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Abstract

A rapid microwave synthesis route for the fabrication of Z®dnpowder and
ZninSY/WS; composite is presented. Firstly, effect of different sulfur soutte®macetamide
and L-cysteinexon the physicochemical properties and photocatalytiprdduction of the
synthesized Znk®s were investigated. It was found that well-defined flower-like Z&in
microspheres obtained from L-cysteine facilitadedlatively higher H production rate. Then,
different loadigs of WS were introduced into the well-defined flower-like Zstha
microspheres aiming to improve its photocatalytic pdfoduction. Compared to the pure
ZninSs and WS, all ZninSY/WS, composite photocatalysts exhdsit enhanced
photocatalytic H production in the presence of #8NaSQs as sacrificialeagents under UV-
visible irradiation, where the Znd&/WS;-40%wt composite had the highest photocatalytic
activity. For this material, 293.3 and 76.6 umdl di! of H, gas were produced under UV-
visible and visible light irradiation respectively. In addition, the photoreduction activity of
hexavalent chromium (Cr(VIQy the ZnInS4/WS-40%wt was also investigated under visible

light irradiation and it was observed that 98.5% of Cr(VI) was reduced within 90 min at pH 4.

Keywords: Znln,S4/WS,, Microwave synthesis, Heterostructure; Hroduction, Cr(VI)

reduction



1. Introduction

Photocatalysis has attracted considerable as a sustainable approach for solving
environmental and energy problems that face society as a whole. Production of hydrogen from
photocatalytic water splitting is regarded as the promising strategies for conversion of solar
energy to chemical energy?In addition, the elimination of heavy metal ions from wastewater
is also considered to be an important research target for photocataBmisith of new
technologies based on photocatalysts for water splitting and hexavalent chromium (Cr(V1))
reduction using semiconductors has evolved from the initial utilization of metal oxide
semiconductors, to second-generation semiconductor involving doped metal oxides as well as
two-dimensiona(2-D) semiconductors Semiconductors such as Bi@nO and CdS are able
to utilize photons under ultraviolet radiation which makes up 4% of the solar incident light.
Doping TiG with a third element such as C, S or metal doping can improve the solar light
utilization in the visible light regiof.The investigation of ultrathin B-semiconductors with
superior activity for enhancing photon absorption and electron-hole utilization has recently
attracted significant interest as a new generation of photocatalystgered-structure
semiconductors with nanolayer thickness, in prilggipossess a high surface area for photon
absorption, substrate adsorption and generation of highly active oxidizing species.
Nevertheless, this prindgpis based on the ability of the semiconductor to take full advantage
of the photons in the entire solar spectrtorefficiently separate the photo-generated charge
carriers and finally remain robust and stable to drive the water oxidation/reduction reaction.
Improved visible-light-driven photocatalysts are now required to promote the efficiency of
solar energy conversion.

ZnlnxSy, the only member of the AR 4 family of semiconductors with a single-layered
structure, has attracted interest because of its potential applications in the fields of charge

storage, thermoelectricity, hydrogen production and as photodet&étots? Znin,Ss is an



ideal candidate as an active photocatalyst to drive photocatalytic water splittargl
photocatalytic Cr(VIyeductiori* in the visible light region due to its photochemical stability
and narrow band gap energy (2.75 eV). In addition, the layered structure ef«Zodm
increase the exposure of the interlayer sulfur atom which increases the interaction with oxygen
as the active photo-generated carrier scavendgmwever its photocatalytic efficiency is still

under scrutiny with concern about its narrow band gap that can contribute to fast recombination
of photo-generated charge carriers. The charge carrier recombination is classified into two
types: bulk recombination and surface recombinafi@ecreasing the bulk recombination can

be achieved by fabricating the Za$a 2-D microstructure which in principle can shorten the
distance for the charge carrier to travel to its surface and also can reduce the ingndities
defects in the Znk®s crystall’” Modification of the ZnlaSs by introducing surface defis
constructing heterojunction structure, and co-doping with metals can prevent surface
recombinationt® 1°2° Doping transition metals or noble metals on the surface of,8ntran
improve the photocatalytic efficiency of the Zp®a but the light absorption efficiency is
limited particularly at high metal loadings?? In addition, noble metals are expensive and this
canlimit their wider application as components of photocatal/stsSCombination of ZnlpSa

with another semiconductor is therefore a feasible alternative to suppress the recombination of
the photo-generated charge carriers. For example, >ZGUS, ZnInS4/In,Sg,
ZnlnSa/K2LazTizO10, ZNINS4/CdINeSs have all shown efficacy.>2627 The previous studies

have shown that transition metal dichalcogenides (TMDs) such as MoSe and WS are
efficient co-catalysts for improving photocatalytic; hroduction and heavy metal pollutants
removal?® 2° 30 31 32 Among these TMDs, WSis an effective candidate for solar energy
conversion due to its narrow band gap energy, a less electronegative valence band, a high
reducing activity of conductive band, and a strong W-S Bbhdaddition, t is an important

material for a wide range of applications including catalysis, batteries and optical dévices.



