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Characterizations

Samples morphology and structure were examined using field emission scanning 

electron microscopy (FESEM, Zeiss Sigma–500) and transmission electron 

microscopy (TEM, JEOL JEM-2100F) equipped with an energy-dispersive X-ray 

(EDX) elemental mapping. Powder X-ray diffraction (PXRD, Bruker D8 Advance X-

ray diffractometer with Cu-Kα radiation) data of the samples were collected. 

N2 sorption analysis were carried out on an ASAP 2020 instrument (Micromeritics, 

USA).  The specific surface areas were determined by the Brunaner Emmett Teller 

(BET) technology through 3Flex (Micromeritics, USA) software, and the pore size 

distributions were identified by the adsorption branch of the isotherm. Utilizing 284.6 

eV (C 1s peak) as a reference, surface chemical states were examined using XPS 

(Thermo Scientific K-Alpha, USA). With the use of an inductively coupled plasma-

optical emission spectrometer (ICP-OES, ICPE 9820, Japan), the actual Mn ratios in 

the ZMOZ composites were determined, and concentrated hydrochloric acid and 

concentrated nitric acid were used to create the digesting solution. The UV–vis 

diffuse reflectance spectra (UV-vis DRS, Hitachi UH4150 UV–visible 

spectrophotometer) of the samples were also detected. PL spectra and the TRPL 

spectrum were obtained using the Edinburgh Analytical Instruments FLS980 

spectrometer. The surface potential of the sample was tested using Atomic Force 

Microscope-Kelvin Probe Force Microscope (AFM-KPFM) method with potential 

model (Bruker Dimension Icon). Surface photovoltage spectra (SPV) were recorded 

on an CEL-SPS 1000 system (Beijing China Education Au-light Co., Ltd.). 

Photocatalytic hydrogen evolution test

In the photocatalytic hydrogen evolution study, from Beijing Perfect Light Co., 

Ltd. purchased the Labsolar-6AG online photocatalytic system was used for hydrogen 

production tests and cycle tests, and a 300 W xenon lamp equipped with a 400 nm 

cutoff filter (PLS-SXE300) as the light source. Before the experiment, the reactor was 

thoroughly degassed for 30 min to eliminate any air. Then, using gas chromatography 

(Shanghai Kechuang, GC910), the resultant H2 was observed. 3 mL of TEOA was 

used as a sacrificial reagent in a typical technique to add a solution including 27 mL 



of deionized water was mixed with the photocatalyst (5 mg).

The Apparent quantum efficiencies (AQE) for photocatalytic hydrogen evolution 

were measured using different monochromatic light filters (380, 400, 420, 450 nm), 

and the power meter (Thorlabs PM100D) was used to measure the number of incident 

photons. The following equation was utilized to calculate the AQE:

𝐴𝑄𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 × 2

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
× 100%

Photoelectrochemical measurements

The standard three-electrode cell on a CHI660E electrochemical workstation was 

utilized to investigate the photoelectrochemical performance. A photocatalyst 

electrode coated on a glassy carbon electrode served as the working electrode, a Pt 

plate served as the counter electrode, an Ag/AgCl electrode in saturated KCl served as 

the reference electrode, and the Na2SO4 (0.5 mol L−1) solution was the electrolyte. A 

mixed solution containing 950 μL mixture of photocatalyst and alcohol, and 50 μL 

Nafion solution was used to prepare the working electrodes. Following a one-hour 

ultrasonic, the mixed solution was placed onto the glassy carbon electrode and 

allowed to dry at room temperature. At the open circuit potential circumstances, the 

frequency range of 105 to 0.1 Hz has been constructed for the electrochemical 

impedance spectroscopy (EIS) and the transient photocurrent corresponding test was 

conducted using a 300 W xenon lamp with a UV-CUT filter (λ ≥ 400 nm). To assess 

the flat-band potential of prepared ZMO and ZIS, Mott-Schottky (M–S) curves have 

been performed at frequencies of 1.5, 1.0, and 0.5 kHz.

