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Abstract: With the continuous growth of global energy demand and the increasingly severe
environmental issues, the extensive utilization of traditional fossil fuels has led to serious
energy crises and environmental pollution problems. In this study, a hydrothermal method
was employed, and by adding ethanolamine and controlling different temperatures, pink
zinc sulfide with zinc vacancies was synthesized. UV-Vis DRS analysis indicated that the
sample exhibited significant visible light absorption characteristics within the wavelength
range of 500–550 nm. The presence of zinc vacancies was confirmed through XPS. Due to
the existence of zinc vacancies, the sample demonstrated excellent photocatalytic hydrogen
evolution activity without the need for co-catalysts, with the optimal sample achieving a
hydrogen evolution rate of 7631.70 µmol h−1 g−1. Zinc vacancies can provide additional
active sites, enhance catalytic efficiency, and promote the separation of photogenerated
electrons and holes. Furthermore, the introduction of vacancies effectively reduces the
bandgap of the material, significantly broadening its visible light absorption range. This
work provides a new approach for enhancing hydrogen evolution in pure ZnS and offers
novel strategies for the further design of ZnS-related photocatalysts.

Keywords: pink ZnS; vacancy; temperature; photocatalytic hydrogen evolution

1. Introduction
As the world grapples with surging energy needs and intensifying environmental

crises, the development of sustainable and clean energy solutions has become an urgent
priority [1,2]. Solar energy, an inexhaustible and clean energy source, has attracted sig-
nificant research attention for its conversion into chemical energy through photocatalysis,
particularly for hydrogen evolution via water splitting [3,4]. In 1972, Fujishima first dis-
covered that electrons and holes produced by titanium dioxide under the excitation of
ultraviolet light can decompose water into oxygen and hydrogen. Titanium dioxide ma-
terial then entered the research field of vision of researchers. Titanium dioxide material
has excellent characteristics such as good light stability and non-toxicity [5–8]. However,
titanium dioxide has a wide bandgap (3.2 eV), which significantly restricts its ability to
fully utilize and convert visible light energy [9–11]. Consequently, researchers have begun
exploring alternative semiconductor materials to replace titanium dioxide. Nevertheless,
developing an ideal photocatalyst for practical applications that exhibits high activity, low
cost, and long-term stability under visible light remains a significant challenge. To date,
numerous efforts have been made to develop suitable semiconductor photocatalysts to ob-
tain high activities for water splitting [12–15]. Photocatalytic hydrogen production through
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water splitting using semiconductors is a promising approach that converts abundant solar
energy into clean chemical energy, contributing to sustainable development [16–22].

