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ZnIn2S4 combined with a flower-like NiAl-layered
double hydroxide with enhanced photocatalytic
H2 production activity†

Anna P. Souri,a,b Onur Cavdar, b Maria Zografaki,a,c Leila Zouridi, a,d

Vassilios Binas, a,c Tomasz Klimczuk, e,f Kostiantyn Nikiforowg and
Anna Malankowska *b

A novel ZnIn2S4/NiAl-layered double hydroxide (LDH)/Pt heterojunction was developed as a highly

efficient photocatalyst for photocatalytic hydrogen evolution (PHE) under UV-vis and visible (λ > 420 nm)

irradiation. ZIS was decorated with NiAl-LDH microflowers using an oil bath at 80 °C, followed by modifi-

cation through Pt photodeposition. Our results demonstrated that using an in situ growth method for

decorating ZIS with NiAl-LDH considerably enhanced PHE reactions. The effect of Pt photodeposition on

the ZnIn2S4/NiAl-LDH heterojunction composites in photocatalytic hydrogen generation under irradiation

was also studied. The introduction of an optimal amount of 0.17 wt% Pt on the surface of ZIS/NiAl25

increased the H2 production rate by approximately 6.5 times compared with bare ZIS under visible light

irradiation. Hydrogen production was elevated from 171 to 1665 μmol g−1 h−1 under UV-vis light for ZIS

and ZIS/NiAl/1.95Pt, representing a 9.6-fold increase. Additionally, a proposed mechanism for PHE over

the ZnIn2S4/NiAl-LDH/Pt heterojunction was explored. This work contributes to the development of

advanced nanoscale materials for energy sustainability, demonstrating their role in addressing global

energy challenges through clean and efficient hydrogen evolution processes under visible and UV-vis

light irradiation.

1. Introduction

The depletion of fossil fuels and their impact on the environ-
ment and our health have made the quest for renewable and
sustainable energy sources critically important. As a result,
semiconducting materials for water splitting are regarded as
suitable candidates in addressing this global issue, given that
H2 is a green fuel and abundant in nature. Among the various

semiconducting materials studied for photocatalytic water
splitting, layered double hydroxides and sulfides have gained
attention owing to their promising properties and versatility.1,2

Layered double hydroxide (LDH) catalysts have been widely
employed and studied for various applications such as electro-
catalysis,3 photocatalytic H2 production,4 pollutant degra-
dation,5 and CO2 conversion.

6 The extensive research attention
they have garnered stems from their unique layered structure,
compositional flexibility, and the variety of structures they can
form, as well as their chemical and thermal stability. LDHs
exhibit a lamellar structure consisting of brucite-like layers of
divalent and trivalent cations, with the chemical formula
[M2+

1−xM
3+

x]
x+(An−)x/n·mH2O, where M represents the divalent

or trivalent cation (usually a transition metal), A is the intersti-
tial anion between the layers, n is the charge of the interlayer
species, and m is the number of water molecules. More specifi-
cally, positively charged brucite-type octahedral sheets alter-
nate with interlayers containing carbonate anions. The compo-
sitional versatility of this material family, combined with
different synthetic routes, is the reason for reporting several
morphologies.7 These materials can form various shapes
including 2D structures like hexagonal plates8 and 3D struc-
tures resembling flower-like shapes,9 which in turn influence
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their properties. Nevertheless, LDHs suffer from low electrical
conductivity and insufficient effective sites, which negatively
affect their catalytic abilities. Recent studies have shown that
tailoring the interlayer composition and thickness of LDHs
can significantly improve their electrocatalytic performance.
Jiang et al. synthesized ultrathin sulfate-intercalated NiFe-LDH
nanosheets via a solvothermal method, achieving a high
oxygen evolution reaction (OER) activity with a low overpoten-
tial (212 mV at 10 mA cm−2) and excellent durability over
11 hours.10 The enhanced activity was attributed to the ultra-
thin morphology, increased interlayer spacing due to SO4

2−

anions, and uniform nanosheet structure, all of which facili-
tated charge transfer and active site accessibility.10 Zhao et al.
demonstrated that introducing multiple structural defects—
namely, holey morphology, oxygen vacancies, and Ni3+ species
—into NiFe-LDH nanosheets via a green H2O2-assisted etching
method significantly enhanced their oxygen evolution reaction
(OER) performance, achieving an overpotential as low as
170 mV at 10 mA cm−2.11 Zhao et al. demonstrated that dual
Fe3+/BF4

− doping in NiFe-MOF nanosheets significantly boosts
OER performance through electronic structure tuning and
improved surface reactivity—an approach conceptually rele-
vant to LDH modification strategies.12

Metal sulfides, by contrast, are a category that has been meti-
culously studied owing to their status as primarily narrow band
gap semiconductors, which allows them to be activated under
visible irradiation.13,14 The ternary compound ZnIn2S4 (ZIS)
serves as an excellent example, as its band positions are suitable
for various photocatalytic redox reactions. Additionally, it exhi-
bits improved chemical stability compared with other metal sul-
fides and is low cost.2 Of the two major crystal structures, hexag-
onal and cubic phases, the hexagonal phase is more commonly
employed because of its higher photocatalytic activity.

In the literature, efforts to combine the advantages of ZIS
and LDHs by pairing them have been reported, primarily for
hydrogen evolution reactions and Cr(VI) reduction (Table S1†).
More specifically, Deng et al.15 paired ZIS with LDH NiAl,
featuring flower-like structures, and added carbon quantum
dots (C QDs) as a co-catalyst. The composite with the
optimal carbon dot concentration exhibited a rate of
23.1 mmol g−1 h−1 under visible light, which was 16.4 and
1.4 times higher than ZIS and ZIS/NiAl, respectively.
Additionally, Zhao et al.16 formed in situ ZIS on MIL-88A-
derived Ni–Fe LDH, creating ternary-shelled nanotubes for
photocatalytic hydrogen production. Their optimal hetero-
structure achieved a rate of 2.0 mmol g−1 h−1 under visible
light irradiation. Yang et al.17 decorated hexagonal sheets of
MgAl LDH with ZIS through a water bath heating method and
tested its effectiveness in Cr(VI) reduction and H2 evolution.
Their optimal sample reached a rate of 1.9 mmol g−1 h−1

under visible light. Ma et al. reported a Zn0.2Cd0.8S/Zn0.2Cd0.8-
MOF heterostructure with well-aligned energy bands and
strong interfacial interactions, which facilitated efficient
charge separation and significantly improved hydrogen evol-
ution efficiency.18 Furthermore, the group led by He19 paired
CoAl with ZIS by in situ growth of the latter on the LDH to

form a 2D/2D S-scheme heterostructure. The optimal mass
ratio of LDH/ZIS was 1 : 2, resulting in an H2 production rate
of 1.5 mmol g−1 h−1 under simulated sunlight. A similar com-
bination was carried out by Peng et al.20 in a study where tran-
sition metal chalcogenides CdIn2S4, In2S3, and ZnIn2S4 were
combined with CoAl LDH for H2 production. Their optimal
ZIS/CoAl photocatalyst exhibited an H2 rate of 1.2 mmol g−1

h−1 under visible light. Tang et al.21 prepared a NiCoFe-
LDH@ZIS Z-scheme heterojunction for simultaneous H2 evol-
ution with benzylamine oxidation, achieving a H2 rate of
113.57 mmol g−1 h−1 and a 97.78% conversion rate of benzyla-
mine oxidation. Other groups, however, such as that of
Wang,22 combined ZIS nanosheets with leaf-like NiCo LDH to
create a core–shell composite for Cr(VI) reduction under visible
irradiation, whereas Zho23 synthesized a 1D/2D CoNi-LDH/
ZnIn2S4 S-scheme heterojunction for tetracycline degradation
under a photocatalytic-peroxymonosulfate activation system.

