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Characterization of Materials

X-ray diffraction (XRD) patterns of nanomaterials were recorded on a Rigaka
Ultima 1V diffractometer with Cu Ko radiation (A = 1.538 A). The morphologies of
samples were investigated by field-emission scanning electron microscope (JEOL
JSM-6700F) and transmission electron microscope (JEM 2100). X-ray photoelectron
spectroscope (XPS) measurements were measured on a Thermo Escalab 250 Xi with
Mg Ka as the excitation source. In situ XPS were performed under visible light
irradiation. The UV/vis diffuse reflection spectra (DRS) were obtained on a Hitachi
UV-3900 spectrophotometer with an integrated sphere attachment and BaSO, used as
the reference. Steady-state fluorescence spectra, time resolved fluorescence spectra,
and fluorescence quantum yields were measured with FLS980 (Edinburgh instrument
Ltd, England). The absolute fluorescence quantum yields of all samples were obtained
by using an integrating sphere and photoluminescence decay curves were measured on
the single photon counting (TCSPC) mode. N, adsorption-desorption isotherms were
measured at 77 K after heating the samples at 100°C for 5 h to remove any moisture
and solvent molecules in the pore with a Beckman Coulter SA3100 analyzer. The
Brunauer-Emmett-Teller (BET) method was utilized to calculate specific surface areas
(Sger). By using the Barrett-Joyner-Halenda model, the pore size and volume

distributions were derived from the adsorption branches of isotherms.

Photocatalytic H, production experiment

The hydrogen evolution experiment was carried out in 250 mL quartz glass
reaction flask containing 100 mL 0.25M Na,S/0.35 M Na,SO; solution and 10 mg
photocatalyst. After 15 minutes of stirring, the air in the quartz bottle was completely
removed by adding N, carrier gas. The reaction system was kept below 278 K by a

cooling water bath. The reaction flask was placed in photocatalytic reaction system

equipped with 300 Xe lamp (CEL-SPH2N) with UV-cutoff filter (A = 420 nm) for
hydrogen evolution reaction. The hydrogen production yield was detected through GC
7900 on-line gas chromatography with TCD detector. The active irradiation area of

photoreactor is 16.5 cm?. The stability of the photocatalyst was tested by continuous



hydrogen evolution experiments over 12 hours.
The apparent quantum yield (AQY) of photocatalyst at different wavelengths was
measured by using different band filters (420 nm, 450 nm, 520 nm, 600 nm). The

apparent quantum yield is calculated by the following formula:
number of reacted electrons
AQY[%] = — x 100%
number of incident photons
2 X number of evolved H, molecules
= — x 100% (D
number of incident photons

Photoelectrochemical measurements

The photoelectrochemical measurements were collected with Gamry Reference
600 workstation. The working electrode was prepared as follows: the 5 mg sample was
dissolved in 2 mL ethanol solution with 10 pL of Nafion solution, and then coated on
FTO conductive glass of 1 cm x 1 ¢cm. 0.50 mol-L-! Na,SO, solution (electrolyte
solution), Pt sheet electrode (counter electrode), Ag/AgCl electrode (reference
electrode) and working electrode formed a three-electrode system. EIS was tested in a
range of 0.01-10° Hz frequency with an amplitude of 10 mV. And linear sweep

voltammetry (LSV) test voltage ranges from -2.0 to 0.5 V and scan rate of 0.05 V/s.

Computational details

Electronic structures of the t-MCS and Ov-WO; were investigated via the plane-
wave-pseudopotential approach based on the density functional theory (DFT). Their
electronic structures were calculated using the Cambridge serial total energy package
(CASTEP) module. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional was selected within the generalized gradient approximation (GGA). A cutoff
energy of 450 eV was used. Through the BFGS-based method, the convergence

tolerance for the energy change, force, maximum stress and maximum displacement

tolerances were set at 1.0X 10 eV/atom, 0.03 eV/A, 0.05 GPa, and 1.0X 1073 A,

respectively. After geometry optimization, all the optimized models were adopted to
conduct the density of state (DOS) and the calculated work functions for t-MCS and

Ov-WO;3; model.
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Fig. S1 EDS spectra and elements contents for t-MCS (a), t-MCSW-7 (b).

a (100) 0012&1 Y(111) MnS b (200} M]\S PDF#06-0518
200) (}%%)(112% (100} {002), 70
200 22 r (101) Mn$S PDF#40-1289
2
= [ . | | 1 POF#40-1289, = : | a2
o <
E’ (002) (1‘1 1) I PPF#OS-?51S : MnnAstn.sS
2 (220) £
§ L o g (2J}m CdS PDF#10-0454)
£ (10ﬁ 200)(102) (103 CdsS E | (lzom | (3]1: 3
Ul )y, POF#41-1049 (100 D101
A | | . PDF#10-0454 i | [ | | lc:ds PI‘DF#41-104
Y y Y Y Y Y T T T T g L — 1
10 20 30 Zgo(de rzt:) 60 70 80 20 30 40 50 60
o 20 (degree)

Fig. S2 Typical powder XRD diffraction patterns of (a) CdS, MnS, (b) nanotwin Mng sCdy sS.

