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Abstract: ZnInySy has attracted extensive attention in the field of photocatalytic hydrogen production
because of its suitable band gap and excellent photoelectrochemical properties. However, its lower
photogenerated carrier separation efficiency and high degree of photocorrosion severely restricts its
photocatalytic activity. In this work, the photocatalytic hydrogen production performance of ZnIn;S,
modified with 3-aminopropylmethoxysilane was studied. Surface modification by amino silane not
only regulated the band gap and enhanced the light absorption of ZnIn,S4 but it also increased the
colloidal stability of the ZnIn,S, suspension and enhanced the adsorption of H* on the active surface
sites, thereby improving the photocatalytic hydrogen production performance. Compared with that
of unmodified ZnIn,S,, the photocatalytic hydrogen production rate of surface-modified ZnIn,S,
increased by 1.46 times, and after four cycles for 12 h, the hydrogen production efficiency remained
at 75.14%.
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1. Introduction

Photocatalytic hydrogen production is a key research direction for future hydrogen
energy generation, and the development of efficient photocatalysts is crucial to improving
photocatalytic performance [1,2]. During the past few decades, tremendous efforts have
been devoted to developing nontoxic, low-cost, efficient, and stable photocatalysts for
water splitting, including metal oxides, sulfides, and nitrides with different structures
and compositions [3-6]. To further improve the performance of semiconductors in pho-
tocatalytic hydrogen production, it is necessary not only to broaden the photoresponse
range and enhance the absorption efficiency of semiconductors but also to improve the
separation efficiency of photogenerated electron-hole pairs. The common techniques used
include precious metal nanoparticle deposition [7-9], elemental doping [10-12], defect
structure [13-15], heterojunctions with other semiconductors [16,17], surface modifica-
tion [18,19], and composite nanostructures [20,21]. However, these strategies generally
involve complex sample preparation procedures and harsh reaction conditions, which are
not conducive to reducing the manufacturing cost of photocatalysts.

Owing to the effective separation and migration of photogenerated electrons and holes

to different surface regions, the formation of redox-active sites, and the triggering of photo-
catalytic reactions, the surface characteristics of semiconductors significantly affect their
photocatalytic activities. Additionally, surface modification can design functional groups on
the surface of photocatalysts through covalent bonding, becoming a simple and low-energy
method for regulating photocatalysts. Hu et al. [22] prepared ethylenediamine-modified
TiO,, which exhibited an excellent photocatalytic hydrogen evolution rate through syn-
chronously broadening the light absorption and increasing the conduction band position
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of TiO,. Wanag et al. [23] reported that APTES modification of TiO, improved the photo-
catalytic decomposition of methylene blue. Lei et al. [24] studied the interfacial molecular
regulation of TiO; for enhanced photocatalytic hydrogen production. The electron-donating
properties of the amine group modulated both the band gap and carrier separation effi-
ciency of TiO,, leading to a 12-fold increase in photocatalytic hydrogen production. Shao
et al. [25] applied poly(3-hexylthiophene) to modify black phosphorus (BP), and the formed
built-in electric field promoted the enrichment of photogenerated electrons on the BP
surface, which greatly enhanced the photocatalytic activity.