ZnS, as an important wide-bandgap II-VI semiconductor material, has found extensive
applications in CO2 photoreduction [23,24], organic pollutant degradation [25,26], and
photocatalytic water splitting for hydrogen production [27,28] due to its unique proper-
ties [29]. However, its relatively large bandgap significantly limits sunlight utilization
efficiency [28,30]. A good hydrogen evolution photocatalyst should not only have a wide
solar spectrum absorption range and a suitable band edge but also have a high carrier
separation efficiency and a rich reaction site. Therefore, many attempts have been made
to improve its catalytic performance. As is common sense, the nature of materials deter-
mines their mechanisms and performances in reactions, including photocatalytic hydrogen
evolution reactions (HERs). For instance, defect states [31–33], crystalline phases [34,35],
and exposed facets [36–38] of semiconductor photocatalysts can regulate the light response
for robust charge generation, dominate the kinetics of charge transfer for effective charge
separation, and organize active sites or facets for resultful charge utilization. For example,
in photocatalysts, defects can serve as active sites for trapping light-generating carriers,
thus promoting catalytic performance [13]. On the other hand, defects may also act as
recombination centers, thus hindering photocatalytic activity [39]. This approach enables
atomic-scale regulation and the construction of active sites on the photocatalyst surface.
Extensive research has demonstrated that vacancies not only increase the number of active
sites in photocatalytic reactions, facilitating the adsorption of water molecules and promot-
ing their dissociation into hydrogen and oxygen, but also alter the local electronic structure
at the vacancy sites, reducing the reaction energy barrier and thereby enhancing hydrogen
evolution efficiency [13]. Various procedures have been developed to fabricate ZnS nanos-
tructures such as electrochemical deposition [40], microemulsion [41], solvothermal [42],
sol–gel [43], co-precipitation [44], combustion synthesis [45], pyrolysis [46], hydrother-
mal [47], laser ablation [48], and vapor deposition [49]. The hydrothermal method is
versatile, able to control the process, productive, adjustable, does not need calcination
and milling operations, has low contamination, and is cost-effective [50–52]. In addition,
the hydrothermal/solvothermal approach allows for the precise control of the vacancy
concentration and distribution through reaction conditions, making it applicable to a wide
range of materials and relatively straightforward procedures [53]. Xu et al. [54] prepared
PVP and excess thiourea using the hydrothermal method and synthesized ZnS hollow
nanospheres with uniform sizes and good dispersion. Their results showed that hollow
nanospheres with a small particle size and good dispersion have a good photocatalytic
effect. Liang et al. [55] synthesized zinc sulfide globose titanium dioxide flowers with
different hydrothermal synthesis times using a two-step simple hydrothermal method. The
hydrothermal synthesis time of zinc sulfide affects the content and distribution of zinc
sulfide spheres decorated on the surface of titanium dioxide petals. Liu et al. [56] success-
fully prepared uniform spherical zinc sulfide nanoparticles with a diameter of 5–10 nm
using a simple hydrothermal method at a high temperature of 160 ◦C. In addition to the
obvious blue shift, the prepared zinc sulfide nanoparticles also have higher PL intensity
than normal micron-sized nanoparticles.

In this study, the generation of vacancies was primarily controlled by the addition of
ethanolamine, while the concentration of vacancies was regulated by varying the reaction
temperature. Using a solvothermal approach with zinc nitrate hexahydrate and thiourea
at various temperatures, we prepared pink ZnS, which was analyzed through multiple
characterization methods. The experimental results demonstrate that the optimal sample
exhibits outstanding photocatalytic hydrogen evolution performance, achieving a hydrogen
evolution rate of 7631.70 µmol h−1 g−1, significantly higher than that of other samples.
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By introducing zinc vacancies, the bandgap of the material was effectively modulated,
leading to a remarkable expansion of its visible light absorption range. Simultaneously,
the introduction of zinc vacancies created abundant active sites on the material’s surface,
enhancing the separation efficiency of photogenerated electron–hole pairs and reducing the
carrier recombination rate. These synergistic effects collectively improved the material’s
photocatalytic performance, resulting in significantly enhanced catalytic activity for visible-
light-driven water splitting and hydrogen evolution.

2. Results and Discussion
The phase of the synthesized nanomaterials was determined by powder XRD. Figure 1

shows the crystal structures of ZnS-120, ZnS-140, ZnS-160, and ZnS-180. The diffraction
peaks at 27.12◦, 28.55◦, 30.62◦, 47.75◦, and 56.69◦ were observed in the XRD patterns,
corresponding to the (100), (002), (101), (110), and (112) planes of ZnS, respectively. It
is shown that the sample has a hexagonal wurtzite crystal structure. They have similar
and strong diffraction peaks, indicating that they have good crystallinity. No other peaks
were observed, indicating that it was pure ZnS. We can also observe the crystal plane and
diffraction peak intensity of ZnS-120, ZnS-140, ZnS-160, and ZnS-180. With the increase in
the preparation temperature of the samples, the peak of the sample becomes sharper and
the crystallinity of the sample improves [57].
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Figure 1. XRD patterns of ZnS-120, ZnS-140, ZnS-160, and ZnS-180.