Herein, inspired by the aforementioned literature, we
present for the first time the pairing of ZIS nanosheets with a
3D flower-like NiAl-LDH to form a composite heterostructure
with Pt as a co-catalyst for photocatalytic hydrogen evolution
(PHE). The ZIS/NiAl composite was synthesized through an
in situ growth method, and the addition of the Pt co-catalyst
was achieved via photochemical reduction. The Pt photodepos-
ited composites (ZIS/NiAl/Pt) were tested under UV-vis and
visible irradiation to study the effects of the metal under
different irradiation conditions. Additionally, experiments
comparing the rate of our optimal catalysts in UV-vis with that
of commercial P25 were conducted. Finally, by incorporating
X-ray photoelectron spectroscopy (XPS) analysis, electro-
chemical impedance spectroscopy, and DRS data, insights into
the mechanism of the system were obtained, providing a poss-
ible explanation for the outstanding stability of the ZIS/NiAl
heterostructure. To the best of our knowledge, the combi-
nation of metal nanoparticles with the ZIS/LDH hetero-
structure and the meticulous study of UV-vis and visible
irradiation has not been reported in any other publication.
This research offers valuable insights into environmentally
relevant nanomaterial interactions, emphasizing the develop-
ment of photoactive and stable materials under safe and sus-
tainable design principles.

2. Experimental section
2.1 Synthesis of NiAl-LDH

For the preparation of NiAl-LDH, 558 mg of Ni(NO3)2·6H2O,
200 mg of Al(NO3)3·9H2O, 190 mg of NH4F, and 768 mg of urea
were dissolved in 80 mL of deionized water (DI), followed by
30 minutes of sonication treatment. The resulting green solu-
tion was then transferred to a Teflon autoclave and heated at
120 °C for 24 hours. Once the autoclave had cooled to 24 °C,
the solution was centrifuged and washed twice with deionized
water and three times with ethanol. Finally, the sample was
dried in an oven at 70 °C overnight.24 The obtained sample is
denoted as NiAl (Fig. 1a).
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2.2. Synthesis of ZIS and ZIS/NiAl heterostructures

Various amounts of preprepared NiAl (12.5, 25, and 50 mg)
were dispersed in 60 mL of deionized (DI) water, with the pH
adjusted to 2.5 using 0.1 M H2SO4, and sonicated for
5 minutes. Subsequently, 272 mg of ZnCl2, 602 mg of In(Ac)3,
and 300 mg of thioacetamide were added to the solution,
which was sonicated again for 5 minutes. The mixture was
then transferred to a 100 mL three-necked round-bottom flask,
equipped with a condenser, and placed in an oil bath, where it
was heated to 80 °C for 2 hours under magnetic stirring. The
resulting products were purified using water and isopropanol
through centrifugation and dried at 70 °C overnight.25 The
obtained samples are designated as ZIS/NiAlx, where x = 12,
25, and 50. For pristine ZIS, the same synthetic route was fol-
lowed without the addition of NiAl, and the resulting sample
is denoted as ZIS (Fig. 1b).

2.3. Photodeposition of Pt nanoparticles

The Pt-loaded ZIS/NiAl composites were synthesized through a
photochemical reduction method. In a typical procedure,
100 mg of ZIS/NiAl25 catalyst was dissolved in an aqueous
solution (10 mL) containing 20% (v/v) methanol under vigor-
ous stirring. A nominal amount of H2PtCl6·6H2O, dissolved in
water (C = 0.05 M), was then added to the suspension while
stirring, and the resulting mixture was purged with N2 for
30 minutes. The solution was subsequently irradiated for
1 hour under continuous stirring with a 1000 Watt Xe lamp.
The temperature was maintained at 10 °C during the
irradiation. Centrifugation followed, along with three washes
with water and one wash with ethanol, after which the
samples were dried at 70 °C. The samples are denoted as ZIS/
NiAl25/yPt, where y = 0.17, 0.66, 1.3, 1.95, and 2.6 indicates the
wt% of the metal. For the case of P25 loaded with Pt, the same

procedure was followed, and the sample is denoted as P25/
1.95Pt. The calculations for the appropriate wt% are included
in the ESI† (Fig. 1c).

2.4. Physical characterization

Surface morphology and elemental analysis of the samples
were conducted using Scanning Electron Microscopy (SEM)
using a JEOL JSM-6390LV instrument at an accelerating voltage
of 20 kV, equipped with an Oxford INCA PentaFETx3 Energy
Dispersive X-ray Spectroscopy (EDX) detector (Oxfordshire,
UK), and a FE-SEM (Jeol 7000) operating at 15 keV. The mor-
phological features of the materials were also examined using
Transmission Electron Microscopy (TEM) at an accelerating
voltage of 200 kV (JEOL-2100 instrument equipped with a LaB6

filament).
X-ray powder diffraction (XRD) analysis was conducted

using a Bruker diffractometer equipped with a CuKα radiation
source (λ = 1.5404 Å). Raman measurements were performed at
room temperature using a XYZ Raman spectrometer with a
532 nm laser as the excitation source. The laser power was set
to 5 mW to prevent destructive interaction with the samples
owing to the presence of sulfide and hydroxide ligands. The
laser beam was focused on each sample through a confocal
microscope with a 50× objective. Measurements were acquired
with an exposure time of 10 Hz, comprising five consecutive
scans at low resolution (±2 cm−1). The specific measurement
location for each sample was recorded as an image using the
confocal microscope.

Fourier-transform infrared spectroscopy (FTIR) (Thermo
Scientific, Nicolet iS5) was used to identify the surface charac-
teristics of prepared samples in the scan range of
500–4000 cm−1 in the diffuse reflectance mode at room temp-
erature, with KBr serving as the reference material. To analyze

Fig. 1 Schematic of the synthesis of (a) NiAl-LDH; (b) ZIS/NiAl-LDH composite; (c) ZIS/NiAl/Pt composite.
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the emission of light following excitation, photoluminescence
(PL) measurements were conducted at room temperature using
an LS-50B luminescence spectrophotometer. This instrument
was equipped with a Xenon (Xe) discharge lamp as the exci-
tation source and an R928 photomultiplier as the detector.
The samples were excited at 330 nm, and the emission was
scanned between 300 and 800 nm.

