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ABSTRACT: The coverage, thickness, and crystallinity of ZnIn2S4 (ZIS) shells on
SiO2 core nanoparticles (SiO2@ZIS) were systematically investigated using
microwave-assisted solvothermal methods aided by the addition of acid in ethanolic
medium. The surface modification of the SiO2 cores with (3-mercaptopropyl)-
trimethoxysilane was found to be critical to generate a homogeneous coverage of
ZnIn2S4. The SiO2@ZIS core−shell nanoparticles exhibited the best coverage but
poor crystallinity when synthesized in pure ethanol, whereas best crystallinity but
poor coverage was observed when synthesized in an aqueous solution. The addition
of selected amounts of acid (HCl) led to improved crystallinity in the ethanolic
medium. The thickness of the ZIS shell could be controlled in an ethanolic solution
by judiciously varying the amounts of acid and the concentration of the ZIS
precursor. Increasing the concentration of the ZIS precursor to twice the standard
concentration in ethanolic solution with the addition of 100 μL of HCl afforded
better crystallinity, homogeneous coverage, and optimal photocatalytic hydrogen
production.
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■ INTRODUCTION

In the 21st century, new environmental issues are emerging,
and climate change concerns are becoming more and more
important. Of the current alternative energy sources, hydrogen
is the most important, as it is a clean energy source obtained by
the conversion of sustainable solar energy.1−3 In contrast to
metal oxides that are mostly UV-active, metal sulfides are
attractive photocatalysts because they possess suitable energy
gaps for visible-light response.4−7 Especially, ternary sulfide
ZnIn2S4 (ZIS) is considered as an efficient visible-light-driven
photocatalyst.8−10 In efforts to boost hydrogen evolution,
ZnIn2S4 has been doped,9,11,12 prepared as various hetero-
structures13−16 and core−shell structures,17,18 synthesized
using surfactants,19−21 and modified with noble metal
cocatalysts.17,22

Unfortunately, most photocatalysts suffer from fast recombi-
nation kinetics, which decreases hydrogen produc-
tion.3,4,17,22,23 However, unique core−shell structures with
surface plasmon resonance (SPR) properties can mitigate the
problem.17 SPR excited by incident light can generate strong
electric fields close to the metal surface, along with the
resonance energy transfer, which can facilitate charge
separation and improve light absorption.24−26 In our previous
work,17 we developed a method to synthesize core−shell
nanoparticles having noble metal cores and ZIS shells. Gold−
silver nanoshells (GS-NS) with SPR and tunable absorption
embedded in a ZIS matrix demonstrated that the coupling

between the SPR of the GS-NS and the absorption of the ZIS
photocatalyst was the key parameter to optimize solar
hydrogen production. However, the coverage and thickness
of the ZIS shells on GS-NS cores were not precisely controlled.
In this work, we focused on preparing SiO2 core−ZIS shell
nanoparticles with ZIS shells having tunable thickness as this
limits the range of electric field around the metal surface. In
addition to the tunable ZIS shell thickness, we also focused on
better coverage and crystallinity of SiO2@ZIS to enhance the
SPR effect and consequently hydrogen production.
First, we sought to optimize the deposition of ZIS shell on

SiO2 cores by examining various solvent media. Literature
studies focusing on the synthesis of ZIS in various solutions
have explored the use of, for example, water, methanol, and
ethanol.27 The studies found that ZIS synthesized in water has
better crystallinity and hydrogen production than ZIS
synthesized in organic solvents, but there was no mention of
the coverage of ZIS when coated onto other materials. Our
preliminary data showed that coating ZIS onto SiO2 cores in
ethanol offered good coverage compared to water but poor
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crystallinity and limited hydrogen production. In water, ZIS
synthesized under acidic conditions exhibited enhanced
crystallinity and hydrogen production.28−30 In the present
study, we explored the addition of HCl to ethanol for
improving the crystallinity of ZIS while maintaining good
coverage. We found that adding suitable amounts of HCl in
ethanol solution is an innovative method to synthesize ZIS
with enhanced crystallinity and good coverage on SiO2 cores;
importantly, the resultant core−shell nanoparticles exhibited
enhanced photocatalytic hydrogen production.