To explore the differences between ZnS-120, ZnS-140, ZnS-160, and ZnS-180, we took
pictures via SEM to observe the differences in their morphology. In general, the reaction
temperature affects the growth and movement rate of the initial ZnS particles, as well as
the particle diameter distribution. As the reaction temperature of the precursor solution
increases, thiourea is decomposed, S2− ions are formed slowly and uniformly, and Zn2+

ions react with S2− ions to form ZnS nanocrystals [57]. The morphology maps generated by
ZnS-120, ZnS-140, ZnS-160, and ZnS-180 are shown in Figure 2a–d, respectively. ZnS-120
and ZnS-140 are all flower spheres. The morphology of ZnS-160 and ZnS-180 samples
showed a certain aggregation, but with the increase in the preparation temperature of the
samples, the ZnS crystals grew to a smaller size. The smaller the particle size, the larger the
specific surface area, which enhances the utilization of sunlight for photocatalytic water
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splitting to produce hydrogen [58]. High-resolution TEM tests were conducted on ZnS-160
to observe and analyze its structure. From Figure 2e, we can see that for the 0.312 nm lattice
spacing attributed to the wurtzite (002) plane, more lattice fringes were bent, broken, and
blurred, indicating the formation of a vacancy.
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of ZnS-160.

Nitrogen adsorption–desorption isotherms of pink ZnS materials at different tem-
peratures were tested. According to IUPAC classification, all four are type III isotherms
with typical H3 hysteresis curve characteristics [15]. As shown in Figure 3, the specific
surface areas of ZnS-120, ZnS-140, ZnS-160, and ZnS-180 are 151.9489 m2/g, 186.0362 m2/g,
205.4208 m2/g, and 214.1513 m2/g, respectively. The BET surface area of ZnS gradually
increases with the increase in the preparation temperature of the samples. The ZnS-160
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catalyst can provide more active sites and promote the charge carrier transport process,
which is conducive to improving the photocatalytic performance.

Inorganics 2025, 13, x FOR PEER REVIEW 5 of 15 
 

 

205.4208 m2/g, and 214.1513 m2/g, respectively. The BET surface area of ZnS gradually 
increases with the increase in the preparation temperature of the samples. The ZnS-160 
catalyst can provide more active sites and promote the charge carrier transport process, 
which is conducive to improving the photocatalytic performance. 

 

Figure 3. N2 adsorption–desorption curve. 

The optical properties of the synthesized photocatalyst were analyzed by UV-Vis dif-
fuse reflectance spectroscopy. With BaSO4 as the background, the wavelength measure-
ment range is 300 nm–800 nm, and the photocatalyst (ZnS-120, ZnS-140, ZnS-160, and 
ZnS-180) is measured and analyzed by a solid ultraviolet-visible spectrophotometer. In 
Figure 4a, we observed strong absorption in the 300–340 nm UV region for ZnS-120, ZnS-
140, ZnS-160, and ZnS-180. ZnS-120, ZnS-140, ZnS-160, and ZnS-180 have very steep edge 
absorption bands near 380 nm, which is the inherent absorption property of ZnS, and the 
absorption capacity of visible light is very small. However, the absorption of visible light 
by ZnS-160 samples at 500–550 nm is enhanced to a certain extent, which makes it possible 
for ZnS to utilize visible light sources. This phenomenon can be attributed to the introduc-
tion of vacancies in ZnS-160, which creates defect levels within the bandgap, thereby 
broadening the material’s light absorption range and enabling it to absorb longer wave-
lengths of visible light [14]. The band gap of the semiconductor was calculated by the Tauc 
Plot method based on UV-Vis absorption spectra. 

(Ahv)2= K(hv - Eg) (1) 

Here, A is the absorbance, hv is the energy absorbed, K is the physical coefficient, 
and Eg is the energy band. In Figure 4b, it can be seen that nanometer ZnS has an obvious 
absorption peak at 340 nm. By extending the tangent line of the curve, the band gaps of 
ZnS-120, ZnS-140, ZnS-160, and ZnS-180 are 3.57, 3.48, 3.32, and 3.28 eV, respectively. The 
band gap between ZnS-160 and ZnS-180 is similar and relatively small, which is consistent 
with its high visible-light absorption intensity. With the increase in the preparation tem-
perature of the samples, the bandgap of nano-ZnS is significantly reduced and the optical 
response range is expanded, which can improve the utilization of sunlight. 
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The optical properties of the synthesized photocatalyst were analyzed by UV-Vis dif-
fuse reflectance spectroscopy. With BaSO4 as the background, the wavelength measurement
range is 300 nm–800 nm, and the photocatalyst (ZnS-120, ZnS-140, ZnS-160, and ZnS-180)
is measured and analyzed by a solid ultraviolet-visible spectrophotometer. In Figure 4a, we
observed strong absorption in the 300–340 nm UV region for ZnS-120, ZnS-140, ZnS-160,
and ZnS-180. ZnS-120, ZnS-140, ZnS-160, and ZnS-180 have very steep edge absorption
bands near 380 nm, which is the inherent absorption property of ZnS, and the absorption
capacity of visible light is very small. However, the absorption of visible light by ZnS-160
samples at 500–550 nm is enhanced to a certain extent, which makes it possible for ZnS
to utilize visible light sources. This phenomenon can be attributed to the introduction of
vacancies in ZnS-160, which creates defect levels within the bandgap, thereby broadening
the material’s light absorption range and enabling it to absorb longer wavelengths of visible
light [14]. The band gap of the semiconductor was calculated by the Tauc Plot method
based on UV-Vis absorption spectra.