3% As well as an active component in many hydrogenation reactions such as hydro-
denitrogenation and hydro-desulfurizatiéri’

As the conduction banCg) of WS is less negative than that of Zpg#, a directional
electron transfer from thegCof ZnlnSs to the G of WS and a migration of the photo-
generated holes in the valence bang) (¥ the opposite way can be enabltéé’ “° Therefore,

WS is a potentiako-catalyst for enhancing the photocatalytic activity of Z8insince the

charge separation would be promoted and the charge recombination would be suppressed.
Herein, we reported the microwave synthesis of flower-like Zalmimicrospheres and
ZnlneSy/WS, composite for photocatalytic applicatiod$his method was chosen in this work
because the interaction between a microwave radiation and polar molecules in a reaction
system offer@ homogeneous heating with fast reaction rate as compared to the conventional
heating methods. Therefore, the desired materials with high purity, high crystallinity, and
uniform shape and size can be produced with a short time period and reduced processing
temperature, leading to a relatively low energy denfianchaterials productioft: In this work
well-defined flower-like ZnlaSs microspheres were first synthesized using an appropriate
sulfur source for H production from photocatalytic water splitting undégy -visible light
irradiation. Then, the Znh$/WS, composites with different loading amounts of 3Were
fabricated in an attempt to enhance thepkbduction rate. In addition, recyclability of the
ZnlineSy/WS; photocatalyst was also assessed for its practical use. Furthermore, potential use
of the ZnInS4/WS, photocatalyst for Cr(VI) photoreductioha model of heavy metal ions

was also investigated. Possible photocatalytic mechanisms for enhanced photocatalytic

activities of the ZnlpS4/WS; heterojunction were also proposed.



2. Materials and methods
2.1. Preparation of photocatalysts

All the chemicals were analytical grade and used without further purification as they were
received. In a typical synthesis, Za(.0 mmol), InC}-4H.0O (4.0 mmol) anc sulfur source
(L-cysteine or thioacetamide, 10.0 mmol) were dissolved in de-ionized water (20.0 mL). After
constant stirring for 20 min, the solution was transferred into a dissolution vessel with a
capacity of 50.0 mL. The vessel was sealed and exposed to microwave radiation in a microwave
oven operated at 100 W for 1 h and then naturally cooled to room temperature. Finally, the
dark green yellow powder was separated from the mother liquavaguum filtration, then
washed with de-ionized water several times and dried (80 °C, 24 h).

To synthesize Znk&/WS, composites, the synthesized Zi8nand commercialWS,
were dispersed in de-ionized water (20 mL) with vigorous stirring. The solution was then
transferred into a dissolution vessel with a capacity of 50.0 mL. The vessel was sealed and
exposed to microwave radiation in a microwave oven operated at 100 W for 1 h and then
naturally cooled to room temperature. Finalydark-green powder was separated from the
mother liquor by centrifuged and dried (80 °C, 24 h). The composites with different loading
amounts of Wwere denoteds ZIS/WS-x%, where th& represents 20, 30, 40, 50, 60 and
80%wt of WS. In addition, the ZnlsBs/WS,-40%wt composite was also prepared &y

physical grinding without the microwave treatment for comparison.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded by a Rigaku Miniflex Il X-ray
diffractometer, using a &u radiation source (40 kV and 40 mA) and Ni attenu&tdt-visible
diffuse reflectance spectra (UV-visible DRS) of the samples were obtained using an Agilent

Technologies, Cary SerieblV-visible spectrophtmmeter. The wavelength scans were



collected in the range of 200-800 nm, at a scan rate of 150 nm/min. Brunauer-Emmett-Teller
(BET) surface areas were determined hyddsorption at -196 °C using a Quantachrome
Quadrasortevo instrument. The samples were prepared by removing physically adsorbed
water at 120 °C for 3 h under vacuum. Scanning electron microscopy (SEM) images were
obtained on TESCAN MAIA3 equipped with an Oxford Instruments X-M&Q energy
dispersive X-ray (EDX) detector. The samples were mountexiGarbon Lite adhesive disk
attached to an aluminium stub. X-ray photoelectron spectroscopy (XPS) was analyzed using a
Kratos Axis Ultra DLD system with a monochromatickl X-ray source operating at 120 W
and analyzer pass energies of 160 eV. The XPS data were analyzed using Casa XPS software.
Photoluminescence (PL) spectra were examined by an Avantes AvaSpec-2048TEC-USB2
photoluminescence spectrometer with an excitation wavelength @n®90