DRS spectra for powders were acquired using a UV-vis
spectrophotometer (UV 2600, Shimadzu) equipped with four
integrating spheres, covering the wavelength range of
300–800 nm. XPS measurements were conducted using a PHI
VersaProbe 5000 scanning spectrometer (ULVAC-PHI;
Chigasaki, Japan). The XPS spectra were recorded using mono-
chromatic Al-Kα radiation (hν = 1486.6 eV) from an X-ray
source operating at a 100 µm spot size, 25 W, and 15 kV. High-
resolution (HR) XPS spectra were collected with an analyzer
pass energy of 23.5 eV and an energy step size of 0.1 eV. Casa
XPS software (v.2.3.25, Casa Software Ltd, Wilmslow, United
Kingdom) was used to analyze the XPS data. For quantifi-
cation, the PHI sensitivity factors and the determined trans-
mission function of the spectrometer were employed.

2.5. Photocatalytic H2 production experiments

In total, 25 mg of catalyst were dissolved in 20 mL of a tri-
ethanolamine (TEOA) solution (10% (v/v)). The solution was
sonicated for 2 minutes to ensure proper dispersion of the
powder, then transferred to the reactor, sealed with a plastic
septum, and purged with N2 for 30 minutes in the dark. After
purging, the solution was irradiated by a 1000 Watt Xe lamp
for 4 hours. The reactor was connected to a water cooling
system that maintained a steady temperature of 10 °C. The
evolved H2 gas was monitored every hour by collecting 200 μL
of gas using an air-tight syringe (Hamilton) from the head-
space of the reactor and analyzing it in a gas chromatograph
(GC, Thermo Scientific TRACE 1300-GC, N2 carrier). No hydro-
gen was evolved in the absence of the photocatalyst under the
same conditions.

2.6. Action spectra analysis for photocatalytic hydrogen
evolution reaction

Hydrogen evolution over the most active sample for the
quantum efficiency experiments was initiated in a cell (QS
High Precision Cell, Hellma Analytics) which is made of a high
performance quartz glass with a screw top with hole sealed
with a silicone rubber septum (light path: 10 mm, thickness of
the quartz glass: 1 mm) filled with 3 ml of photocatalytic
hydrogen evolution mixture with the same concentration of
the photocatalyst powder and sacrificial reagent as in the
photocatalytic hydrogen evolution tests. After 4 h the evolved
H2 gas was measured collecting 200 μL of gas using an air-
tight syringe (Hamilton) from the headspace of the reactor and
analyzing it in a gas chromatograph (GC, Thermo Scientific
TRACE 1300-GC, N2 carrier). The irradiance (mW cm−2) for
each specified wavelength (300, 350, 420, 450, 500, and
600 nm) was measured at the location of the cell using a light
source consisting of a 1000 W Xe lamp (LSH602) and a mono-

chromator (MSW306, LOT-Quantum Design). A compact power
and energy console (PM100D, Thorlabs) connected to a photo-
diode power sensor (S130VC, Thorlabs) was utilized for these
measurements. Additionally, the spectrum for each wavelength
was assessed using a spectral luminance meter
(SRI-RL-5000UV, Allied Scientific). The quantum efficiency was
calculated using the following equation (eqn (1)):

AQE ð%Þ ¼ 2� number of the hydrogenmolecules
number of the incident photons

ð1Þ

The irradiance of each specified wavelength in the mono-
chromator were 10.3, 18.4, 20.15, 21.3, 29, and 23.9 mW cm−2

for 300, 350, 420, 450, 500, and 600 nm, respectively. The
detailed data regarding the calculations are provided in the
ESI.† The emission spectra for each wavelength are shown in
Fig. S1.†

2.7. Photoelectrochemical performance measurements

The transient photocurrent responses of the synthesized
materials without external bias were measured using an
electrochemical workstation (AUTOLAB PGSTAT 204,
METROHM). A three-electrode electrochemical cell was config-
ured, using Ag/AgCl (3.5 M KCl) as the reference electrode and
a platinum wire as the counter electrode. The working elec-
trode was prepared using the following procedure: 5 mg of
catalyst were dispersed in 30 μL of Nafion, 210 μL of ethanol,
and 70 μL of water to create a uniform suspension. The sus-
pension was stirred for 2 hours and sonicated for 10 minutes.
Subsequently, 18 μL of the suspension was applied to FTO
glass on a heating plate set at 50 °C. The paste was deposited
on the FTO glass (transmittance: 82%, resistance: 7 ohm sq−1,
dimensions: 2 cm × 0.5 cm × 0.22 cm, 3D Nano, Poland) using
a drop-casting method over an area of 1 cm × 0.5 cm, whereas
the remaining half of the FTO area was covered with duct tape.
The electrodes were immersed in a 0.1 M Na2SO4 electrolyte
solution within a Teflon-lined photoreactor featuring a 1 cm
diameter window. Finally, the working electrode was irradiated
using a 150 W Xe lamp (E7536, HAMAMATSU PHOTONICS K.
K.), equipped with a water filter to eliminate IR irradiation and
a shutter.

3. Results and discussion
3.1. XRD analysis

In Fig. 2 the XRD patterns of NiAl, ZIS, and ZIS/NiAlx (x = 12,
25, 50) heterostructures can be seen.

The pristine NiAl sample exhibits peaks at 11.4°, 22.9°,
34.5°, 39.0°, 46.2°, 60.2°, 62.6° that correspond to planes
(003), (006) (012), (015), (018), (110), and (113), respectively,
and belong to rhombohedral crystal system26,27 Pure ZIS, by
contrast, has peaks at 21.5°, 26.7°, 27.6°, 30.4°, 45.7°, 47.1°,
and 52.4° attributed to planes (003), (100), (011), (012), (105),
(110), and (113), which belong to the hexagonal crystal
system.28–30 Overall, ZIS crystals in hexagonal phase in our
study additionally might contain sulfur intermediates due to
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the pH adjusted to 2.5 by 0.1 M H2SO4 aqueous solution.
Considering this, pH of the synthesis condition can be con-
sidered suitable for the metal cation availability for the ZIS
synthesis. Although the Zn2+ : In3+ molar ratio was set to the
ideal stoichiometry (1 : 2) for ZIS formation, our results and
prior studies show that this alone is insufficient to ensure
phase purity. Given the influence of precursor hydrolysis kine-
tics, sulfur release timing, and the pH-sensitive reactivity of
the metal ions, it is likely that indium-rich secondary phases
such as In6S7 (peaks at 22.5; 25° and 33.8°) are also present in
our samples.30,31 Sigl et al., prepared ZIS thin film as well as
the powdered ZIS samples. They mentioned in their samples
that in In-rich samples (with Zn : In molar ratios of e.g. 1 : 2.2),
In2S3 was formed in considerable amounts in addition to the
ZIS phase.32 Even the sample with ideal stoichiometric molar
ratio (1 : 2.0 Zn : In) formed ZIS crystals that are assigned to
hexagonal ZIS phase, but several weak reflections are absent.
In all ZIS/NiAlx composites, a peak at 11.4° appears, confirm-
ing the formation of a heterostructure between ZIS and NiAl,
thus indicating their successful combination; as the amount
of NiAl increases, the peak becomes more prominent.