(Ahv)2 = K(hv − Eg) (1)
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Here, A is the absorbance, hv is the energy absorbed, K is the physical coefficient, and
Eg is the energy band. In Figure 4b, it can be seen that nanometer ZnS has an obvious
absorption peak at 340 nm. By extending the tangent line of the curve, the band gaps of
ZnS-120, ZnS-140, ZnS-160, and ZnS-180 are 3.57, 3.48, 3.32, and 3.28 eV, respectively. The
band gap between ZnS-160 and ZnS-180 is similar and relatively small, which is consistent
with its high visible-light absorption intensity. With the increase in the preparation tem-
perature of the samples, the bandgap of nano-ZnS is significantly reduced and the optical
response range is expanded, which can improve the utilization of sunlight.

To further understand the electron transfer and electron–hole recombination behav-
ior of the synthesized photocatalyst materials, we investigated their optical properties
through photoluminescence (PL) spectroscopy. PL spectroscopy is used to obtain infor-
mation related to the recombination and separation of photogenerated charge carriers in
semiconductors [59]. The PL measurements were conducted at an excitation wavelength of
300 nm, with the emission spectrum recorded in the range of 350–550 nm. As shown in
Figure 5, the PL spectra of ZnS-120, ZnS-140, ZnS-160, and ZnS-180 exhibit similar shapes.
ZnS-120, ZnS-140, ZnS-160, and ZnS-180 display strong photoluminescence emission peaks
at 390 nm. However, with the increase in the preparation temperature of the samples, the re-
combination of photogenerated carriers is significantly suppressed, leading to a substantial
reduction in PL intensity. This indicates that the presence of vacancies can effectively reduce
the recombination of electron–hole pairs. Notably, ZnS-160 exhibits significantly lower PL
intensity compared to ZnS-120, ZnS-140, and ZnS-180, which is primarily attributed to the
presence of vacancies. These vacancies effectively suppress electron–hole recombination,
thereby substantially enhancing the photocatalytic hydrogen production performance.
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XPS was further employed to determine the binding energy states on the surfaces of
samples prepared at different temperatures, thereby facilitating the analysis of the valence
state composition of the elements within the samples. As shown in Figure 6, the sample is
predominantly composed of Zn and S elements. The C 1s peak of surface amorphous carbon
at 284.8 eV was utilized as a reference for calibration purposes. When the particle surfaces
are exposed to air, the weak spectral signals of C and O are attributed to atmospheric
contamination. Furthermore, no particularly prominent oxidized sulfur species, such as
-SO2, were detected. Therefore, the synthesized ZnS particles represent a high-purity
compound free from impurities. In Figure 6a, the Zn 2p spectrum of ZnS-120 exhibits
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two distinct peaks located at 1021.63 eV and 1044.60 eV, corresponding to the spin-orbit
splitting components of Zn 2p3/2 and Zn 2p1/2, respectively [60,61]. With the increase in
the preparation temperature of the samples, the Zn 2p spectrum of ZnS-160 displays two
characteristic peaks at binding energies of 1021.41 eV and 1044.43 eV. The Zn 2p orbital
of the sample begins to shift toward lower binding energies, which is attributed to the
formation of zinc vacancies [62]. As shown in Figure 6b, two peaks are observed for S 2p in
ZnS-120 at 161.23 eV and 162.38 eV, which result from the spin-orbit splitting into S 2p3/2