Method and computational details

All DFT calculations were performed using the Vienna Ab initio Simulation 

Package (VASP). Where we compute the projected affixed plus plane wave (PAW) 

and generalized gradient approximation (GGA) exchange correlation generalizations 

using the PBE formulation. In the structure optimization calculations ionic nuclei and 

valence electrons are operated on the basis of the projected augmented plane wave 

potential and the plane wave with a cutoff energy of 400 eV, respectively. The 

Monkhorst-Pack method was used for sampling in the Brillouin zone. The 



convergence criteria used for the energy and force calculations were set to 10–5 eV 

and 0.02 eV/Å, respectively. When the energy change is less than 10–5 eV, the 

electrons are considered to be self-consistent. The geometric optimization is 

considered to be converged when the energy change is less than 0.02 eV/Å. In this 

work, the ZIS (102) surface and the ZMO (200) surface are modeled, respectively. 

Based on the two models, a vacuum layer with Z-direction of > 20 Å is established 

and the work function is calculated, which is given by Ew = EVac – Ef. The vacuum 

layer serves to avoid interactions between neighboring configurations. The size of the 

ZIS (102) surface model is 2 × 2 × 1 in the X, Y, Z direction and is set to 3 atomic 

layers. The same size of ZMO (200) is 2 × 2 × 1, and the number of atomic layers is 

set to 3. In the structural optimization and static self-consistent calculation of the 

material model, the ZIS (102) and ZMO (200) surface Brillouin zone integration and 

electronic properties are used in the 1 × 5 × 1 and 4 × 3 × 1 gamma point center k–

point grids, respectively.



Figure S1. (a, b) FESEM and (c, d) TEM images of ZnMn-glycolate.

Figure S2. (a, b) FESEM, (c, d) TEM, (e) HRTEM of ZMO ball-in-ball hollow 

microspheres.



Figure S3. FESEM and TEM images of ZIS and ZMOZ obtained with different 

amounts of ZMO: (a, e) ZIS, (b, f) 5% ZMOZ, (c, g) 15% ZMOZ, (d, h) 20% ZMOZ.

Figure S4. PXRD patterns of the as-synthesized (a) ZnMn-glycolate precursor and (b) 

ZMO product annealed at 500 °C in air for 4 h with a heating rate of 1 °C min−1.



Figure S5. PXRD pattern of pure ZIS.

Figure S6. N2 sorption isotherms and the corresponding pore size distribution of 
ZMO.



Figure S7. PHE performances with increasing time. 

Figure S8. PHE rates of 10% ZMOZ with different amounts as photocatalysts.



Figure S9. (a, b) FESEM images, and (c) TEM images of 10% ZMOZ after 4 h 
photocatalytic reactions.

Figure S10. (a) XPS survey spectra and XPS high-resolution spectra of (b) Zn 2p, (c) 
In 3d, (d) S 2p, (e) Mn 2p, and (f) O 1s of 10% ZMOZ after 4 h photocatalytic 

reactions.



Figure S11. 10% ZMOZ before and after photocatalytic H2 evolution reactions.

Figure S12. M-S plot of 10% ZMOZ composite photocatalysts.



Figure S13. Photocatalytic H2 evolution performance of 10% ZMOZ for different

sacrificial agents.

Figure S14. Photocatalytic H2 evolution performance of 10% ZMOZ for different

preparation methods.



Table S1. Comparison of representative ZnIn2S4-based photocatalysts for H2 
evolution efficiency.

Photocatalysts Light source
H2 evolution 
rate (mmol 

g-1 h-1)
Cycle-index Refs.