3.2. Morphology

In Fig. 3(a)–(c), the SEM images of the ZIS, NiAl, and ZIS/
NiAl25/1.95Pt samples are presented. As shown in Fig. 3(a),
the SEM image of pristine ZIS reveals aggregates with irregular
shapes and a porous surface texture. These structures display a
tendency to form clusters and agglomerates, which is a known
characteristic of ZIS due to its layered morphology. This
porous nature may facilitate the diffusion of reactants and
enhance photocatalytic activity. During the hydrothermal syn-
thesis of pristine ZIS, thioacetamide undergoes gradual
thermal hydrolysis, releasing S2− ions that react with Zn2+ and
In3+ to form ZIS via homogeneous nucleation. In Fig. 3(b), the

NiAl-LDH exhibits a distinct and well-organized flower-like
morphology, with microflowers ranging from approximately 2
to 5 μm in diameter. These structures consist of radially
aligned nanosheets, forming three-dimensional architectures
that significantly increase the surface area. The formation of
NiAl-LDH during hydrothermal synthesis involves the slow
hydrolysis of urea, which gradually increases the pH and
allows controlled co-precipitation of Ni2+ and Al3+ as layered
hydroxide sheets. Fluoride ions from NH4F assist in morpho-
logical regulation, while carbonate ions generated from urea
act as charge-balancing interlayer anions. These processes lead
to the self-assembly of flower-like NiAl-LDH microspheres
composed of ultrathin nanosheets. This morphology results
from a balance of nucleation, growth kinetics, and the pres-
ence of F− ions, which can act as structure-directing agents by
selectively adsorbing on specific crystal faces. A similar flower-
like morphology of NiAl-LDH, composed of nanosheet assem-
blies, was also reported in a recent study on NiAl-LDH/CeO2

heterojunctions, where it contributed to enhanced interfacial
contact and photocatalytic performance.33 In the composite
ZIS/NiAl25/1.95Pt (Fig. 3(c)), both morphologies are present:
the flower-like NiAl-LDH structures are interspersed within the
ZIS aggregates, indicating successful heterojunction for-
mation. The intimate contact between the two components
suggests effective interfacial charge transfer. During the in situ
synthesis of ZIS/NiAl-LDH composites, the presence of NiAl-
LDH nanosheets in acidic medium facilitates heterogeneous
nucleation and oriented growth of ZIS nanostructures.
Thioacetamide acts as a slow sulfur source, enabling con-
trolled reaction of Zn2+ and In3+ with S2− under mild hydro-
thermal conditions. Electrostatic attraction and surface com-
patibility between ZIS and NiAl-LDH promote tight interfacial
contact, leading to the formation of a 2D–2D heterostructure
with enhanced interfacial charge transfer properties.

In Fig. 3(d) and (e), the HRTEM images of the ZIS/NiAl25/
1.95Pt sample are shown. In these images, the lattice fringes
of 0.320 and 0.292 nm, attributed to planes (011) and (012),
respectively, belong to ZIS. Additionally, the lattice fringes of
0.284 and 0.299 nm were also observed, corresponding to
plane (−202) of platinum hydrogen oxide (PDF 71-2466) and
plane (100) of platinum oxide (PDF 27-1331), respectively. The
Pt particle size distribution was estimated by measuring the
dimensions of nanoparticles from various HRTEM images,
with the average value calculated based on measurements of
130 nanoparticles. The as-deposited nanoparticles display a
narrow size distribution (Fig. 3f), with sizes ranging from 0.8
to 2.9 nm and an average size of dPt = 1.71 ± 0.04 nm. EDX
mapping and EDX data confirm the presence of Ni, Al, Zn, In,
S, and Pt elements in the ZIS/NiAl25/1.95Pt sample (Fig. S2(a)
and (b)†), further confirming the Pt photodeposition on the
ZIS/NiAl25 substrate.

3.3. FT-IR and Raman analysis

The FTIR spectra of bare NiAl-LDH, ZIS and the composites
ZIS/NiAlx can be seen in Fig. 4(a). For pure NiAl, the peaks at
around 3552 and 1644 cm−1 are attributed to the hydroxyl

Fig. 2 XRD pattern of NiAl, ZIS, and ZIS/NiAlx (x = 12, 25, 50)
heterostructures.
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groups and water molecules absorbed on the surface, specifi-
cally the stretching and bending vibrations of interlayer and
surface (O–H) water molecules.34,35 Additionally, the peak at
1365 cm−1 indicates the stretching vibrations of interlayer car-
bonate groups CO3

2−. Signals below 800 cm−1 correspond to
lattice vibrations of the cation layer of the LDH either M–O or
M–O–M, where M = Ni or Al.36 For pristine ZIS the broad band
at around 3480 cm−1 is owing to hydroxyl groups and the
peaks located at around 1630 cm−1 and 1156 cm−1 are charac-
teristic peaks for this material. Notably, the composite

materials ZIS/NiAlx exhibit signals from the characteristic
peaks of both their pristine components, indicating a success-
ful combination. In the case of ZIS/NiAl25/1.95Pt sample, a
decrease in the intensity of the bands originating from ZIS was
observed. The photoreduction process used to deposit Pt may
alter the surface chemistry of ZIS, further contributing to the
weakening of its vibrational features.

The composite ZIS/NiAl25 was further analyzed using
Raman spectroscopy, as presented in Fig. 4(b), with spectra of
pristine ZIS and NiAl included for comparison. For the plain

Fig. 3 (a) SEM images of ZIS; (b) NiAl; (c) ZIS/NiAl25/1.95Pt; (d) and (e) HRTEM images of the ZIS/NiAl25/1.95Pt sample; (f ) particle size distribution
of photodeposited Pt nanoparticles on the ZIS/NiAl25/1.95Pt sample.