■ EXPERIMENTAL SECTION
Preparation of Modified Silica Core Nanoparticles. The

preparation of silica nanoparticles followed the Stöber method31 and
the work of Kim et al.32 Typically, 200 mL of ethanol and 18 mL of
ammonium hydroxide were mixed in a round-bottom flask by stirring
for 5 min. Then, 6.8 mL of tetraethoxysilane (Si(OC2H5)4) was added
and maintained at 30 °C. This mixture was stirred overnight. To
further modify SiO2, 250 μL of (3-mercaptopropyl)trimethoxysilane
(C6H16SO3Si, MPS) was added into the mixture while stirring for 6 h
at 30 °C. The temperature was then raised to 88 °C for 1 h under
reflux to strengthen the covalent bonding. The cooled-down mixture
was then centrifuged at 2500 rpm for 1 h to remove excess MPS. The
precipitate was collected and re-dispersed into 50 mL of ethanol to
obtain an MPS-modified SiO2 suspension. To ascertain the amount of
SiO2 in ethanol, 5 mL of SiO2 ethanol suspension was dried in an
oven and weighed. The gross amount of SiO2 was calculated, and an
appropriate amount of ethanol was further added to confirm that
there was 0.1 g SiO2 in 5 mL of the SiO2−ethanol suspension.
Preparation of SiO2@ZIS Core−Shell Nanoparticles. In

preparing bare ZIS particles, zinc nitrate hexahydrate (0.3 mmol),
indium (III) nitrate hydrate (0.6 mmol), and thioacetamide (TAA,
2.4 mmol) were dissolved in 15 mL of water or ethanol under
vigorous stirring for 10 min. This concentration of precursors is
denoted as the standard concentration for our experiments. Note that
water and ethanol are the preferred solvents in the work owing to
their low toxicity and price. Further, water has a high dielectric
constant and hence offers good dissolution of the precursors.
However, ethanol has a relatively lower dielectric constant, but
owing to its low boiling point, the solubility of precursors increases as
the internal pressure increases at a fixed temperature during the
solvothermal reaction. Furthermore, ethanol has a high dielectric loss
tangent that allows it to utilize microwave well. The solution was then
poured into a 30 mL quartz vessel. The hydrothermal reaction was
carried out in a microwave reactor (Monowave 300, Anton Paar) at
120 °C for 10 min. The precipitates were collected and centrifuged at
8000 rpm for 10 min. The obtained particles were rinsed thoroughly
with deionized (DI) water several times and were then dried in an
oven at 80 °C for 12 h. For the synthesis of SiO2@ZIS nanoparticles,
5 mL of SiO2 ethanol suspension (0.1 g SiO2 nanoparticles) were re-
dispersed in 10 mL of ethanol solution using ultrasonic vibration. For
synthesis in water, 0.1 g SiO2 (obtained by drying 5 mL of SiO2
ethanol suspension) was dispersed in 15 mL of water. Then, zinc,
indium, and sulfur precursors were added following the same
procedure as in the case of preparing bare ZIS particles along with
a certain amount of HCl. The parameters for microwave-assisted
hydrothermal reaction, collection, and drying were also the same as
those for synthesizing bare ZIS particles. A simple nomenclature was
followed for labeling all samples. Samples synthesized with 15 mL of
water and ethanol were denoted by “W” and “E”, respectively. The
addition of selected amounts, 0, 20, 50, and100 μL, of HCl was
indicated by 1, 2, 3, and 4, respectively. For example, SiO2@ZIS E-3
sample is ZIS coated on SiO2 in 15 mL of ethanol solution in which
50 μL of HCl was added.
Further, in an effort to control and study the effects of the ZIS shell

thickness, we increased the concentration of the precursor for ZIS by
2 and 3 times the standard concentration for varying amounts of HCl

addition, and the sample names were annotated with 2×ZIS and
3×ZIS, respectively.