Co3O4/ZnIn2S4
300 W Xe lamp 

(λ>400 nm) 4.134 every 5 h reaction for 4 
cycles 1

Co9S8/ZnIn2S4 
300 W Xe lamp 

(λ>400 nm) 6.2 every 4 h reaction for 5 
cycles 2

Ti3C2TX 

MXene@ZnIn2

S4

300 W Xe lamp 
(λ>420 nm) 3.48 every 4 h reaction for 6 

cycles 3

ZnIn2S4/BiVO4
300 W Xe lamp 

(λ>400 nm) 5.9 every 5 h reaction for 4 
cycles 4

CeO2/ZnIn2S4
300 W Xe lamp 

(λ>400 nm) 1.5 every 3 h reaction for 4 
cycles 5

Ce-doped 
ZnIn2S4

300 W Xe lamp 
(λ>420 nm) 7.4 every 4 h reaction for 4 

cycles 6

BaTiO3@ZnIn2

S4

300 W Xe lamp 
(λ>420 nm) 8.0 / 7

WO3@ZnIn2S4
300 W Xe lamp 

(λ>420 nm) 8.5 every 3 h reaction for 4 
cycles 8

ZIS/CdS 300 W Xe lamp 
(λ>420 nm) 7.4 every 4 h reaction for 5 

cycles 9

Ni-ZnIn2S4
300 W Xe lamp 

(λ>420 nm) 5.4 every 4 h reaction for 5 
cycles 10

NiTiO3/ZnIn2S4
300 W Xe lamp 

(λ>420 nm) 4.43 every 4 h reaction for 5 
cycles 11

Cu2-

xS@ZnIn2S4

300 W Xe lamp 
(λ>420 nm) 4.653 every 4 h reaction for 5 

cycles 12

CuS@ZnIn2S4
300 W Xe lamp 

(λ>400 nm) 7.91 every 4 h reaction for 5 
cycles 13

Co2P/ZnIn2S4 / 7.93 every 4 h reaction for 5 
cycles 14

MoS2/ZnIn2S4
300 W Xe lamp 

(λ>420 nm) 3.891 every 4 h reaction for 3 
cycles 15

ZnIn2S4/AgFeO
2

300 W Xe lamp 
(λ>400 nm) 9.14 every 3 h reaction for 4 

cycles 16

ZnIn2S4/NiWO4
300 W Xe lamp 

(λ>420 nm) 1.781 every 4 h reaction for 4 
cycles 17

ZnIn2S4/Cu2Mo
S4

300 W Xe lamp 
(λ>420 nm) 1.298 every 3 h reaction for 4 

cycles 18



Photocatalysts Light source
H2 evolution 
rate (mmol 

g-1 h-1)
Cycle-index Refs.

ZnMn2O4@ZnI
n2S4

300 W Xe lamp 
(λ>400 nm) 11.12 every 4 h reaction for 4 

cycles
This 
work

Table S2. The weight percentage content of Mn elements from ICP-OES.

Samples Mn (wt%)
5% ZMOZ 0.25%
10% ZMOZ 0.42%
15% ZMOZ 1.00%
20% ZMOZ 2.50%

Table S3. BET surface area and pore volume of ZIS, ZMO and 10% ZMOZ.

Photocatalysts
BET Surface Area 

(m2 g–1)

Pore Volume 

(cm3 g–1)

ZIS 92.97 0.16

ZMO 44.03 0.16

10% ZMOZ 139.95 0.24

Table S4. Apparent quantum efficiencies of 10% ZMOZ at different monochromatic 
light irradiation.

Wavelength
(nm)

H2 amount
(mmol)

Irradiation 
area (cm2)

Light 
intensity 
(W/m2)

Reaction 
time (h) AQE (%)

380 72.22 33.18 348 2 5.47
400 75.46 33.18 430 2 4.40
420 36.86 33.18 445 2 1.98
450 20.38 33.18 450 2 1.01



Table S5. Apparent quantum efficiencies of ZIS at different monochromatic light 
irradiation.

Wavelength
(nm)

H2 amount
(mmol)

Irradiation 
area (cm2)

Light 
intensity 
(W/m2)

Reaction 
time (h) AQE (%)

380 22.17 33.18 348 2 1.69
400 29.63 33.18 430 2 1.72
420 26.64 33.18 445 2 1.43
450 9.92 33.18 450 2 0.50
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