamps, A>420 nm, the
distance between powders and light: 10 cm)

0 min 1 min 3 mins
Photocatalyst

In2S3

1 %Zn-Inz_xS3

2 %Zn-Inz_xS3

3 %Zn-Inz_xS3

4 %Zn-Inz_xS3

5 %Zn-Inz_xS3

6%Zn-In2_xS3
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