Characterizations. Extinction spectra were obtained using a UV−
visible spectrophotometer (Jasco V-670) over the wavelength range of
400−700 nm. Nanoparticles were dispersed in DI water or ethanol,
and particle size was measured using dynamic light scattering
(Malvern Nano-ZS9). Crystal structures were analyzed using an X-
ray diffractometer (Bruker KAAPA APEX II). A Cu Kα X-ray source
coupled with a Ni filter was used. The scan rate was set at 3 °C/min
in the 2θ range of 10°−80°. A transmission electron microscope
(JEOL-JEM2000) and a high-resolution transmission electron
microscope (JEOL-JEM2100) operated at an accelerating voltage of
200 kV were used to observe the morphology of the nanoparticles.
Energy-dispersive X-ray spectroscopy (EDS) was performed on the
high-resolution transmission electron microscope as well. An X-ray
photoelectron spectroscope (Thermo VG-Scientific/Sigma Probe)
with an Al Kα (1486.6 eV) X-ray source was used to determine the
surface composition of bare SiO2 and MPS-modified SiO2. A Fourier
transform infrared (FTIR) spectroscope (Perkin-Elmer Instruments
LLC, Shelton, CT) was used to observe the complex formation of
TAA with metal ions. For this, the ZIS precursor in water or ethanol
along with SiO2 nanoparticles was detected by FTIR spectroscopy.

Photocatalytic Hydrogen Generation. The photocatalytic
reaction of hydrogen production was conducted in a 300 mL
custom-built two-neck cylindrical glass cell with a quartz side window
and an illumination area of 27.7 cm2. The sacrificial agent was
prepared by adding potassium sulfite (0.25 M) and sodium sulfide
(0.35 M) in DI water (220 mL). A 0.03 g of prepared ZIS or SiO2@
ZIS particles was dispersed in the sacrificial solution, and an
appropriate amount of dihydrogen hexachloroplatinate(IV) hexahy-
drate was added. The reactor was then connected to cold traps to
prevent vapors from coming into the gas chromatography (GC)
column. The whole system was operated in a low-pressure condition
with a gas circulation pump. The photocatalytic reactor was irradiated
by a 300 W Xe lamp. The intensity was set at 100 mW/cm2 and
measured by an optical meter (Newport 1918-R). The temperature
was kept at 25 °C during the reaction, and hydrogen gas was collected
using an online GC system (China 8700F GC). Figure S1 shows the
schematic of the hydrogen generation setup.

■ RESULTS AND DISCUSSION
The silica core nanoparticles were prepared using the modified
Stöber method, as described in the Experimental Section. The
products were analyzed by TEM to determine whether the size
and morphology were similar to the GS-NSs. As illustrated in
Figure S2, the average particle size for the silica nanoparticles
was 177 ± 26 nm, and the associated particle size distribution
histograms are provided in Figure S3 and Table S1 in the
Supporting Information. In this work, we coated ZIS on silica
cores as a model system for ZIS coated on the surface of GS-
NS@SiO2 nanoparticles. Hence, an important comparison
with our previous work showed that the diameter of the SiO2
cores is nearly the same as that of the GS-NS@SiO2 cores
when the SiO2 shell thickness was 47 nm.17 The surface of the
SiO2 cores was modified using MPS to generate core SiO2
exposing multiple thiol groups.33−37 The morphology of silica
cores without and with modification is shown in Figure S4a,b,
where no obvious differences are discernible. In contrast,
Figure S5 shows the XPS spectra of the two samples. For silica
with modification, a weak S 2p peak at the binding energy =
162−163 eV appeared, which can be attributed to the −SH
functional group of MPS on the SiO2 cores.

SiO2@ZIS Core−Shell Nanoparticles. In our previous
study,17 we have successfully prepared ZIS shells on GS-NS
cores in water using the standard ZIS precursor concentration,
as described in the Experimental Section. However, the
uniform coverage and thickness of ZIS were not yet optimized.
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To clearly demonstrate the critical role of MPS modification
on the SiO2 surface, a lower ZIS precursor concentration was
used. Here, 1/10 of the standard concentration was utilized to
coat ZIS on bare and MPS-modified SiO2 core particles in
water. Figure S6a shows that SiO2 particles without

modification lead to the aggregation of ZIS and a rough
morphology. However, SiO2 particles with surface modification
show homogeneous coverages, as illustrated in Figure S6b.
Hence, it could be presumed that the precursor of ZIS
preferably adsorbs on the thiol groups, circumventing the