Electrochemical impedance spectroscopy (E&d Mott-Schottky analysisvere
performed using a three-electrode electrochemical systeworking electrode was fabricated
as follows,a certain amount of the photocatalyst (0.10 g) was dispersed in a mixture of
isopropanol and de-ionized water (40:20 %v/v) by ultrasonic treatment. The dispersion was
dropped orafluorine-doped tin oxide (FTO) coated glass with a fixed area of 11 After
evaporation, the photocatalyst was attached to the FTO glass surface. For counter and reference
electrodes, a platinum (Pt) plate and Ag/AgCl were used, respectivelgONaqueous
solution (0.1 M) was used as an electrolyte solutidme Autolab Potentiostat/galvanostat
(PGSTAT128N, Metrohm Siam Ltd.) was used for all the t83ts. EIS spectra, measured at
a frequency range of alternating current was 0.1 Hz - 100 kHz at 1.5 V, were fitted to an
appropriate electric analog by the Nova 2.1.3 softwdie MottiSchottky plots were
measured at a frequency of 100 Hz. The following equation was used to convert the measured
potentialvs Ag/AgCI to the NHE; RHe = Eagiagel + Eagiagel, where Eagiagel (3.0 M KCI) =

0.21V at 25C.



2.3. Photocatalytic reactions

The H production experiment was carried out in a Pyrex flask (150 mL) fitted with a
purge line and a septum for sampling. Reactions were carried out with a suspension of
photocatalyst (0.10 g) iasacrificial reagent which consisted of 0.35N%S mixed 0.25 M
NaSOs solution (40 mL) and de-ionized water (60 mL). Before the reaction, the mixture was
purged with argon gas for 30 min to remove dissolved air. The mixture was illuminated with a
150 W Xe arc lamp (Oriel Model 66084, light source 10 cm from the vessel) under constant
stirred. Gas samples (0.5 mL) were taken periodically and analyzedfosifly a gas
chromatograph (PerkinElmer Clarus 380he apparent quantum yields (AQ¥f the pure
ZnIn2$4 and composite photocatalysts for thepgfoduction were calculated according to the
following equatiorf2:

t § o—eo F T Z g 2. —Z%e
.SI‘
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where the light intensity is 119.43 mW/émnd the light spot area is 12.56%with a 400 nm

band pass filter. Th& “value means that two electrons are necessary for the formation of one
hydrogen molecule, and, correspondingly, it is required that two photons interact with the
photocatalyst.

The photoreduction of Cr(VI) was performed under a suspension of the photocatalyst
(0.10 g) ina K2Cr.0O7 solution (10 ppm, 200 mL) and the pH of reaction suspension was
adjusted by adding 1 M HClI or 1 MH4OH. The suspension was placed in the dark and stirred
for 30 min to achieve the adsorption-desorption equilibrium. After that, the mixture was
irradiated under a 50 W LED white light with a fixed distance from the light source to the
reactor at 8.5 cm. During the photocatalytic reaction, the suspension (5 mL) was sampled every
30 min. Then, 1,5-diphenylcarbazide aneSBx were added into the sampling to forn
Cr(VI)-diphenylcarbazide complex, which gives a reddish-purple color. Finally, the complex
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solution was measured at its maximum absorption wavelength of 532 nm by using a UV-visible
spectrophotometer (UV-1800 Shimadzu). The photoreduction efficiency was calculated using
the following equation: %Photoreduction efficiency =HC)/Co] x 100, where ¢and C are

the concentrations of the Cr(VI) complex when adsorption-desorption equilitzachieved

and after light irradiation, respectiveli. blank experiment (without any photocatalyst) was
also carried out under the same conditions. The apparent quantum yields (AQY) of the pure
Znln;S4 and composite photocatalysts for the Cr(VI) reduction were calculated according to
the following equatiort:

LU E e— e TR — i e
L o— o 1" o <tte— ,S‘ﬂ‘s.rr

where the light intensity is 54.95 mW/émnd the light spot area is 6.26¥ with a 400 nm
EDQG SDVV BLOWDHIX H7 R HhEE® &ledtvddDalé necessary for the formation of
one Cr(lll) ion, and, correspondingly, it is required that three photons interact with the

photocatalyst.

3. Results and discussion
3.1. Influence of the sulfur source on the physicochemical properties and photdalytic
activity of Znln 2&4

The XRD patterns of the synthesized powders obtained from the two different sulfur
sources (Fig. 1a) provide an information onirtloeystal structure and crystallinity. The main
diffraction reflections are observed W R’] 27.9, 30.1, 39.9, 47.3, 51.8 and 55.5
respectively representing the (006), (102), (104), (108), (110), (116) and (202) crystal planes
of hexagonal Znls&s (JCPDS database no. 01-072-0773). ZBdrsynthesized using the
microwave synthesis method are well-crystallized with no characteristic reflections of possible

impurities such as ZnS, 4& or the corresponding metal oxides. The crystallite size of the



ZnlnpS4 particles was calculated from the (110) reflection by applying the Debye-Scherrer
equationt* The calculated crystéte size of the ZnlgSs synthesized using L-cysteine is smaller

than that using thioacetamide as presented in Table 1.