and S 2p1/2, respectively. The S 2p spectrum of ZnS-160 exhibits two peaks at 161.20 eV and
162.33 eV [63–65]. It can be observed that with the increase in the preparation temperature
of the samples, the S 2p orbital exhibits a slight shift toward lower binding energies.
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In general, the electron–hole pairs generated in semiconductor photocatalysts must
be effectively utilized for reduction and oxidation reactions during the photocatalytic pro-
cess. However, the recombination of these electron–hole pairs will lead to poor catalytic
performance. Therefore, to gain a deeper understanding of the photocatalytic mecha-
nism, it is essential to investigate the separation and lifetime of charge carriers, specifically
electron–hole pairs, on the photocatalyst surface. For this purpose, photoelectrochemi-
cal analysis was conducted to evaluate the excitation and transfer of carriers generated
during the photocatalytic process. Figure 7a shows the transient photocurrent responses
of ZnS-120, ZnS-140, ZnS-160, and ZnS-180, analyzed over several on–off cycles. When
illuminated by a 300 W Xe lamp, all semiconductor catalysts exhibited a rapid photocurrent
response. Notably, the photocurrent response of ZnS-160 was significantly higher than that
of semiconductor catalysts ZnS-120, ZnS-140, and ZnS-180, indicating enhanced charge
separation in the ZnS-160 sample. This suggests that a large number of carriers are rapidly
excited under illumination, a phenomenon likely attributed to the presence of vacancies.
Additionally, EIS was performed to study the charge transfer resistance and the separation
efficiency of photogenerated electrons and holes during the photocatalytic reaction. The
EIS Nyquist plots of ZnS-120, ZnS-140, ZnS-160, and ZnS-180 semiconductor nanomaterials
are shown in Figure 7b. The radius in the EIS spectrum is proportional to the resistance
of the electrode/electrolyte interface. As shown in Figure 7b, the radius of ZnS-160 is
significantly smaller than that of ZnS-120, ZnS-140, and ZnS-180, indicating faster charge
transfer and a lower recombination rate of photogenerated electron–hole pairs in ZnS-160.
This property is highly beneficial for enhancing photocatalytic activity. This is consistent
with the photocurrent results, indicating that vacancies facilitate the transport of charge
carriers, further validating the superior photocatalytic performance of ZnS-160.
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To investigate the practical application of the synthesized pink ZnS in UV-visible light-
driven photocatalytic water splitting, the photocatalytic hydrogen evolution capability of
ZnS-120, ZnS-140, ZnS-160, and ZnS-180 nanomaterials was evaluated under UV-visible
light irradiation, using lactic acid aqueous solution as the sacrificial reagent, as shown in
Figure 8a. The photocatalytic activity of ZnS-120, ZnS-140, ZnS-160, and ZnS-180 aligns
with their overall photoelectric properties. Due to its limited visible-light response and
the lowest charge transport and separation efficiency, ZnS-120 achieved a total hydrogen
evolution of 10,882.23 µmol g−1 over 6 h. With the increase in the preparation tempera-
ture of the samples, the hydrogen evolution performance of the samples improved, with
ZnS-160 exhibiting the highest hydrogen evolution rate of 45,790.18 µmol g−1, approx-
imately 4.21 times higher than that of ZnS-120. This indicates that the introduction of
vacancies can significantly enhance the photocatalytic activity of the samples. To further
understand the photocatalytic hydrogen evolution performance of these nanomaterials,
their water-splitting capabilities were simulated under sunlight irradiation, again using
lactic acid aqueous solution as the sacrificial reagent. In the absence of a co-catalyst, hy-
drogen evolution performance was tested solely under UV-visible light. The data given in
Figure 8b correspond to the averaged hydrogen yield measured during 6 h of photocatalytic
testing. The hydrogen evolution amounts for ZnS-120, ZnS-140, ZnS-160, and ZnS-180 were