Figure 1. TEM images of (a) SiO2@ZIS W-1, (b) SiO2@ZIS E-1, (c) SiO2@ZIS E-2, (d) SiO2@ZIS E-3, and (e) SiO2@ZIS E-4 nanoparticles.
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random growth of ZIS on SiO2. However, Figure 1a shows that
upon increasing the ZIS precursor to a standard concentration
in aqueous solution, ZIS failed to grow uniformly on the SiO2
cores. For a core−shell composite photocatalyst, it is important
to control the coverage, as it influences the catalytic
efficiency.18,38 Further, crystallinity is also critical to enhance
hydrogen production.27,39 Hence, we used ethanol and HCl in
an effort to enhance the coverage and crystallinity of core−
shell SiO2@ZIS composites as compared to those synthesized
in water.28−30

Now, we compare the core−shell structures of SiO2@ZIS
synthesized in water (W) and ethanol (E). The coverage and
crystallinity of ZIS in SiO2@ZIS W-1 and SiO2@ZIS E-1 were
characterized by TEM (Figure 1a,b) and XRD (Figure 2). The

XRD patterns were indexed to hexagonal ZnIn2S4 (JCPDS no.
65-2023). Figures 1a,b and 2 show that SiO2@ZIS synthesized
in water has better crystallinity but worse coverage compared
to SiO2@ZIS synthesized in ethanol. Although SiO2@ZIS
synthesized in ethanol has good coverage, poor crystallinity
would limit hydrogen production.27,39 Thus, we added HCl to
the ethanolic reaction medium in an effort to enhance the
crystallinity as in the case of water.28−30

A progressive enhancement of coverage with respect to HCl
addition is evident from Figure 1b−e, which shows the TEM
images of SiO2@ZIS (E-1 to E-4). We also used TEM imaging
to determine the thickness of the ZIS shell on SiO2 by
calculating the difference in the diameters of SiO2@ZIS and
bare SiO2. It was found that larger amounts of HCl in ethanol
led to thicker ZIS shells. Figure 2 shows that the crystallinity
increased with increasing amounts of HCl added. Sample
SiO2@ZIS E-4 has crystallinity similar to the samples
synthesized in an aqueous solution. Table 1 provides the

d(102) crystallite sizes calculated according to the Scherrer
equation. Sample SiO2@ZIS E-4 has the largest crystallite size.
Figure 3a−d shows the HRTEM images and the EDS line
scans of SiO2@ZIS synthesized in ethanol by adding 100 μL of
HCl (SiO2@ZIS E-4). The HRTEM images confirm that the
shell growing on SiO2 is indeed ZIS. Thus, SiO2@ZIS
nanoparticles synthesized in ethanol with increasing amounts

of HCl have better ZIS coverage along with better ZIS
crystallinity when grown on MPS-modified SiO2 cores. The
increasing amount of HCl added to the ethanol medium
improved the crystallinity as TAA (CH3CSNH2) contributes
to the release of H2S gas during hydrothermal processes in the
presence of larger amounts of acid.40,41 The concentration of
hydrochloric acid used here is ∼35%. There is still some water
present that can initiate the reaction with TAA to produce H2S
gas. Sufficient gas leads to higher pressure inside the reaction
vessel, which in turn leads to ZIS with better crystallinity and
tendency to grow on the SiO2 cores.

28 Note that upon further
addition of HCl above 100 μL, the uniformity of ZIS
deposition on the SiO2 surface was lost. Figure S7 shows the
TEM image of SiO2@ZIS synthesized in ethanol with 150 μL
of HCl. We speculate that adding 150 μL of HCl hastens the
production of H2S.
To further investigate the enhanced coverage of ZIS on

MPS-modified SiO2 when synthesized in ethanol, the precursor
mixtures in water and ethanol were analyzed separately by
FTIR analysis (Figure 4). Figure 4 shows two additional peaks
at 1320 and 1645 cm−1 in ethanol. It has been reported that
zinc forms a complex with TAA, and its corresponding FTIR
peak appears at 1645 cm−1.42 Further, Chen et al. evaluated the
time-dependent evolution of chemical species through SEM
and EDS during the synthesis of ZIS.30 Based on their
observations, they proposed that zinc and indium form three
different complexes with TAA: tetrahedral [Zn(TAA)4]

2+,
tetrahedral [In(TAA)4]

3+, and octahedral [In(TAA)6]
3+.