Note: The as-prepared CdS exhibits characteristic peaks at 25.19°, 26.83°, 28.40°,
30.50°, 36.82°, 43.87°, 47.97°, and 52.28°, which are in exact agreement with (100),
(002), (101), (102), (220), (103) facets of the hexagonal CdS (PDF # 41-1049) and
(111), (200), (220) and (311) facets of cubic CdS (PDF # 10-0454), confirming that the
existence of mixed-phase CdS.*'#> Further analysis was conducted to determine the
phase composition the prepared MnS. The XRD pattern of MnS reveals peaks at 20
values of 25.60°, 27.52°, 29.30°, 34.15°, 38.46°, 45.51°, 49.89°, 54.08°, and 61.52°.
These peaks demonstrate a remarkable alignment with the (100), (002), (101), (200),
(110), and (112) crystal facets wurtzite MnS (PDF#40-1289) and (111), (200), (220)
and (222) crystal planes cubic MnS (PDF#06-0518),'%1? indicating that MnS is also a

mixed phase.
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Fig. S5 UV-Vis DRS of nanotwin Mn,Cd,_S samples.
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Fig. S6 Optimized geometric structure, band structure and density of states of t-MCS
(002) (a, b, ¢), OV-WO; (200) (d, e, 1).
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Fig. S7 The Mott-Schottky plots of t-MCS with different frequency.
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Fig. S8 The hydrogen evolution rate of nanotwin Mn,Cd, S samples.
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Fig. S9 The amount of hydrogen evolution (a) and hydrogen evolution rate (b) of t-
MCS-x under A > 510 nm irradiation.

Table S1 BET specific surface area, and BJH average pore diameter parameters of
Ov-WO;, W03, t-MCS and t-MCSW-7.

Samples SgeT (M?/g) Ave pore size (nm)
Ov-WO; 34.62 25.5
WO; 11.95 325
t-MCS 6.87 29.4
t-MCSW-7 18.40 30.1

Table S2 Comparison of photocatalytic hydrogen evolution activity over Mn,Cd, S-

based catalysts.
Photocatalysts Mass Light source Sacrificial agents PHE H, rate
(mg) (mmo g''h'’)  (mmol h)

t-MCSW-7 In this work 10 300 W Xe lamp (\ > 420nm) 100 ml HO 194.1 1.941
0.35 M Na,5/0.25 M Na,SO;

Mng 5Cdo sS twin [1] 5 300 W Xe lamp (A > 400 nm) 100 mI H,0 16.48 0.082
0.5 M Na,S/0.5 M Na,SO;

NiC0,S4/T-MCS [2] 10 300 W Xe lamp (A >420 nm) 100 ml H,0 127.3 1.273
0.35 M Na,5/0.25 M Na,SO;

NiS/T-MCS [3] 10 300 W Xe lamp (A>420 nm) 100 mIH0 111.5 1.115
0.35 M Na,5/0.25 M Na,SO;

2M0O,/3Au/Mn,sCdosS[4] 50 300 W Xe lamp 100 ml H,O 12.77 0.638
0.1 M Na,$/0.3 M Na,SO;

Fe,P/P-Mng sCdy sS [5] 30 300 W Xe lamp (A > 400 nm) 40 ml H,0O, Lactic acid (S ml)  2.94 0.088




CoP/MnysCd, S [6] 10

g-C3N4/MnggCdy 1S [7] 50

colloidal Mn, 5Cdy sS [8] 10

Mno'25Cd0'7ss/NiC0204 [9] 40

Cu-MOFs/MnsCdysS [10] 10

COXP/MH0'35Cd0'65S [1 1] 40

MOSQ/MHOQstO]SS [12] 50

Ni(OH)g/Mn0'3Cd0'7S [13] 5

NiSe/MnysCdo sS [14] 5

CUQ_XS/MII()deOjS/MOSz 50

[15]

300 W Xe lamp (A > 420 nm)

300 W Xe lamp (A > 420 nm)

A>400 nm

300 W Xe lamp

SW LED

300 W Xe lamp (A > 420 nm)

300 W Xe lamp (A > 420 nm)

300 W Xe lamp (A > 420 nm)

300 W Xe lamp (A > 420 nm)

300 W Xe lamp (A > 420 nm)

20 ml H,O, Lactic acid (8 ml)

100 ml H,O

0.1 M Na,S/0.5 M Na,SO;
80 ml H,O

0.75 M Na,S/1.05 M Na,S0;

90 ml H,0, Lactic acid (10 ml)

30 ml H,O

0.35 M Na,S/0.25 M Na,SO;
60 ml H,O

0.35 M Na,S/0.25 M Na,SO;
30 ml H,O

0.5 M Na,S/0.5 M Na,SO;
50 ml H,O

0.25 M Na,S/0.35 M Na,SO;
50 ml H,O 0.0175 M
Na,S/0.0125 M Na,S0s5
100ml H,O

0.35 M Na,S/0.25 M Na,SO;

42.95

26

61.16

10.95

7.189

12.47

71.09

28.08

13.75

0.429

0.2

0.26

2.446

0.109

0.287

0.624

0.355

0.140

0.688

The average fluorescence lifetime (t,.) can be calculated using the equation:

Table S3 Lifetime constant 1; and quantum yield @ of t-MCS, Ov-WOs;, and t-

Tave = (‘417'-12 + AZTZ2 )/(AlTl + AZTZ) (Sl)

MCSW-7.
Samples 7(ns) Tave(NS) 1 D(%)
7= 0.7260 (44.70%)
t-MCS 7,=8.3072 (55.30%) 7.806 1.320 1.33%
1= 0.7426 (48.27%)
Ov-WO; T,=8.8142 (51.73%) 8.226 1.255 0.38%
71=0.6748 (38.11%)
t-MCSW-7 1,=9.2484 (61.89%) 8.879 1.296 0.31%
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