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a b s t r a c t

A series of ZnInxS4þy (x¼1.6, 2.0, 2.3, 2.6, 2.9, 3.1) photocatalysts were synthesized via a facile hydro-
thermal method and characterized by various analytical techniques, such as XRD, EDS, UV–vis DRS, SEM,
TEM, BET and PL. The ZnInxS4þy photocatalysts had a similar crystal structure. With the increase of
indium content, the absorption edges of ZnInxS4þy photocatalysts shifted to longer wavelength, their
crystal sizes decreased firstly and then increased and the variation of the specific surface area and total
pore volume was exactly opposite. Especially, when x¼2.3, ZnIn2.3S4þy catalyst had smallest crystal size,
largest specific surface area and total pore volume. Additionally, the morphology of ZnInxS4þy greatly
depended on the contents of indium. The photocatalytic activity of ZnInxS4þy was evaluated by photo-
catalytic hydrogen production from water under visible light. The ZnIn2.3S4þy sample had the highest
photocatalytic activity among these ZnInxS4þy photocatalysts and its hydrogen production rate was
363 μmol/g h.

& 2015 Elsevier Inc. All rights reserved.

1. Introduction

Hydrogen as a clean renewable energy can effectively solve
currently energy shortages and environmental pollution caused by
fossil fuel consumption. Since the discovery of photoinduced de-
composition of water on TiO2 electrodes in 1972 [1], many studies
have been conducted on photocatalytic water splitting to produce
hydrogen. In the past few decades, a lot of photocatalysts such as
TiO2-based semiconductors [2–6], ZnGa2O4 [7], titanates [8,9],
niobates [10,11], tantalates [12–14], metal sulfides [15–18], have
been developed for water splitting. In these photocatalysts re-
ported, ZnIn2S4 has recently been studied for its unique optoe-
lectronic [19] and catalytic property [20].

ZnIn2S4 is the member of the AB2x4 family of semiconductors.
ZnIn2S4, which has been proven to have good properties such as
suitable band gap corresponding to visible light absorption region,
high photocatalytic activity and substantial chemical stability, can
act as a catalyst for photocatalytic H2 evolution [20]. Lei et al. [20]
successfully synthesized a novel ZnIn2S4 photocatalyst and found
that ZnIn2S4 could be used to produce H2 through water reduction
under visible light irradiation, but its hydrogen production

efficiency was low. In the past decade, adding additives or doping
metals had been shown to improve ZnIn2S4’s photocatalytic ac-
tivity. Shen et al. [21] synthesized a series of ZnIn2S4 photo-
catalysts via a cetyltrimethylammoniumbromide (CTAB)-assisted
hydrothermal method, and found that appropriate amount of
CTAB could improve the photocatalytic activity of ZnIn2S4, and the
highest quantum yield at 420 nm of ZnIn2S4 photocatalyst, which
was prepared through the CTAB (9.6 mmol)-assisted hydrothermal
procedure for 1 h, was determined to be 18.4%. After that, Shen
et al. [22] synthesized a series of alkaline-earth metal doped
ZnIn2S4 photocatalysts and found that the photocatalytic results
demonstrated that Ca doping could greatly enhance the activity of
ZnIn2S4, with about two times higher than undoped ZnIn2S4. The
previous study of our group on the rare earth doped catalysts re-
vealed that the La3þ showed the best effect [23,24]. Lazzez et al.
[25] investigated the structural and optoelectronic properties of
In–Zn–S sprayed layers with different [Zn2þ]/[In3þ] ratios, and
found that the [Zn2þ]/[In3þ] ratios could greatly influence the
composition of In–Zn–S thin layers. The filmwas mainly formed by
the ternary compound ZnIn2S4 which crystallized in cubic phase
when [Zn2þ]/[In3þ]¼0.4 and the band gap energy increased with
the increasing of [Zn2þ]/[In3þ] ratio. Shen et al. [26] studied the
effect of excess zinc on photocatalytic performance of catalyst and
synthesized a new series of ZnmIn2S3þm (m¼1–5, integer) pho-
tocatalysts by a CTAB-assisted hydrothermal method, and found
that photocatalytic performance of catalyst firstly increased and
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then decreased with the increasing of zinc content, especially
when m¼2, the best photocatalytic performance was obtained.
However, the effects of excess indium on photocatalytic perfor-
mance of ZnIn2S4 for hydrogen evolution under visible light have
rarely been reported.

In order to understand the effects of excess indium on photo-
catalytic performance of ZnIn2S4 for hydrogen evolution under
visible light, a series of ZnInxS4þy (x¼1.6, 2.0, 2.3, 2.6, 2.9, 3.1)
photocatalysts have been successfully synthesized by a hydro-
thermal route via adjusting the amount of the indium content. We
also discussed the characteristics of these photocatalysts, such as
crystal size, morphology, optical property and so on in detail.

2. Experimental

2.1. Materials

All chemicals were analytical grade and used as received
without further purification. ZnSO4 �7H2O, In(NO3)3 �4H2O, TAA
(Thioacetamide), absolute ethanol, Na2S and Na2SO3 (pur-
ityZ99.99%) were purchased from Sinopharm Chemical Reagent
Co., Ltd., China. H2PtCl6 �6H2O (purityZ99.99%) was purchased
from Shanghai July Chemical Co., Ltd., China.