Hence, we hypothesize that the peak at 1320 cm−1 is from
the complex formed between indium and TAA; however, we
can find no literature to support this hypothesis. Thus, zinc and
indium ions form complexes with TAA in ethanolic solution
before and/or during the hydrothermal process, leading to a
slower and a more homogeneous coating. It is plausible that
the complexes of zinc and indium with TAA attach to the
surface of MPS-modified SiO2 owing to the surface
modification. During the hydrothermal process, the small
amounts of water present in HCl added to ethanol initiate the
hydrolysis of TAA more slowly than that in water alone, which
leads to a slow reaction between the metal ion and H2S.
Consequently, SiO2@ZIS has a better ZIS coverage in ethanol
than in water.
The energy band gap is also an important factor for

photocatalytic hydrogen production.4,23 The Kubelka−Munk
plot in Figure 5 reveals that the energy band gap of SiO2@ZIS
synthesized in HCl-treated ethanolic solution is ∼2.2−2.4 eV,
which is comparable to that of SiO2@ZIS synthesized in
aqueous solution (2.25 eV).17 Notably, all are in the range of
visible light. Furthermore, to study the effect of ZIS shell
thickness, the concentration of ZIS precursor was also varied
for SiO2@ZIS synthesized in ethanolic solution with 100 μL of
HCl. Figure 6a−c shows the TEM images of samples prepared
with higher concentrations of ZIS precursor. The ZIS shell got
thicker with the increasing concentration of ZIS precursor (see
Table S2). Nonetheless, the increasing shell thickness had no
effect on crystallinity (see Figure 6d) and the energy band gap
(see Figure 6e).

Photocatalytic Hydrogen Evolution. Figure 7 shows the
photocatalytic hydrogen evolution rate of SiO2@ZIS synthe-
sized in ethanol with varying amounts of HCl. SiO2@ZIS
nanoparticles synthesized in ethanolic solution with no or
small amounts of HCl have low hydrogen evolution rates,
whereas the addition of larger amounts of HCl improves the

Figure 2. XRD patterns of (a) SiO2@ZIS W-1, (b) SiO2@ZIS E-1,
(c) SiO2@ZIS E-2, (d) SiO2@ZIS E-3, and (e) SiO2@ZIS E-4.

Table 1. The d(102) Crystallite Size of SiO2@ZIS
Nanoparticles Synthesized under Various Conditions

SiO2@ZIS W-1 E-1 E-2 E-3 E-4

mean crystallite size, d(102) (nm) 5.05 2.89 3.85 4.63 5.51
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hydrogen evolution rate, with the sample SiO2@ZIS E-4
exhibiting the highest hydrogen evolution rate of all. The shell
thickness of ZIS for the samples synthesized in ethanolic
solution is also shown in Figure 7. As noted above, we expect
the crystallinity of ZIS to be a critical factor affecting the

hydrogen evolution rate of SiO2@ZIS. Accordingly, sample
SiO2@ZIS E-4 exhibited ∼3.1 times higher hydrogen evolution
rate compared to bare ZIS. A correlation between the XRD
pattern (Figure 2) and the hydrogen evolution rates (Figure 7)
shows that better crystallinity leads to greater hydrogen

Figure 3. (a) TEM image, (b) HRTEM image, (c) representative line scan TEM image, and (d) EDS line scan of SiO2@ZIS E-4 nanoparticles.

Figure 4. FTIR spectra of MPS-modified SiO2 with ZIS precursor in
(a) water and (b) ethanol.