Fig. 4 (a) FTIR spectra of NiAl, ZIS/NiAlx, x = 12, 25, and 50, ZIS/NiAl25/1.95Pt and ZIS (b) Raman spectra of NiAl, ZIS/NiAl25, and ZIS.
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ZIS sample, as observed from XRD analysis (Fig. 2), the spinel
structure crystallizes in the hexagonal P3m1 (156) lattice where
zinc atoms occupy tetrahedral Td sites, whereas Indium atoms
reside in the octahedral Oh sites, which coordinated with the
C3ν symmetry. Consequently, five active Raman modes are
anticipated for the sulfur atoms: one A1g, one Eg, and three F2g
modes.24,37 The resulting Raman spectra show that the A1g
mode appears at 374 cm−1 for the pristine ZIS and NiAl-ZIS
composite as a shoulder of the F1u transverse optical mode at
318 cm−1, which arises from long-wavelength lattice vibrations.
Two F2g modes are also observed at 255 cm−1 and 95 cm−1,
with the latter exhibiting a shift compared with other reports,
resembling that of the homologous CdIn2S4.

37 The expected Eg
mode is not directly visible in the acquired spectra of either
ZIS or NiAl-ZIS. Instead, a shifted rigid layer mode at 60 cm−1

is observed in the pristine sample, which shifts to a higher
wavenumber (66 cm−1) in the composite, likely owing to the
presence of a NiAl peak at 68 cm−1.38 Additionally, peak
observed in the Raman spectra of the NiAl-ZIS composite can
be attributed to the presence of NiAl-LDH, located at
226 cm−1, corresponding to symmetric tensile vibrations of the
Ni–O bond.35

3.4. Optical properties

To inspect the optical and electronic behavior of the samples,
diffuse reflectance UV-vis spectroscopy (DRS) was measured
(Fig. 5). Pristine NiAl shows three distinctive broad absorption
bands. The first band in the UV region at 200–300 nm is owing
to ligand-to-metal charge transfer from the O 2p orbital to the
Ni 3d t2g orbital.39 The other two bands, located in the visible
part of the spectrum at 300–500 and 500–800 nm are attribu-
ted to d–d transitions of Ni2+ ions in the octahedral field.40

The peaks at 380 and 654 nm are associated with to spin-
allowed transitions 3A2g(F) → 3T1g(P) and 3A2g(F) → 3T1g(F),

respectively. However, the peaks at 420 and 742 nm corre-
sponded to spin-forbidden transitions 3A2g(F) →

1T2g(D) and
3A2g(F) →

1Eg(D).
40–42 The pure ZIS sample exhibited increased

absorption in the UV range as its absorption band is located at
wavelengths below 500 nm. Although the spectra of the com-
posite ZIS/NiAlx samples mostly resemble pure ZIS owing to
NiAl being the smallest component (with amounts of NiAl in
different samples being 12.5, 25, and 50 mg), all samples
exhibit the NiAl band at 654 nm. As the NiAl percentage
increases, a slight blue shift is observed in the absorbance.
Additionally, the ZIS/NiAl25/1.95Pt composite shows a blue
shift compared with pure ZIS and a considerable increase in
absorbance for wavelengths higher than 450 nm (Fig. S3†).
The Eg values of NiAl LDHs and ZnIn2S4 are calculated to be
2.43 and 2.44 eV, respectively (Fig. S4†).

3.5. Photoluminescence properties

To draw conclusions about the transfer and recombination
rates of photogenerated carriers, PL measurements were
employed. A high photoluminescence (PL) intensity indicates
an increased recombination rate of photogenerated carriers,
whereas a lower intensity is expected to favor the photo-
catalytic process. Among the three different NiAl concen-
trations in ZIS/NiAlx composites, ZIS/NiAl25 exhibited the
lowest signal (Fig. S5†). PL spectra exhibit reduced intensity in
the composite materials loaded with Pt, indicating efficient
separation and accelerated transfer of photo-induced charge
carriers at the composite surface (Fig. 6b). Overall, this
quenching behavior confirms the excited-state interaction
between the Pt and ZIS/NiAl25 samples, demonstrating that
the majority of excited electrons were transferred from ZIS/
NiAl to Pt. Consequently, the composites loaded with Pt show
improved photocatalytic performance for hydrogen
production.

3.6. Photocurrent responses

The transient photocurrent responses of the ZIS, NiAl, ZIS/
NiAl25, and ZIS/NiAl25/1.95Pt samples are depicted in Fig. 7.
Pristine NiAl and ZIS exhibit lower signals owing to high
recombination rates, which is expected since these two com-
ponents suffer from charge recombination. By contrast, the
ZIS/NiAl25 heterostructure shows a considerably enhanced
response compared with ZIS and NiAl LDHs, indicating that
the construction of the ZIS/NiAl25 heterojunction can improve
charge transfer. However, the sample with the photodeposited
Pt nanoparticles (ZIS/NiAl25/1.95Pt) did not display a higher
signal than ZIS/NiAl25, despite showing considerably
enhanced H2 generation. This discrepancy likely arises
because the improved performance is owing to the increase in
active sites provided by the Pt nanoparticles, rather than
enhanced charge dissociation.

The pristine ZIS sample exhibits a relatively stable photo-
current during each light-on/off cycle. In contrast, the ZIS/
NiAl25 composite shows a higher initial photocurrent
response. However, its photocurrent response dropped by
around 50% at the end of the light-on/off interval cycle, but

Fig. 5 DRS spectra of pristine NiAl, ZIS, ZIS/NiAlx composites, and ZIS/
NiAl25/1.95Pt.
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still the photocurrent response was higher than that of pristine
ZIS. This indicates that more efficient generation and separ-
ation of charge carriers due to the formation of a type-II n–n
heterojunction in ZIS/NiAl25. Overall, pristine ZIS shows
greater stability than ZIS/NiAl25, while its photocurrent
response is lower compared to that of ZIS/NiAl25. This gradual
decline in the photocurrent amplitude by ZIS/NiAl25 across
cycles may originate from the progressive structural degra-
dation or excessive photooxidation in NiAl under continuous
operation. On the other hand, the ZIS/NiAl25/1.95Pt sample
exhibits the most stable and consistent photocurrent response,
despite lower photocurrent response value thanZIS/NiAl25.
The higher stability can be explained by the incorporation of
Pt as a cocatalyst not only facilitates interfacial electron trap-
ping but also enhances the long-term photochemical stability
of the composite system. While the competitive electron mobi-
lity between the counter electrode and working electrode in

the photoelectron chemical or light shielding effect by the Pt
deposition might be responsible for the declined photocurrent
response in ZIS/NiAl25/1.95Pt in comparison with the ZIS/
NiAl25. It is noteworthy that the Pt loading on the TiNTs or
g-C3N4/TiNTs led to an obviously decreased UV response com-
pared with the bare TiNTs and g-C3N4/TiNTs.