»

ZIS-TAA g _ e ‘
=, s g =
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b

JCPDS no. 01-072-0773

T T T l‘ T T T T I‘ 1
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Fig. 1. a.)XRD patterns, and SEM images of the A3npowders synthesized usiig) L-

cysteine (ZIS-L-cys) and.) thioacetamide (ZIS-TAA) as sulfur sources.

Table 1 Comparison of calculated crydied size, surface area, absorption edge and band gap

energy of the Znls&s synthesized using different sulfur sources.

Sulfur sources Crystallite size Surface area Absorption edge Band gap
(nm) (m?/g) (nm) energy (eV)

L-cysteine 12.58 46 440 2.81

thioacetamide 14.38 28 500 2.48

SEM images of Znls&, synthesized using L-cysteine and thioacetamide are presented in
Fig. 1b and 1c, respectively. Znf synthesized using L-cysteine has well-defined flower-like
microspheres ranging from 3 to 6 um in diameter. Such microspheres comprise interconnecting
nanosheets, resulting a porous structure on the surface of the Z&microspheres. Using
thioacetamide as the sulfur source, the Z&dparticles exhibit accumulated curled nanosheets
on ther surface can be observed. The BET surface area analysis of th&sZpdnticles

(summarized in Table 1) indicates that the Z84iparticles synthesized using L-cysteine show
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relatively higher surface area (46/g) than those synthesized using thioacetamide 2§ m
In addition, elemental analysis reveals that the mole ratio of Zn:In:S is 1: 2.3: 4a0f)od
agreement with the stoichiometry of ZpHa.

The formation of the hexagonal Za$a flower-like microspheres, reported by Chen et
al*® |, occursvia two main steps(i) the formation of hexagonanin,S: nuclei through the
reaction among the starting reagents and (ii) the intrinsic anisotropic growth of the produced
ZnlnoS4 nuclei into an hexagonal lamellar structure. Subsequently, the flower-like
microspheres are formed from the self-assembly of the nanosheets. In this research, the
difference in the microstructure of the Zstamicrospheres is possibly related to the molecular
structures of L-cysteine and thioacetamide, and the rate? oibi® released during the
microwave heating process. Although both L-cysteine and thioacetamide can coordinate with
inorganic cations to form metal-ligand complexes, the functional groups of L-cysteine
molecule (NH2, -COOH and -SH) have a strargffinity to coordinate with the metal ions
comparing with the functional groups of thioacetamitHz and -SHY!° 4’ Consequentlythe
rate of $ ions releasdfrom the metal-L-cysteine complex is slower than that from the metal-
thioacetamide compleX. As a result, the hexagonal Zp® nuclei are slowly produced and
consequently well-crystallized Znd®& nanosheets are gradually formed. Finally, accelerated
by microwave heating, the adjacent nanosheets are self-assembled to form flowernrlilse Znl
microspheres. In addition, the steric hindrance of L-cysteine molecules can prevent the
accumulation of nanoplate-clusters on the surface of theZnmicrospheres, enabling the
construction of open pore structure on the ZBimicrospheres surface.

The surface electronic states and chemical composition of theS{nimcrospheres
synthesized using L-cysteine were investigated by XPS analysis and are shown in Fig. 2a. The
high-resolution spectrum of Zn 2p shows the binding energy at 1022.03 eV and 16M5.08

which are ascribed to Zn 2pandZn 2py. respectively. The In 3d spectrum of shows two peaks
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centered at the binding energy of 445.08 eV (l§2Bend 452.63 eV (In 3@). The spectrum

of S 2p indicates that the signal can be convoluted into two peaks. One is located at 161.88 eV
(S 2p2) and the other at 162.88 eV (S12p Thesebinding energy values correspond to the
chemical valence sates of ZnIn®* and S, respectively? The UV-visible DRS spectra of
ZnlnS4 (Fig. 2b) show an absorption edge in the visible region (located around 450-500 nm).
Band gap energy (Table 1), calculated from the absorption edges, of th&A&yinthesized

using L-cysteine (2.81 eV) is larger than that synthesized using thioacetamide (2.48 eV).

Znlp,,

1022.03

Intensity (Arbitrary unit)
Intensity (Arbitrary unit)
Intensity (Arbitrary unit)

1015 1020 1025 1030 1035 1040 1045 1050 435 440 445 450 455 460 156 158 160 162 164 166 168
Binding encrgy (¢V) Binding energy (eV) Binding energy (¢V)

450 |

ZIS-TAA
ZIS-L-cys

¢

—m— ZIS-L-cys (145.3 pmolg'h™")
400 —e— ZIS-TAA (81.6 umolg'h")

350

Absorbance (Arbitrary unit)
H, production (umol g

200 360 460 S(IIO 660 'MIJD 800 6 30 60 9h liﬂ IéO léﬂ

Wavelength (nm) Irradiation time (min)

Fig. 2. a.)High resolution XPS spectra of Zn 2p, In 3d and S 2p for the>&npowders
synthesized using L-cysteinB;) UV-visible DRS spectra of the Zni& synthesized using
different sulfur sources and.) H. production rate during 3 h reaction on the 2Z8in

photocatalyst synthesized using different sulfur sources under Xenon light irradiation.