ZnlnySy (ZIS) has attracted great interest because of its suitable band gap, good chem-
ical stability, simple and flexible preparation methods, and excellent light absorption.
However, as a photocatalyst, its lower photogenerated carrier separation and migration
efficiency, sluggish surface reaction kinetics, and high degree of photocorrosion severely re-
stricts its photocatalytic activity [26-28]. Therefore, several strategies have been used to im-
prove the photocatalytic performance of ZnIn;Sy, such as morphology regulation, vacancy
engineering, compounding with semiconductors, element doping, and the construction of
heterojunctions [29-32]. Among them, constructing heterojunctions can effectively enhance
the separation of photogenerated carriers and suppress photocorrosion. The use of multidi-
mensional hierarchical hollow Co304/ZnIn,S, tubular core-shell heterostructures resulted
in a photocatalytic hydrogen production rate of 3844.12 pmol-g~-h~!, which is 4.67 times
greater than that achieved with pure Znln;S, [33]. The ZIS-PyP S-scheme photocatalyst
has a photocatalytic H, evolution rate of 54 pmol-h~!, which is 2.5-fold greater than that of
pure ZnIn,S, [34]. However, the formation of high-quality heterojunctions requires precise
control of the interfaces and optimization of the band alignment. In addition, there is still
controversy over the migration direction of photogenerated carriers in direct Z-scheme
heterojunctions [35]. Compared with constructing heterojunctions, surface modification
with organic small molecules is relatively simpler and more effective. Herein, ZnIn,S4 was
synthesized via a hydrothermal reaction method, followed by surface modification with
3-aminopropylmethoxysilane (APS). The purpose of surface modification is as follows: first,
the band gap of ZnIn,S, is regulated through the participation of electron-donating amino
groups of APS, increasing light absorption and accelerating the separation and migration of
photogenerated carriers; second, the colloidal stability of the ZnIn,S, suspension through
the spatial hindrance provided by APS, along with the increased adsorption of H* by amino
groups, synergistically improves the photocatalytic hydrogen production rate of ZnIn,S,.

2. Results
2.1. Morphology and Structure

The ZIS and surface-modified ZIS were characterized via XRD, and the corresponding
results are shown in Figure 1a. Pure ZIS had characteristic diffraction peaks at 21.6°, 27.7°,
47.2°, and 52.4°, corresponding to the (006), (102), (110), and (116) crystal planes of hexago-
nal ZIS (JCPDS#72-0773), respectively. No significant changes in the crystalline structure of
the surface-modified ZIS were observed, and APS modification did not contribute to phase
transformation. The XRD patterns of ZIS-APS were essentially consistent with those of
pure ZIS. Figure 1b shows the FTIR spectra of ZIS and ZIS-APS. In addition to the broad
absorption bands at 3300-3500 em~ 1, 1600-1650 cm ™!, and 1396 cm !, which corresponded
to typical H-O-H, O-H, and C-O stretching vibrations of the absorbed H,O and atmo-
spheric CO,, no particular functional groups existed on the ZIS surface [36,37]. During the
surface modification process, silane was first hydrolyzed into silanol and then condensed
with the -OH groups on the ZIS surface. -NH, stretching vibrations had two absorption
peaks at 3400-3490 cm~!. The peaks at 2900-3000 cm ™! were attributable to symmetric
and asymmetric -CH, stretching in the alkyl chain introduced by silane. The peak at
approximately 1600 cm~! could be assigned to the N-H bending vibrations of primary
amines, the peak near 1450 cm~! belonged to the in-plane bending vibration of C-H, and
the peak located at 1380 cm~! belonged to the C-N bands. The peak corresponding to
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Si—O-Si was found at 1160 cm ™!, indicating self-condensation among the silanol groups.
The FTIR spectra indicated the successful modification of ZIS by amino silane.

(a) —1Zs (b) —IS
= ZIS-APS s —ZIS-APS
-~ =
= ) C-H
& a H :
Z =
= E ! Si-O-Si
e %
= = C-Si
— fid CN
ICDD-JCPDS: 72-0773 = o
"j 1 1 l 1 1 " " " 1 "
0 20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
-1
20 (degree) Wavelength (cm™)

Figure 1. XRD patterns of ZIS and ZIS-APS (a) and FTIR spectra of ZIS and ZIS-APS (b).

TEM (Figure 2a), SEM (Figure 2b,c), and EDS layered images confirmed the mor-
phology and structure of ZIS and ZIS-APS. These results indicated that ZIS consisted of
flower-shaped microspheres composed of many nanoflakes with diameters of approxi-
mately 1-2 pm. The flower-shaped microsphere structure has a larger specific surface area
and more reactive sites, which is conducive to photocatalytic reactions. The EDS results
revealed that the surface morphological structure of the amine-based APS modification
was uniform. The images show that the obtained sample contained N, Si, S, Zn, and In.
Both Si and N were homogeneously dispersed throughout the surface, indicating that the
silane APS agent was modified onto the ZIS.