1813.71, 4466.63, 7631.70, and 6134.46 µmol h−1 g−1, respectively. The relatively poor per-
formance of ZnS-120 can be attributed to the rapid recombination of photoinduced carriers.
ZnS-160 demonstrated the highest rate of 7631.70 µmol h−1 g−1, which is 4.21 times that
of ZnS-120. This may be attributed to the presence of defects in ZnS-160, which facilitate
faster charge transfer and a lower recombination rate of photogenerated electron–hole
pairs, thereby significantly enhancing the photocatalytic activity. In addition, we conducted
two control experiments, including a blank test without a catalyst and a test with zinc
nitrate hexahydrate alone. The absence of hydrogen production in both cases unequivo-
cally confirms that the hydrogen evolution activity originates from the pink ZnS catalyst.
Additionally, Table S1 summarizes the hydrogen production performance of ZnS compared
to different catalysts, demonstrating that the prepared pink ZnS-160 exhibits superior
hydrogen production performance relative to other photocatalysts. The recyclability of
ZnS-160 was further evaluated over four cycles. After each cycle, the catalyst was recovered
by centrifugation and drying, with minimal loss observed. As shown in Figure 8c, the
photocatalytic hydrogen evolution volume of ZnS-160 reached 45,790.18 µmol g−1 during
the first cycle. While the hydrogen evolution volume remained relatively stable over the
first three cycles, a slight decrease was observed in the fourth cycle, likely due to minor
photocorrosion under prolonged irradiation. Despite this, ZnS-160 maintained its superior
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photocatalytic activity compared to other samples, demonstrating its potential as a robust
photocatalyst for continuous hydrogen evolution under UV-visible light.
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Based on the aforementioned results, we propose a plausible mechanism for the pho-
tocatalytic hydrogen evolution of pink ZnS-160 semiconductor materials, as illustrated
in Figure 9. The valence band and conduction band energy positions of a semiconduc-
tor can be calculated according to the following formula: E(VB) = X − Ee − 0.5Eg and
E(VB) = E(CB) + Eg, where X represents the Mulliken’s electronegativity of the semicon-
ductor and the value of X is 5.26 eV for ordinary ZnS. Ee and Eg are the energy of the
free electron on the hydrogen scale (about 4.5 eV vs. NHE) and the band gap energy of
the semiconductor, respectively. The bandgap of ordinary ZnS is 3.6 eV, and through this
calculation, the valence band and conduction band potentials of ordinary ZnS are +2.26 eV
and −1.04 eV, respectively. Under simulated natural light irradiation, pink ZnS-160 is
excited to generate photogenerated electrons and holes. XPS analysis reveals the presence
of defects in the pink ZnS-160. According to solid UV-Vis diffuse reflectance spectroscopy
and the Tauc equation, ZnS-160 exhibits a significant visible-light response and a reduced
bandgap. Based on Figure S1, the valence band position of pink ZnS-160 is determined to
be 0.85 eV, indicating that the introduction of vacancies elevates the valence band position
compared to ordinary ZnS. This shift significantly weakens the oxidation capability of
the holes, thereby protecting ZnS from photocorrosion. Additionally, the zinc vacancies
introduce defect levels within the bandgap, which lower the energy required for carrier
excitation and enhance the separation efficiency of photogenerated electrons and holes. Un-
der UV-visible light irradiation, electrons in the valence band are excited to the conduction
band of ZnS. The conduction band potential of ZnS is more negative than the H+/H2 redox
potential, satisfying the thermodynamic requirements for hydrogen evolution. The free H+;
ions in the sacrificial agent solution combine with electrons in the conduction band to form
H2, while the holes in the valence band oxidize lactic acid to generate oxidation products.
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3. Experimental Section
3.1. Materials