43 Zare et al.
showed that the transient photocurrent density is decreasing
with increasing Pt content of the electrodes and in pure nano-
tube arrays (TNA) is higher than Pt/TNAs.44 On the other hand,
excessive Pt deposition can negatively affect the photoresponse
of the photocatalytic system. For instance, the Pt2.0 sample
exhibits a lower photocurrent compared to the Pt1.0 sample.
This could be attributed to the excessive Pt loading, which
may block light absorption and act as a recombination center
for photogenerated electron–hole pairs.45

3.7. XPS analysis

The XPS spectra of the chemical elements for the ZIS/NiAl25/
1.95Pt_fresh and ZIS/NiAl25/1.95Pt_used samples are pre-
sented in Fig. 8. In Fig. 8a, the high-resolution Zn 2p spectrum
displays a peak centered around 1022.2 eV, which is consistent
with Zn 2p3/2.

46 The In 3d XPS spectrum of ZIS/NiAl25/1.95Pt
(Fig. 8b) shows binding energies at 445.2 and 452.8 eV, corres-
ponding to In 3d3/2 and In 3d5/2, respectively. The S 2p XPS
spectrum (Fig. 8c) exhibits two main peaks located at 161.9
and 163.1 eV, in agreement with S 2p3/2 and S 2p1/2,
respectively.47,48 Meanwhile, in the Ni 2p spectrum (Fig. 8d),
the peak at 857 eV is primarily attributed to the presence of Ni
2p3/2. The Al 2s spectrum (Fig. 8e) reveals a signal centered at
118.5 eV in the ZIS/NiAl25/1.95Pt sample.49 In the Pt 4f spec-
trum (Fig. 8f), two signals centered at 75.8 and 72.5 eV corres-
pond to Pt 4f5/2 and Pt 4f7/2, respectively. The position of the
Pt 4f7/2 peak at 72.5 eV suggests that platinum is present in the
samples as Pt(OH)2.

50,51 XPS analyses were conducted on ZIS,
NiAl, ZIS/NiAl25 (fresh and used in PHE), and ZIS/NiAl25/
1.95Pt (fresh and used in PHE). The term “used” refers to
samples that underwent stability testing in the PHE, whereas

Fig. 6 PL spectra of (a) ZIS, NiAl and (b) ZIS/NiAl25 with different Pt loadings.

Fig. 7 Transient photocurrent responses of ZIS, NiAl, ZIS/NiAl25, and
ZIS/NiAl25/1.95Pt.
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“fresh” denotes samples after synthesis. The survey XPS
pattern (Fig. S6†) confirms that fresh and used ZIS/NiAl25/
1.95Pt consist of Zn, In, S, Ni, Al, Pt, C, and O elements.
Table 1 presents the elemental composition of the surface
layer for NiAl, ZIS, ZIS/NiAl25 (fresh and used), and ZIS/
NiAl25/1.95Pt (fresh and used).

Notably, the samples after the process contained a higher
amount of carbon than the fresh sample likely owing to the
presence of the scavenger (TEOA) on the surface of the used
photocatalyst. The carbon content on the surface of the ZIS/
NiAl25 photocatalysts was measured at 8.9 at% for the fresh
sample and 82.3 at% for the used sample. In the case of the
ZIS/NiAl25/1.95Pt sample, the carbon content was 7.0 at% for
the fresh sample and 27 at% for the sample after the photo-
catalytic stability test. Additionally, the ZIS/NiAl25/1.95Pt
sample after processing exhibited a considerably lower plati-
num content than the fresh sample. After each experiment,
the reaction solution was centrifuged to recover the photo-
catalyst, which was then washed four times with water and
once with ethanol before being dried for the next cycle. This
procedure may have led to leaching and a decrease in the plati-

num mass on the surface of the photocatalyst. Notably, upon
comparing these spectra, the positions of the XPS peaks did
not change after the photocatalytic process (the values of the
binding energy are indicated next to the peaks). Therefore, in
conclusion, the chemical states of the elements remained the
same, thus confirming the stability of the studied ZIS/NiAl25/
1.95Pt sample.

3.8. Photocatalytic H2 production

The photocatalytic H2 production rates of pristine samples
ZIS, NiAl, and the formed heterostructures ZIS/NiAlx/yPt were
tested under UV-vis and visible irradiation (λ > 420 nm) using
TEOA as a sacrificial agent. In all samples, the generated H2

increased linearly and progressively, indicating continuous H2

formation throughout the entire 4-hour catalytic reaction
process.

Photoactivity under UV-vis irradiation. In Fig. 9(a) and (b),
the results under UV-vis irradiation are depicted. The H2 rates
of pure ZIS and NiAl are considerably lower than those of their
combination in the ZIS/NiAlx heterostructures.

Fig. 8 High resolution XPS spectra of the fresh and used ZIS/NiAl25/1.95Pt, of the (a) zinc (b), indium (c), sulphur (d), nickel (e), aluminum (f),
platinum.

Table 1 Elemental composition of the studied samples (at%)

Sample label

Elemental composition (atomic %)

C O Ni Al Zn In S Pt

NiAl 8.0 60 14.3 17.7 0 0 0 0
ZIS 9.5 47 0 0 1.5 28.5 13.5 0
ZIS/NIAl25_fresh 8.9 48.8 1.8 0.6 2.5 26.7 10.7 0
ZIS/NIAl25_used 82.3 14.8 0.15 0.4 0.1 1.36 0.8 0
ZIS/NiAl25/1.95Pt_fresh 7.0 51.3 0.3 0.16 2.1 27.8 11 0.4
ZIS/NiAl25/1.95Pt_used 27.0 44.5 0.16 0.1 0.74 22.9 4.4 0.16
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Despite all ZIS/NiAlx heterostructures enhancing H2 pro-
duction, the optimal amount of NiAl was found to be 25 mg
(Fig S7†), which exhibited a rate of 4.1 times higher (707 μmol
g−1 h−1) than that of pristine ZIS (172 μmol g−1 h−1). The expla-
nation for the enhanced activity of ZIS/NiAlx samples is that
the formation of heterostructures is a common strategy to
address insufficient charge migration and separation.52,53 For
the Pt loading on the ZIS/NiAl25 sample, the optimal loading
was 1.95 wt% Pt (ZIS/NiAl25/1.95Pt), resulting in an H2 pro-
duction rate of 1665 μmol g−1 h−1, which is 2.35 times higher
than that of ZIS/NiAl25 and 9.6 times higher than that of pure
ZIS under UV-vis irradiation. The enhanced H2 production of
Pt-loaded samples is expected, as noble metals, especially Pt
with a work function of 5.65 eV,54 when in close contact with a
semiconductor, exhibit electron trapping properties and simul-
taneously act as active sites.55 Interestingly, the data from
comparative experiments between ZIS/NiAl25 and ZIS/NiAl25/

1.95Pt samples with P25 and P25/1.95Pt, respectively
(Fig. S8†), showed that the ZIS/NiAl25 sample had a rate
of 2.35 times higher than P25 (708 μmol g−1 h−1) and
ZIS/NiAl25/1.95Pt exhibited a rate very similar to P25/1.95Pt
(1666 μmol g−1 h−1 for our sample and 1758 μmol g−1 h−1 for
P25/1.95Pt). Additionally, the photocatalytic activity of the
samples was tested to check the repeatability of the synthesis.
The photocatalytic H2 rates of different batches for ZIS/NiAl25
and ZIS/NiAl25/1.95Pt under UV-vis are shown in Fig. S9.† This
experiment confirmed that the samples obtained according to
the procedure described in this publication are highly
reproducible.