Figure 2. TEM image of ZIS (a), SEM images of ZIS (b), and SEM images of ZIS-APS (c).

The surface composition and element valence states were further investigated via XPS
(Figure 3). XPS survey scans (Figure 3a) revealed that In, S, Zn, N, Si, O, and C coexisted in
the samples. Figure 3e—g show the specific XPS spectra of Zn 2p, In 3d, and S 2p for the
prepared ZnIn,S, and modified ZnIn,S4. The difference in binding energies between Zn
2p1/2 and 2p3/, was approximately 23.1 eV, suggesting a typical Zn?" in ZnIn,S, [38,39].
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The In 3d spectrum exhibited two peaks at 445.1 eV and 452.6 eV, which were attributed
to the In 3ds5,, and In 3d3,, energy levels, respectively. The S 2p peaks were located at
161.85 eV and 163.05 eV, corresponding to S 2ps/, and S 2py /5, respectively. The above XPS
binding energies confirmed that the chemical valence states of In and S were In®* and S?~.
Affected by APS bonding, the Zn 2p, In 3d, and S 2p peaks in ZIS-APS shifted in the lower
energy direction. The Si 2p peak in Figure 3¢ and the significantly enhanced C 1 s peak
in Figure 3d further demonstrated the introduction of APS. The two N 1 s peaks at 399.7
and 401.7 eV (Figure 3b) were found in the high-resolution N 1 s spectrum, corresponding
to the N-H orbitals of the primary amine and protonated amine NH3*, respectively. This
indicates that the amine groups introduced by silane surface modification enhanced the
adsorption of H* in water, which is beneficial for improving the photocatalytic performance.
The above results are consistent with the previous SEM and FTIR results, indicating the
successful modification of ZIS with APS.
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Figure 3. XPS spectra of ZIS and modified ZIS: (a) survey of ZIS-APS, (b) N 1s, (c) Si 2p, (d) C 1s,
(e) Zn 2p, (f) In 3d and (g) S 2p.
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2.2. Optical Properties and Band Gap

As depicted in Figure 4a,b, the absorption properties and band gaps of ZIS and ZIS-
APS were studied via UV-vis diffuse reflection spectroscopy. Pure ZnIn,S; had high
absorbance, with an absorption edge at approximately 480 nm. Compared with that of pure
ZIS, the absorption performance of ZIS-APS was significantly greater in the wavelength
range of 300-800 nm. Furthermore, the band gaps of ZIS and ZIS-APS were calculated
according to the classical Tauc plot calculation method. The band gap energy of ZIS was
2.38 eV, whereas the band gap energy of amine-functionalized ZIS was reduced to 2.35 eV.
The MS curves in Figure 4c exhibited a positive slope, indicating that ZIS is an n-type
semiconductor. The inset in Figure 4c shows that the flat band potential is relatively stable
at different frequencies. The flat band potentials of ZIS and ZIS-APS were —1.04 and
—1.20 eV, respectively. On the basis of the Tauc plot and MS results, the energy band
structures of ZIS and ZIS-APS are listed in Figure 4d. Compared with that of pristine ZIS,
the conduction band position of ZIS-APS was negatively shifted by 0.16 eV, indicating an
enhanced H* reduction ability.
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Figure 4. Optical properties of ZIS and ZIS-APS. UV-vis DRS spectra (a), Tauc energy band gap
(b), MS plots, the inset shows the flat band potential at different frequencies (c) and band structure
alignments (d). The band potentials for In,S; and ZnS were obtained from Refs. [40,41].