The photocatalytic activity for Hproduction of the Znk&s photocatalyst wsevaluated

using 0.35 M NgS and 0.25 M Ng&5O; mixed aqueous solution unddW -visible irradiation
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for 3 h. As shown in Fig. 2c, theohroduction rate of the ZniSs4 photocatalyst synthesized
using L-cysteine (145.@mol it g?) is higher than thatynthesized using thioacetamide (81.6
umol it g1). This we consider is related to the well-defined flower-like ZBdmicrospheres

with the open pore structure can permit multi-reflection of an incident light in its structure
which facilitates a longer life-time of the incident light, thereby more electron-hole pairs can
be generateel. Moreover, the higher surface area of the Z8photocatalyst can offer more
active sites exposed to the reactants during the photocatalytic processes, as a result, the
photocatalytic reaction can occur more easilin addition, the wider band gap energy of the
well-defined flower-like ZnlaSs microspheres would reduce the recombination process of the
photo-generated electrons and holes which is available for the photocatalytic reddtisns.
discussed above, the Za$ synthesized using L-cysteineaschosen to combine with WS

in order to improve photocatalytic activity in the production ef H

3.2. Influence of the loading amount of W5 on the physicochemical properties of
Znln 2S4/WS2 composite

The ZnInS4/WS, composites with different loading amounts of Wre prepared by
the microwave synthesis methathe XRD patterns (Fig. 3a) of the Zp®&/WS, composite
samples with 20, 40, 60, and 80%wt of ¥Show the main diffraction reflectiond a
hexagonal Znlgss structure (JCPDS database no.01-072-pWith the additional reflections
at 14.3, 33.7, 39.5 and 58.4 which correspond to a hexagoh$; structure (JCPDS no.00-
008-0237). This result implies that the introduction of Mi&ough microwave heating
treatment does not affect the hexagonal ZBdrrystal structureln addition, the diffraction
reflection intensity of W& is gradually increase with increasing amounts of>2Wfthe
composites, while the diffraction reflection intensity of Z3ns gradually decreas&heUV-

visible DRS spectra of Znifs, WS, and ZninSs/WS-40%wt are shown in Fig. 3b.

13



Compared to Znk$s, the absorption edge of the ZpBW/WS-40%wt composite shifts ta
higher wavelength due to the present®/S,. This suggests that the Zp&/WS, composite

has improved visible light response after introducingVW&rebypromotinga generation of
electronhole pairs. Therefore, the enhanced photocatalytic activity is expected from the

ZnlneSy/WS; heterostructure under visible light irradiation.

[
I \ 34 - ®
DI\ »u\/\:\j

ZIS/WS-80%

ZIS/WS-60%

ZIS/WS-40%

ZnlIn,S,
(] [

WS, (00-008-0237)
\ [ Il \ !

Intensity (Arbitrary unit)

ZnIn,S, (01-072-1773)

| I
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Fig. 3. a.)XRD patterns ant.) UV-visible DRS spectra of the synthesized powders.
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Fig. 4 shows the XPS spectrum of the ZBIAWNS,-40%wt composite compared with
ZnlnaSs and WS. In Fig. 4a-c), the XPS spectra of the Za8/WS-40%wt composite show
binding energy of Zn 2p, In 3d and S 2p, corresponding to:3nlithe XPS spectra of W 4f
are shown in Fig. 4d. The binding energy at 32.58, 34.78and 38.28 eV corr&spértt .,

W 4fspand W 4fsp, respectively* These results confirm the coexistence of 28irand WS

in the composite. In addition, the binding energies of Zn 2p, In 3d and S 2s a@tstiigrer
values after introducing WSWhile, the binding energies of W 4f are slightly shifted to lower
values in comparison to pure \WShese indicate that the chemical environments &f, Zm’*,

W4 and $ ions in the ZnlpSs and WS structures are changed, showing a chemical interaction
at the contact interface of the ZpB/WS, heterostructure rather than a physical contact

between the two separate Zsihand WS materials.
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Fig. 4. High resolution XPS spectra af) Zn 2p,b.) In 3d,c.) S 2p andd.) W 4f of the