Photoactivity under visible irradiation. In Fig. 10(a) and (b),
the H2 rates of the samples are shown under visible irradiation
(λ > 420 nm). The ZIS/NiAl25 sample exhibited a rate that was
4.8 times higher than its pure component, ZIS, with the rates
of 231 and 48 μmol g−1 h−1. The optimum metal loading was

Fig. 9 Photocatalytic H2 production (a) and rate (b) of ZIS, NiAl, ZIS/NiAl25, and ZIS/NiAl25/yPt under UV-vis irradiation. Reaction conditions: 25 mg
of catalyst, 20 mL of aqueous solution, 10% v/v sacrificial agent (TEOA), and Xe lamp 1000 Watt.

Fig. 10 Photocatalytic H2 production (a) and the rate (b) of ZIS, NiAl, ZIS/NiAl25, and ZIS/NiAl25/yPt under visible irradiation. Reaction conditions:
25 mg of catalyst, 20 mL aqueous solution, 10% v/v sacrificial agent (TEOA), Xe lamp 1000 Watt, and λ > 420 nm.
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0.17 wt% Pt (ZIS/NiAl25/0.17Pt), which demonstrated a rate of
1.3 times higher than ZIS/NiAl25 and 6.3 times higher than
ZIS.

The different behavior of these systems under UV-vis and
visible irradiation is noteworthy as the optimal Pt loading for
UV-vis is the highest (1.95 wt%), whereas for visible it is the
lowest (0.17 wt%). Nevertheless, in both cases, further addition
of Pt beyond the optimum loading is disadvantageous as the
excess Pt nanoparticles act as recombination centers or exces-
sively cover the surface of the semiconducting substrate, pre-
venting it from being sufficiently activated to produce photo-
generated carriers. To verify that the best results under both
types of irradiation could be achieved only through the inter-
action of the heterostructure ZIS/NiAl25 and Pt, supplementary
experiments were conducted with ZIS/yPt and NiAl/yPt, where
y = 1.95 or 0.17, the optimal Pt loading for each case, as illus-
trated in Fig. S10 and S11.†

Stability test. The stability tests are shown for the most
active photocatalysts in Fig. 11. After each experiment, the
reaction solution was centrifuged to retrieve the photocatalyst,
which was washed with water four times and with ethanol
once. A fresh solution was then prepared and purged for the
next cycle. The ZIS/NiAl25 sample shows only a 2% drop in
hydrogen evolution activity over four cycles, in contrast to a
24% drop for pure ZIS. This clearly indicates that NiAl-LDH
enhances the photostability of the heterojunction, likely by
mitigating the photocorrosion tendency of ZIS through
improved charge separation and sacrificial agent oxidation.

Under UV-vis light, the ZIS/NiAl25/1.95Pt sample retained
71% of its initial H2 production after four consecutive cycles.
Although almost 30% drop was observed in H2 production
from the first to the second cycle, the decrease in subsequent
cycles was much milder. This decline can be attributed to the
loss of some Pt from the surface of the photocatalyst, as con-
firmed by XPS data (Fig. 12 and Table 1).

The Pt content on the surface of ZIS/NiAl25/1.95Pt was 0.4
and 0.16 at% for the fresh and used samples, respectively.
This decrease most likely results from partial loss of Pt from
the photocatalyst surface during the photocatalytic process,
where Pt nanoparticles may detach or leach into the solution.
Such loss mechanisms are common in noble-metal-loaded
photocatalysts operated under aqueous and illuminated con-
ditions. In addition, it is important to note that between each
photocatalytic cycle, the sample was separated from the solu-
tion by centrifugation and thoroughly washed (four times with
water and once with ethanol) before reuse. While necessary to
eliminate residual reactants or intermediates, this recovery
procedure may also contribute to mechanical removal or
partial loss of weakly bound Pt species, further affecting
surface Pt content. By contrast, the ZIS/NiAl25 catalyst exhibi-
ted remarkable stability, with only a slight 2% drop in H2 pro-
duction detected. Thus, NiAl serves as a stabilizing component
in the photocorrosion process occurring in ZIS (24% drop in
H2 production after four cycles).8 Under visible light, the
optimum catalyst (ZIS/NiAl25/0.17Pt) in the second cycle
retained 61% of its initial H2 production. No further cycles

were conducted for this sample as the H2 production in the
second cycle was lower than that of the sample without Pt
(ZIS/NiAl25) (Fig. S12†).

Action spectra analysis. The apparent quantum efficiency
(AQE) of the optimal photocatalyst ZIS/NiAl25/1.95Pt was
measured at six different wavelengths, ranging from 320 to
600 nm (Table S2†). The AQE values for each wavelength closely
followed the absorbance spectrum of the sample (Fig. 13), with
the highest value recorded at 320 nm, yielding an AQE of 1.7%.
For visible light (420 nm), the AQE reached 0.3%.

3.9. Photocatalytic mechanism

The valence band (VB) positions, determined via valence band
XPS, were found to be +1.7 eV for ZIS and +1.0 eV for NiAl-
LDH versus the normal hydrogen electrode (NHE) (Fig. S13†).
In addition, based on the optical band gap energies obtained
from the UV-vis diffuse reflectance spectra (Fig. S4†), which

Fig. 12 XPS spectra of Pt4f for fresh and used ZIS/NiAl25/1.95Pt.

Fig. 11 Cycling study of ZIS, NiAl, and ZIS/NiAl/1.95Pt under UV-vis
light. Reaction conditions: 25 mg of catalyst, 20 mL aqueous solution,
10% v/v of sacrificial agent (TEOA), and Xe lamp 1000 Watt.
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are 2.44 eV for ZnIn2S4 and 2.43 eV for NiAl-LDH, the conduc-
tion band (CB) positions were calculated using the equation
ECB = EVB − Eg. Applying this relation, the CB position for
ZnIn2S4 was determined to be −0.74 eV (i.e., +1.7 eV–2.44 eV),
and for NiAl-LDH it was −1.43 eV (i.e., +1.0 eV–2.43 eV), both
relative to the normal hydrogen electrode (NHE). Thus, the CB
potentials of ZIS and NiAl-LDH are thermodynamically suit-
able for PHE when considering the H+/H2 reduction potential
of 0 eV (V vs. NHE). ZnIn2S4 and NiAl-LDH exhibit n-type semi-
conductor properties (with excess electrons9). In this type II
staggered n–n heterojunction, the charge transfer process is
driven by the differences in the conduction band energies of
the two n-type materials. The conduction band (CB) of ZIS is
more positive than that of NiAl-LDH, facilitating the separation
of charge carriers. This separation is advantageous because
the diffusive driving force for the charge carriers arises from
the well-aligned band potentials of the two semiconductors,
resulting in the formation of a robust heterojunction interface.
Based on these findings, a photocatalytic mechanism for the
ZIS/NiAl-LDH/Pt composite under UV-vis irradiation has been
proposed (Fig. 14). During UV-vis irradiation, ZIS and NiAl-
LDH are photoexcited, producing photogenerated electrons
(e−) and holes (h+) in the CB and VB, respectively.