2.3. Photocatalytic Hy Evolution

Xenon lamps provide simulated natural light illumination, and photocatalytic hydro-
gen production testing was conducted by combining a photocatalytic cycling instrument
with gas chromatography. The changes in photocatalytic hydrogen evolution over time
for ZIS and ZIS-APS are shown in Figure 5. The amount of hydrogen produced increased
linearly with time, and the hydrogen production rates of the amine-modified ZIS were
substantially greater than those of pure ZIS. Pure ZIS exhibited a photocatalytic hydrogen
production rate of 3.51 mmol-g~!-h~!, whereas the rate of H, evolution of ZIS-APS reached
5.13 mmol-g~!-h~!, which was 1.46 times greater than that of pure ZIS. The cyclic test
results in Figure 5¢ show that the ZIS-APS photocatalyst maintained a relatively stable
hydrogen production ability without any substantial decrease after four cycles for 12 h,
with a 75.14% initial hydrogen production rate. ZIS had a lower hydrogen production rate
in the first round, reached its peak in the second round, and then decreased. However, the



Catalysts 2024, 14, 607

6 of 10

hydrogen production rate remained lower than that of ZIS-APS throughout the four rounds.
Compared with data reported in other studies (Figure 5d, some of the data were obtained
under visible light), the hydrogen production rate of ZIS-APS was further ahead, and it
had excellent stability.
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Figure 5. Hydrogen production curves (a), comparison of average hydrogen production rates
(b), cyclic tests (c), and comparison of hydrogen production rates with data reported in other
studies [28,31,42-48] (d).

3. Discussion

To further explore the carrier separation and migration efficiency, the photocurrent and
electrochemical impedance spectroscopy (EIS) results of ZIS and ZIS-APS were obtained
via an electrochemical workstation, and the results are shown in Figure 6. Figure 6a shows
the time-dependent photocurrent measurements. ZIS-APS exhibited a higher photocurrent
density that correlated well with the on/off cycle of simulated sunlight, indicating that the
covalently modified amino molecules increased light absorption and facilitated efficient
electron-hole pair separation. The facilitated charge transfer of ZIS-APS was further
confirmed by EIS (Figure 6b). Compared with pure ZIS, ZIS-APS had a smaller arc radius
(the Ret values of ZIS and ZIS-APS were 10 Q) and 0.84 (), respectively), which indicates that
surface modification of ZIS with amino silane can substantially accelerate the charge transfer
of ZIS. These electron transfers generally help separate photogenerated electron-hole pairs
and consequently result in higher catalytic performance than that of pure ZnInySy.
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Figure 7 shows a schematic diagram of the increased photocatalytic hydrogen produc-
tion mechanism. During the surface modification process, silane is first hydrolyzed into
silanol and then condensed with the -OH groups on the ZIS surface. First, the long-chain
alkyl groups introduced by surface modification enhance the colloidal stability of the ZIS
suspension. Second, electron-donating amino groups participate in band gap regulation,
improving light absorption and promoting the migration and separation of photogenerated
carriers. Furthermore, the -NH, groups on the surface of ZIS are positively charged owing
to protonation, which promotes the adsorption of H* on the ZIS surface. Therefore, the
photocatalytic performance and stability of Znln,Ss were significantly improved. This is
consistent with the previous UV-vis absorption, photocurrent, and impedance results.

Accelerate the carrier
separation and transfer

(©) -12ev

E~2.35ev

Electron-donating —~NH2 broaden = Enhances the colloidal stability
the light absorption and promotes
the H+ adsorption

Figure 7. Schematic diagram of the photocatalytic hydrogen production mechanism.

4. Materials and Methods

Materials. Zinc chloride (ZnCly), indium trichloride tetrahydrate (InCl3-4H,0), and
thioacetamide (C;H5NS, TAA) were obtained from Beijing Inno-chem Technology Co., Ltd.,
Beijing, China, 3-aminopropylmethoxysilane (APS) was purchased from Acros. Sodium
sulfite nonahydrate (NaS-9H,0) and sodium sulfite (Na;SO3) were purchased from Tianjin
Fuchen Chemical Reagent Factory. All chemicals were used without further purification.