ZnIn,Sy/WS-40%wt composite compared with Zpf and WS.
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SEM images of the Znp&, WS, andZninaS/WS;-40%wt powders are presented in
Fig. 5a-5c. The SEM image of the ZpgBwWWS,-40%wt composite (Fig. jaeveals that the
nanoparticlewith the average diameter of about 80 nm of the (#i§). 5b) are dispersed on
the surface of the flower-like Zrd& microspheres (Fig. 5a). The TEM images (Fig. 5d)
indicate that th&/S; nanopatrticlesre closely attached to the flower-like Zsg8amicrosphere
in whichthe microsphere are developed by stacking of multiple nanosheet layers with 1.68 nm
thickness. ThéedRTEM image of theN'S; nanoparticlan the composite reveals the 0.62 nm
lattice spacing that can be assigned to the (002) plane of hexagopalWhi& the ZninSs
nanosheet in the composite (Fig. 5(d)) revdads0.32 nm lattice fringe which corresponds to
the 102 plane of hexagonal ZniBs. The EDX spectrum of the Zni&/WS;-40%wt
composite (Fig. 5e) reveals the characteristic peaks of Zn, In, S and W elements, which
evidently indicates the presence of both Z8krand WS in the composite. Notably, the signals
of Au and O elements come from the coated gold and environment, respeciikely.
corresponding EDX elemental mapping (F3g) shows that the Zn, In, S and W elements are
uniformly distributed throughout the composite material. These results clearly show that the
ZnlineSY/WS; heterostructure with intimate and efficient interfacial contact was successfully

formed after the microwave heat treatment.
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Fig. 5.a.)-c.) SEM images of the Zni&, WS, andZnlnaSus/WS-40%wt powdersh.) TEM
and HRTEM images of the Zni&/WS-40%wt composite and.) (left) Corresponding EDX

spectrumand (right) EDX mapping images of the Zs8a'\WWS,-40%wtcomposite.

The electrochemical impedance spectroscopy (EIS) Nyquist plot of theSaWUs,

heterostructures were studied in comparison to purex3nim order to investigate the charge
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transfer resistance and the separation efficiency of photo-generated electron-hole pairs.
Generally, a diameter of an EIS Nyquist plot is directly proportional to the resistance to the
flow of electrons at an interface of an electrétiehus, larger the Nyquist diameter, higher the
charge transfer resistance. As presented in Fig. 6a, the Nyquist diameter of £84/¥v$a
electrodes are smaller than that of the ZBrelectrode. The Znb$s/WS-40%wt electrode
provides the smallest Nyquist diameter, indicating the lowest charge transfer resistance. In
addition, a larger diameter of the Nyquist plot for the physical mixture of8nhand WS,

implies a higher charge transfer resistance in comparison to theSamis:-40%wt
composite, suggesting a poor charge separation efficiency due to the physical interaction
between the individual materials.

The photoluminescence (PL) emission spectra of the composites were also studied to
investigate the recombination rate of photo-generated electrons and holes. TypieaRy, in
experiment, electrons from valence band are excited to conduction band (or sub-bands) at
certain excitation wavelength. These electrons may return to the valence band arising a PL
signal. The higher PL emission intensity, the higher in the probability of the photo-generated
charge carriers being recombined, thus resulting in a lower photocatalytic perfofhasce.
shown in Fig. 6b, the PL emission peaks of all samples are centered at 670 nm, and the emission
intensities of all ZnlgS4/WS, composites are lower than that of Zt8n These finding clearly
indicate that the formation of the Zn®/WS; heterostructure with intimate and efficient
interfacial contact is beneficial to promote photo-generated charge transfer across the
heterojunction boundary as well as suppress the photo-generated electron-hole pair
recombination, which are consistent with the result from the EIS measurement. Consistently,
the ZnInSy/WS-40%wt composite shows the weakest PL emission intensity and smallest

diameter on EIS Nyquist plot, indicating the most efficient suppression of the charge
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recombination as well as the great separation of photo-generated charge carriers and

interfacial charge transportation under visible light irradiafiof.

Fig.6. a.) EIS Nyquist plots andb.) PL emission spectra of the Zp&/WS, composites in

comparison with ZnlsBa.

The band positions of the Znfy and WS photocatalysts were calculated by the
following equations; & = Ecs + By and ks = X - E - 0.5K, derived via the Mulliken
electronegativity theory, where/kis the valence band potentiakgHs the conduction band
potential, X is the absolute electronegativity of the semiconductor materials (4.82 eV for
Znln,S»** and 5.33 eV for W8P, E: is the free electrons estimated energy on the hydrogen
scale (4.50 eV?), and g is the ZnlnS; and WS band gap energie&ccording to the Evalues
(2.81 eV for ZnlnSs and 1.83V for WS) calculated from th&JV-visible DRS analysis (Fig.
3a), the \¢ and G of ZnlnS4 are 1.70 eV and -1.11 eV, respectively, and theand G of
WS, are 1.74 eV and -0.09 eV, respectively.