2.2. Preparation of photocatalyst

The ZnInxS4þy samples were prepared by a hydrothermal
method [27]. For the synthesis of ZnInxS4þy, 2.56 mmol
ZnSO4 �7H2O, N mmol In(NO3)3 �4H2O (N¼4.02, 5.10, 5.90, 6.70,
7.51, 8.04) and 20.4 mmol TAA were dissolved in 50 mL distilled
water. The mixed solution was then transferred into a 100 mL
Teflon-lined autoclave. The autoclave was sealed and kept at
160 °C for 1 h, and then cooled to room temperature naturally. A
yellow precipitate was obtained, then filtered and washed with
absolute ethanol and deionized water for three times. After dried
in an oven at 80 °C, a series of catalysts ZnInxS4þy were obtained.
These catalysts were assigned to ZnInxS4þy (x¼1.6, 2.0, 2.3, 2.6,
2.9, 3.1), respectively.

2.3. Characterization

The UV–visible absorption spectra of the samples were re-
corded using a UV–vis diffuse reflectance spectroscopy (UV–vis
DRS) (UV-2501PC, Shimadzu, Japan) in the spectral range of 300–
750 nm. The crystal phases and crystallite sizes of the as-prepared
samples were characterized by X-ray diffraction (XRD) (Rigaku, D/
max 2500) at room temperature, and the patterns were recorded
over the angular range 15–60°(2θ), using a scan rate of 5°/min and
Cu-Kα1 radiation with working voltage and current of 40 kV and
20 mA, respectively. The surface morphology and energy dis-
persive spectroscopy (EDS) element mapping of the samples were
observed by a field-emission scanning electron microscope with
energy dispersive spectrometer (SEM, S-4800, Hitachi, Japan).
Elemental analysis was also carried out on an inductively coupled
plasma optical emission spectrometer (ICP, OPTIMA 2000DV, Per-
kin Elmer, USA). Transmission electron microscopy (TEM) and
high-resolution TEM (HR-TEM) images were obtained by a Tecnai
G2 F30 instrument at an accelerating voltage of 300 kV. The BET
surface area was evaluated by N2 adsorption in a constant volume
adsorption apparatus (Bel sorpll, Bayer Japan Co., Ltd., Japan). The
analyses of photoluminescence (PL) spectra were carried out at
room temperature using a Renishaw in Via raman microscope.

2.4. Photocatalytic reaction

Photocatalytic reactions were conducted in an 868 mL ga-
sclosed stainless steel reactor [28]. The cross section area and
height of the reactor were 72.3 cm2 and 12 cm, respectively. A
quartz glass cover on the top of the reactor allowed irradiation to
pass through. The light source was a 350-W Xe lamp (Shenzhen
Stone-lighting Opto Device Co.,Ltd., China) and the UV part of the
light was removed by a cut-off filter (λ4420 nm). The light beam
was focused coherently on the surface of the 200 mL catalyst
suspension (2.8 cm in depth). The suspension in the reactor was
continuously stirred using a magnetic stirrer at a speed of
400 rpm. The light intensity was measured using a spectro-
radiometer (FZ-A, Photoelectric Instrument Factory of Beijing
Normal University). In all experiments, 200 mL of deionized water
containing 0.2 g of catalyst and 0.25 M Na2SO3/0.35 M Na2S mixed
sacrificial agent was added into the reaction cell [21–24,26]. Here,
a sacrificial agent was used to scavenge photo-generated holes. In
order to remove air prior to the reaction, argon gas was bubbled
through the reaction mixture for 30 min before the reaction star-
ted. Pt (1 wt%) as a cocatalyst for the promotion of H2 evolution
was photodeposited in situ on the photocatalyst from the pre-
cursor of H2PtCl6 �6H2O [27]. The temperature for all the photo-
catalytic reactions was kept at 2571 °C. The concentrations of H2

were measured with a gas chromatograph (Shanghai Precision &
Scientific Instrument Co., Ltd., GC-112A, High-performance carbon
molecular sieve packed column (2 m�3 mm)), equipped with a
thermal conductivity detector (TCD). All the measurements of the
produced H2 concentrations at different irradiation times were
performed three times to confirm their reproducibility.

3. Results and discussion

3.1. Characterization of catalysts

3.1.1. XRD analysis
Fig. 1 shows the XRD patterns of the ZnInxS4þy (x¼1.6, 2.0, 2.3,

2.6, 2.9, 3.1) samples. ZnInxS4þy could be assigned to the crystal
phase of hexagonal ZnIn2S4 (JCPDS No. 65-2023). With the content
of indium increasing, a new diffraction peak appears at 33° and
gradually increases, which is the (0012) characteristic peak of
In2S3 [29] (JCPDS No. 65-0459).

Fig. 1. XRD patterns of ZnInxS4þy samples (a: In2S3, b: ZnIn1.6S4þy, c: ZnIn2.0S4þy,
d: ZnIn2.3S4þy, e: ZnIn2.6S4þy, f: ZnIn2.9S4þy, g: ZnIn3.1S4þy).
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