Preparation of ZnIn,S,;. ZnIn,S, was prepared via hydrothermal methods. First,
1 mmol of ZnCl,, 2 mmol of InCl3-4H,0, and 4 mmol of TAA were dissolved in 80 mL of
deionized water. After stirring for 30 min, the mixture was transferred to a 100 mL Teflon-
lined stainless-steel autoclave and maintained at 80 °C for 12 h. The resulting powder was
separated at 5000 rpm and then washed once with deionized water and 2x with ethanol
to remove any residual chemicals. Finally, the powder was dried at 60 °C for 12 h. The
obtained ZnIn,S,; was denoted ZIS.

Surface modification of ZnlInyS,. Two hundred milligrams of ZnIn,S; was dispersed
in 100 mL of ethanol with a 1.5 wt% concentration of APS at room temperature for 24 h.
The powder was obtained after centrifugation and rinsed with distilled water and ethanol
to remove residual chemicals. Finally, the obtained powder was dried at 60 °C for 12 h.
The modified ZnIn,S; was denoted ZIS-AP. Figure 8 shows a schematic diagram of the
preparation process of ZIS and ZIS-APS.

Characterization. The morphology and microstructure of the obtained products were
observed by scanning electron microscopy (SEM, Hitachi 54800, Hitachi Ltd., Tokyo, Japan)
and transmission electron microscopy (TEM, Tecnai G2F30 S-TWIN, FEI, Atlanta, GA, USA).
The phase structures were studied via X-ray diffractometry (XRD, Ultima IV, Rigaku, Tokyo,
Japan). The surface elemental compositions were analyzed through X-ray photoelectron
spectroscopy (XPS, Axis Supra, Kratos Analytical Ltd., Manchester, UK). The Tauc plots of
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the composite were constructed on the basis of UV-visible diffuse reflectance spectroscopy
(DRS Cary 5000, Agilent Technologies Inc, Santa Clara, CA, USA). By combining the Mott-
Schottky (MS) plot with the Tauc plot, the changes in the positions of the valence band and
conduction band of the samples were determined. The photocurrent and electrochemical
impedance spectroscopy (EIS) results were measured with a CHI760E workstation (Shang-
hai Chenhua, Shanghai, China) to explore the charge separation efficiency and transport
capability of the photocatalyst.

1 mmol ZnCl,
2 mmol InCl;-4H,0
4 mmol TAA

Hydrothermal
reactions

Flower-like ZIS Functionalized ZIS flower

Figure 8. Schematic diagram of the preparation process of ZIS and ZIS-APS (Blue ball repre-
sents silane).

Photocatalytic H, production test. The photocatalytic activity of the catalyst was
assessed in a 200 mL sealed quartz reactor under 300 W xenon lamp irradiation. A total of
10 mg of catalyst was added to a reactor containing 100 mL of a mixed solution containing
0.25 mol-L~! Nay;SO3 and 0.35 mol-L~! Na,S. The reaction temperature was controlled at
20 °C by circulating cooling water, and Ny purging was maintained for 30 min to remove
residual air. The generated hydrogen was detected via a gas chromatograph equipped with
a TCD detector.

5. Conclusions

In summary, we prepared APS-modified ZnIn,S, and investigated its photocatalytic
hydrogen production performance. The introduction of silane alkyl chains increases steric
hindrance and enhances the colloidal stability of the ZnIn,S; suspension. The electron-
donating -NH; broadens the light absorption of ZnIn,S; and promotes the adsorption of H*
on its surface. Under the synergistic effects of these factors, the photocatalytic performance
and stability of ZnIn,S; were significantly improved. The surface-modified ZIS-APS
exhibited a photocatalytic H, evolution rate of 5.13 mmol-g~!-h~!, which was 1.46 times
greater than that of pure ZIS. This finding indicates that surface modification is a simple
and efficient measure for enhancing the photocatalytic performance of semiconductors and
can be used for other photocatalyst systems in addition to TiO, and ZIS.
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