Figure 5. UV−Vis spectra for SiO2@ZIS nanoparticles synthesized in
ethanol with varying amounts of HCl.
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evolution. Furthermore, we can infer from Figure 4 that SiO2@
ZIS nanoparticles synthesized in ethanol with larger amounts
of HCl bearing thicker ZIS shells give the greatest overall rate
of hydrogen evolution. As such, we chose to examine the effect
of ZIS shell thickness on hydrogen evolution in detail.
The ZIS shell thickness, morphology, and hydrogen

evolution rates for the samples synthesized with varying
amounts of HCl and varied concentrations of ZIS precursor
are shown in Table S2 and Figures S8 and S9. The normalized
hydrogen evolution rates of the samples synthesized with 100
μL of HCl for various concentrations of ZIS precursors are also
shown in Table S2. The sample SiO2@ZIS E-4 exhibited the
greatest hydrogen evolution rate when synthesized at 2 times
the initial concentration of ZIS precursor. However, there
seems to be a critical shell thickness that is beneficial to
hydrogen evolution. The hydrogen generation rate decreased
upon further increasing the concentration of ZIS precursor and
thereby the ZIS shell thickness. Further, a careful observation
of Figure S8 reveals that the ZIS shell appears to be more
loosely packed when synthesized with larger amounts of HCl.

Thus, the trend in hydrogen evolution rate might be
attributable to the need for a balance between the light
penetration depth and charge carrier diffusion length.
To further elucidate the effect of ZIS shell thickness with

regard to crystallinity, hydrogen evolution rates of three
samples synthesized from the selected concentrations of ZIS
precursor with various amounts of HCl, SiO2@3×ZIS E-2,
SiO2@2×ZIS E-3, and SiO2@ZIS E-4, bearing nearly similar
ZIS shell thicknesses (see Table S2) were compared (Figure
8). Among the samples with similar shell thicknesses, those

synthesized with larger amounts of HCl, exhibiting enhanced
crystallinity, demonstrated higher rates of hydrogen evolution.
It is noteworthy that although the shell thicknesses measured
by calculating the difference in the diameters of bare and ZIS-
coated SiO2 are not precise, the shell thickness can be
controlled by varying the amounts of HCl added and the
concentration of precursors. Further, discerning the trend of
the effect of ZIS shell thickness along with crystallinity on the
hydrogen evolution rate of SiO2@ZIS core−shell nanoparticles
was also possible. Furthermore, the hydrogen evolution rate
achieved in this work was similar to or better than that of most
of the previously reported ZIS particles (Table S3). It is worth
mentioning that hydrogen evolution rate is also highly

Figure 6. SiO2@ZIS core−shell nanoparticles synthesized using varying concentrations of precursors in ethanol with 100 μL HCl: TEM images (a)
SiO2@ZIS E-4 (b) SiO2@2xZIS E-4, and (c) SiO2@3xZIS E-4. (d) XRD patterns and (e) UV−Vis spectra.

Figure 7. Photocatalytic hydrogen evolution rate (calculated based on
the amount of ZIS in the composite) of SiO2@ZIS in ethanol with
different amounts of HCl. The ZIS shell thicknesses are also
indicated.

Figure 8. Photocatalytic hydrogen evolution rate of SiO2@ZIS (E-2,
E-3, and E-4) synthesized with varying concentrations of ZIS
precursor and varied amounts of HCl in ethanol, bearing similar
ZIS shell thickness.
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dependent on measurement conditions and methods which
can vary. Finally, Figure 9 shows the photostability and

reusability of the synthesized shell-size-tunable SiO2@ZIS
core−shell nanoparticles. After four cycles of repeated
photocatalytic hydrogen evolution tests, the sample SiO2 @
ZIS E-4 showed only a slight decrease in the rate of hydrogen
evolution.

■ CONCLUSIONS
The surface modification on SiO2 core nanoparticles with MPS
promoted the nucleation of ZIS, leading to uniform coverage.
The crystallinity and coverage of ZIS in the SiO2@ZIS core−
shell nanoparticles were improved by using microwave-assisted
hydrothermal synthesis in ethanol with the addition of HCl.
The hydrogen evolution rate was enhanced as well. The shell
thickness of ZIS could be easily tuned by adding selected
concentrations of ZIS precursor without negatively affecting
the ZIS crystallinity or the rate of hydrogen production. This
facile procedure paves the way to generate a more complex
structure, GS-NS@dielectric@photocatalyst, for the optimiza-
tion of solar hydrogen production.
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