All reagents are analytical grade reagents, and the purchased chemicals are AR grade
(purity 99%). Zinc nitrate hexahydrate (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China), thiourea (Xilong Scientific Co., Ltd., Shantou, China), ethanolamine (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China), polyvinylpyrrolidone (Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China). Deionized water was used in all the synthe-
sis processes.

3.2. Preparation of Pink ZnS

Pink ZnS samples were prepared using the hydrothermal method. First, 2.38 g of zinc
nitrate hexahydrate and 0.609 g of thiourea were dissolved in 30 mL of deionized water and
10 mL of ethanolamine and stirred for 40 min. Then, we added 0.05 g of polyvinylpyrroli-
done, stirred the solution for 40 min, and transferred it to polytetrafluoroethylene lining.
The solid powder obtained by heating at 120 ◦C for 4 h was centrifuged, washed four times
with deionized water, and dried in an oven at 75 ◦C for 10 h. It is named ZnS-120. Accord-
ing to the above operation, they were heated to 140 ◦C, 160 ◦C, and 180 ◦C, respectively,
and labeled as ZnS-140, ZnS-160, and ZnS-180 according to the heating temperature.

3.3. Characterization

X-ray diffraction (XRD) data were tested using a Bruker D8 Advanced X-ray pow-
der diffractometer (Rigaku Corp, Tokyo, Japan) with Cu-Ka radiation (λ = 1.5418 Å).
The morphologies of the as-prepared samples were analyzed using scanning electron
microscopy (SEM, S-4800, Hitachi, Tokyo, Japan). The crystal structures were observed
using a JEM-2100 F transmission electron microscope (TEM, JEOL, Tokyo, Japan). The
UV-Vis diffuse reflectance spectra (DRS) were acquired using a UV-2550 spectrophotometer
(Shimadzu, Tokyo, Japan). Photoluminescence (PL) spectra were measured at room temper-
ature using a spectrophotometer (F97Pro, Leng guang, Shanghai, China). The photocurrent
density, EIS, and Mott–Schottky were measured by a CHI 760E electrochemical workstation
(Shanghai, China). Further insight into the elemental composition was determined by XPS
(X-ray photoelectron spectroscopy) spectra captured on the ESCALAB 250 Xi-XPS system
with Al Kα radiation.
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3.4. Photocurrent Measurements

A three-electrode system, comprising counter, reference, and working electrodes of Pt-
wire, Ag/AgCl (in saturated KCl), and the prepared material, respectively, was employed
to evaluate the photocurrent measurements. First, 5 mg of the catalyst was dissolved in
a mixed solution of 1 mL of anhydrous ethanol and 50 µL of Nafion solution and treated
under ultrasound for 2 h to fully disperse the catalyst. Then, 200 µL of the mixed solution
was dropped on a 2 × 2 cm clean conductive glass sheet as a working electrode. A 300 W
Xe lamp was used as the light source.

3.5. Photocatalytic Hydrogen Production Activity

In order to evaluate the hydrogen production efficiency, 50 mg of the sample was
first weighed, added to a sacrificial agent (10 mL of lactic acid), dispersed in a 100 mL
round-bottom flask containing 40 mL of deionized water, and stirred evenly. Exhaust air
was removed by blowing argon for 20 min. The sample was sealed and then placed in a
circular groove for fixation. The magnetic stirrer was turned on, the condensate device was
turned on, and the sample was irradiated with a Xe lamp under ultraviolet-visible light.
Sampling was performed every 1 h, and hydrogen production was detected using a gas
chromatograph with a carrier gas of Ar.

4. Conclusions
In summary, this study employed a conventional solvothermal method to synthesize

pink defect ZnS using zinc nitrate hexahydrate and thiourea. Under the synthesis condition
of 160 ◦C, ZnS-160 exhibited an absorption peak within the range of 500–550 nm, which
enhanced its visible light absorption and improved the separation efficiency of electrons and
holes. Through the introduction of vacancies, the band gap of the material was effectively
modulated, significantly extending its visible-light absorption range. Simultaneously,
the incorporation of zinc vacancies created abundant active sites on the material surface,
enhancing the separation efficiency of photogenerated electron–hole pairs and reducing
the carrier recombination rate, and improving the photocatalytic hydrogen evolution
efficiency. More importantly, the introduction of vacancies upshifts the valence band
position, thereby reducing the oxidation capability of the holes and effectively suppressing
the photocorrosion of ZnS. Furthermore, this study is expected to provide valuable insights
for enhancing the hydrogen evolution performance of individual materials. This work
offers a novel strategy for the further design of ZnS-based photocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics13050166/s1, Figure S1: The VB XPS spectrum of
ZnS-160; Table S1: Comparison of photocatalytic hydrogen production performance among different
ZnS catalysts. References [66–70] are cited in the supplementary materials.
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