To confirm the ks and ks of Znln,Ss and WS, Mott-Schottky measurement was
carried out. As presented in Fig. 7, the slope of the Mott-Schottky plots ofS{r@dnd WS
electrodes are positive, indicating an n-type characteristic of botheSnémd WS. In

addition, by extrapolating the Mott-Schottky curves to the? HO, the flat band potentials
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(Er) of ZnikSs and WS are -1.22 V and -0.20 VW§. Ag/AgCl), respectively, which
correspond to -1.01 V and 0.01 VWs( NHE), respectively. Typically, & of an n-type
semiconductor isd.1 V more negative than its flat band poterfialTherefore, the € of
Znln,Ss and WSis -1.11 eV and -0.09 eV, respectively. Combining with the abgwalBes,

the B of ZnlnSs and WS are 1.70 eV and 1.74 eV, respectively. As summarized in Table 2,
the B and kg of ZninS4 and WS are in accordance with the Mulliken electronegativity

data.

Fig. 7. Mott-Schottky plots of the Znk$s and WS electrodes.

Table 2. The Be and Eg of Znln;Ss and WS calculated according to the Mulliken

electronegativity theory and Mott-Schottky measurement.

Mulliken EN theory Mott-Schottky plots
X (eV) EvwseV) Ece(eV)|Er(eV) Ewe (eV) Ece(eV)
ZnlnSye 2.81 4.82 1.70 -1.11 1.22 1.70 -1.11
WS, 1.83 5.33 1.74 -0.09 0.20 1.74 -0.09

Electrode | Eg (eV)

3.3. Photocatalytic activity of the ZnInSs/WSz2 composite for H production
The photocatalytic Hproduction activities of the ZniB4/WS, photocatalyst samples,
evaluated undddV-visible irradiation, in comparison with the Za8 and WS photocatalysts

are shown in FigBa Under the same experimental conditions, all ZBtWS, photocatalysts
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exhibit higher photocatalytic Horoduction rate than those of either Z:8n(145.3 pmol i

gl and WS (44.0 umol i gl) photocatalysts. With increased the WBading, the
photocatalytic H production activity increasemd reaches a maximum at 293.3 pmbigt

when 40%wt oMWS; is introduced. The improvement of the ptoduction rates two-times
higher than that of the Znd& photocatalystin addition, the apparent quantum yield (AQY)

of the ZnInS4/WS-40%wt photocatalyst reaches 9.22%, which is much higher than that of
pure ZninSs (3.73%). Moreover, the calculated AQY for the Z8WWS;-40%wt
photocatalyst exhibits much higher quantum vyield for ghoduction than the previously
reported literatures related to ZeB-based composite photocatalysts as summarized in Table
S1(see Supporting Information). These results demonstraté/tes an effectiveeo-catalyst

for improving the photocatalytic efficiency of the Zsfha photocatalystWhen the WS
content is above 4084, the photocatalytic activity is found gradually decrease. This may be
because the excedsS,; on the surface of Zni4 not only shields the active site of the Zs8n
photocatalyst but also blocks the incident light absorption of the composite photoatalyst.
From this result, finding the optimum ratios of Zs8n and WS in the composite would
promote a great separation of photo-generated charge carriers, resulting in an improvement in
the photocatalytic activityThe H production activity of the physical mixture of Za# and
40%wt of WS was also investigated for comparison. As presented in Figure 8a, the
ZnlnSy/WS-40%wt heterojunction photocatalyst exhibits obviously highguidduction rate
(293.3 pmol i gt) than those of pure Znd& (145.3 umol i g?) and physical mixture of
Znln,Sy and WS (101.3 pumol i/ g1), indicating that the enhanced photocatalytic activity of
the composite is originated by the efficient charges separation and transportation at the
chemically contact interface between Z8namd WS, corresponding to the EIS and PL

studies.
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On a basis of the characterization result3ype-Il band alignmeritof the ZnInS4/W$S;
heterojunction and a photo-generated charge transfer process are proposed in Fig. 8b. Under
UV-visible light irradiation, the ZnbW&/WS; photocatalyst is simultaneously excited,
generating electron-hole pairs. The photo-generated electrons transfer frogah&@nSs
to the G of WS due to the more positiveg@otential of WS (-0.09 eV) compared to that of
ZnlinoSs (-1.11 eV). The photo-generated holes can migrate the opposite way through the
heterojunction. Then, the accumulated electrons in thef@/S; reduce H ions to produce
H> gas since the £of WS is more negative than the hydrogen reduction potefiiidH, =
0.00 Vvs.NHE) 28 Moreover, the Hions in the solution can strongly bond to the sulfur atoms
on exposed WSedges, which is easily reduced te ¢hs by electrons At the same time
photo-generated holes react with the sacrifigiagientgS* and SQ?) for oxidation process