The photogenerated electrons in the CB of NiAl-LDH can
transfer across the n–n heterojunction into the CB of ZIS,
where they are captured by the active sites of ZIS/NiAl/Pt. This
configuration facilitates the spatial separation of photogene-
rated electron–hole pairs: electrons from NiAl-LDH migrate to
the CB of ZIS, while holes transfer to the VB of NiAl-LDH. This
directional migration reduces recombination and prolongs
charge carrier lifetimes, as further supported by PL quenching
and enhanced transient photocurrent responses (Fig. 6 and 7).
Improving charge separation is key for boosting photocatalytic
hydrogen evolution. Moreover, a recent study by Yang et al.
showed that a flower-like NiAl-LDH/CeO2 hybrid heterojunc-
tion with a well-designed S-scheme interface exhibited

enhanced charge separation and photocatalytic performance
due to strong interfacial coupling and internal electric field
effects.33 Recent studies have demonstrated that internal elec-
tric fields, such as dipole fields induced by atomic asymmetry
in amorphous ZnCdS, can serve as powerful driving forces for
carrier separation56

The Pt nanoparticles act as electron sinks for H2 generation
by capturing the photogenerated electrons and preventing
recombination. Additionally, the role of noble metal nano-
particles (NMNPs) is not only to capture electrons but also to
create sites for efficient H+ ion reduction. Therefore, in con-
clusion, H2 is generated on the surface of Pt NPs. As reported
in the literature, platinum (Pt) stands out as the most effective
cocatalyst for the hydrogen evolution reaction due to its high
work function (5.40 eV relative to vacuum) and low overpoten-
tial. Consequently, the excellent photocatalytic hydrogen evol-
ution (PHE) performance of the prepared composites can also
be attributed to the presence of Pt, which significantly
enhances the hydrogen evolution reaction. XPS analysis
revealed that the Pt species primarily exist in the form of Pt
(OH)2, which functions as a co-catalyst by facilitating the
hydrogen evolution reaction through efficient electron accep-
tance and promoting the reduction of protons. Moreover,
regarding the HR-TEM findings, platinum can also exist in the
form of platinum oxide. Compounds like PtO2 and Pt(OH)2
contribute to improved efficiency and stability in photo-
catalytic processes by promoting charge transfer, enhancing
the activation of reactants, and participating in key reactions
such as hydrogen evolution and oxidation. Holes generated in
the valence band (VB) of ZIS are transferred through the n–n
heterojunction to the VB of NiAl-LDH, effectively reducing the
recombination of electron–hole pairs within ZIS. Furthermore,
the holes that reach the surface of NiAl-LDH are captured by a
sacrificial agent, such as triethanolamine (TEOA), which

Fig. 13 AQE of H2 evolution at corresponding wavelength for ZIS/
NiAl25/1.95Pt sample.

Fig. 14 Proposed mechanism of photocatalytic H2 generation in the
presence of ZnIn2S4/NiAl-LDH/Pt n–n heterojunctions under UV-vis
irradiation.
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boosts the photocatalytic performance. TEOA, present in the
electrolyte, undergoes oxidation by these holes, as described
in the outlined reaction mechanisms (reactions (1)–(4)).57

ðHOCH2CH2Þ2NCH2CH2OH

! ðHOCH2CH2Þ2N•þCH2CH2OHþ e�:
ð1Þ

ðHOCH2CH2Þ2N•þCH2CH2OH

! ðHOCH2CH2Þ2N•CHCH2OHþHþ:
ð2Þ

ðHOCH2CH2Þ2N•CHCH2OH

! ðHOCH2CH2Þ2Nþ ¼ CHCH2OHþ e�:
ð3Þ

ðHOCH2CH2Þ2Nþ ¼ CHCH2OHþH2O

! ðHOCH2CH2Þ2NHþHOCH2CHOþHþ:
ð4Þ

This oxidation process generates protons, which are sub-
sequently reduced, leading to the production of hydrogen gas
as observed in the photocatalytic system. In conclusion, NiAl-
LDH plays a synergistic role by forming an efficient heterojunc-
tion with ZIS, enhancing charge separation, improving surface
area, stabilizing the structure, and participating in hole trans-
port and consumption.

4. Conclusion

ZnIn2S4 decorated with preprepared NiAl-LDH microflower-like
structures was synthesized in an oil bath at 80 °C and modi-
fied using Pt photodeposition for the first time. It was demon-
strated that the coupling of composite components consider-
ably influenced the photocatalytic performance of the
obtained hybrids. The effect of Pt deposition on ZIS/NiAl-LDH
composites in PHE under UV-vis and visible (λ > 420 nm)
irradiation was investigated. The introduction of an optimal
amount of 0.17 wt% Pt on the surface of ZIS/NiAl25 increased
the hydrogen production rate compared with bare ZIS by
approximately 6.5 times under visible light irradiation. The
optimal loading of NiAl and Pt (ZIS/NiAl25/1.95Pt) exhibited a
considerably enhanced H2 evolution rate of 1665 μmol g−1 h−1,
which is 9.6 times higher than that of pure ZIS under UV-vis
irradiation. Furthermore, the ZIS/NiAl25 photocatalyst demon-
strated exceptional stability over several cycles of the hydrogen
generation process under UV-vis light. This improved PHE rate
can be attributed to several following factors:

(i) The n–n heterojunction formed between ZIS and NiAl-
LDH enhances both stability and photocatalytic performance
by improving interfacial contact, facilitating efficient charge
separation, minimizing electron–hole recombination, and
broadening the light absorption range.

(ii) TEOA, serving as a hole scavenger, plays a vital role in
hydrogen production by effectively suppressing charge carrier
recombination.

(iii) PtO2 and Pt(OH)2 play substantial roles in enhancing
the efficiency and stability of photocatalytic processes by facili-
tating charge transfer, improving reactant activation, and
extending absorption ranges.

In conclusion, this work contributes to the development of
innovative nanoscale solutions for energy sustainability,
emphasizing the importance of rational design and environ-
mental relevance in advancing photocatalytic technologies.
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