To evaluate recyclability of the Zni®/WS-40%wt photocatalyst for the photocatalytic
H> production, three sequential tests were carried out. As illustrated in Fig. 8c,»the H
production rate slightly decreases by about 5.7% after three-cycle tests, suggesting that the
photocatalyst substantially retains its photocatalytic activity foptaduction.Furthermore,
the photocatalytic EHproduction activities of the Zni84/WS, composite photocatalyst under
UV-visible irradiation (O> 385 nm) and visible light irradiationd> 400 nm) were also
investigated in comparison to the Zsthaas shown in Fig. 8d. As expected, either Z8iror
ZnlneSy/WS-40%wt photocatalysts appear to be more activédV -visible region than visible
region. In this work, under tHgV-visible and visible regions, thexkroduction rate over the
ZnlnpSy/WS-40%wt photocatalyst is twice as high in comparison to the pureZnihhis

confirms that the Znk®4/WS, composite actives in both UV and visible regions.
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Fig. 8. a.)Hz production rate of the ZniBs, WS and ZnInSy/WS; photocatalysts undéfV-
visible light irradiationp.) D 3WI\ Bdid D O L J Q andapWofo-generated charge transfer
in the ZnInS4/WS; heterojunctiong.) recyclability of the ZnlpSs/WS-40%wt photocatalyst
underUV-visible light irradiation during 3 h, amdl) H> production rate of the Zni84/WS,-
40%wt photocatalyst underV-visible and visible regions using 385 nm and 400 nm filter cut-

off, respectively, in comparison with the Zp$ photocatalyst.

3.4. Photocatalytic activity of the ZnInSs/WS2 composite for Cr(VI) reduction

The photocatalytic Cr(VI) reduction activities of the Zi8n WS and ZnInSJ/WS,-
40%wt are illustrated in Fig9a The blank experiment without the Zp%, WS and
ZnlnSy/WS-40%wt photocatalysts shows no apparent photocatalytic activity, suggesting that
Cr(VI) is highly stable during photolytic reactioAfter stirring in the dark condition for 30

min, pure ZninSs shows higher adsorption capacity than 281(WS-40%wt and pure WS,
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respectively, corresponding to the BET surface area analysis (46, 39 andgifernpure
ZnlnpSs, ZnlnpSy/WS-40%wt and pure WS respectively). The ZnInSa/WS,-40%wt
composite exhibits higher photoreduction efficiency than those single materials under the same
irradiation times. The photoreduction efficiency of the Z281AWS,-40%wt, ZnInSs and WS

are 93.6%, 78.4% and 4.2%, respectively, after 120 min of the light irradiation. The reaction
kinetics is consistent with a pseudo-first-order model, which is suitable for a low concentration
of solution, and obtained by the following equation; K} = kt, wherek is the Cr(VI)
reduction rate constant and t is the irradiation time. As shown in Fig. 9b, the determined rate
constantk) of the ZnlnSy/WS,-40%wt, ZnInSs and WS are 2.1x16, 1.0x10% and 0.02x10

3 min’, respectivelywith good linear correlation coefficient®(> 0.97) The rate constant for

the Cr(VI) reduction of the Znh®/WS-40%wt exhibits two times higher than that of the
ZnlnxS4, corresponding with the photocatalytie production resultsEven though the BET
surface area of the Znl&/WS-40%wt composite slightly decreases when compared to pure
ZnlnxS4, the composite exhibits the higli@hotocatalytic efficiency. This demonstrates that,

in this case, surface area does not significantly affect the photocatalytic activity of the
Znln:SY/WS; photocatalyst.

In addition, the Cr(VI) photoreduction of the physical mixture of Z8irand WS was
tested. As shown in Fig. 9a and 9b, the ZBIIWS-40%wt composite photocatalyst exhibits
enhanced efficiency in comparison to the physical mixture (44.4% withvthkeie of 0.4x10
2minY). In addition, the apparent quantum yield (AQY) of the ZBIIWS,-40%wt composite
was calculated to be 5.89% which is about 1.2 times higher than that eSZ(1v24) and
was close to the previously reported literature related to&plmased composite photocatalyst
as presented in Table S2 (see Supporting Informatibimese results illustrated that the
combination between Znd8s and WS is a promising approach to improve the photocatalytic

activity of ZnlnpSa.
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The effect of pH value of the Cr(VI) solution on the photoreduction efficiency of the
ZnlnSy/WS-40%wt photocatalyst was also investigated by varying the pH value in range of
4 to 8 with the constant photocatalyst dosage and initial Cr(VI) concentration (Fig. 9c). When
the pH values decreased from 6 (initial pH) to 4, the photoreduction activity is increased from
93.6 to 98.5% with thk value of 3.3x13 min? (Fig. 9d). However, in the basic solution (pH
= 8), the photoreduction efficiency is decreased to 9.3% witkthkie of 1.1x1G min. This
is probablybecause, during the Cr(VI) reduction, Cr(Qiyoduced from Crg3 ion (Equation
(6)) coats on the active surface of the photocatalyst, lowering the Cr(VI) reduction &gtivity.
60 In addition, Cr@?* in the basic solution is not easier to be reduced theg®,€and HCrQr
in acidic solution due to a lower reduction potential of £vOr** (-0.13 Vvs.NHE) than that
of Cr,O*/Cr** (1.23 Vvs.NHE) and HCr@/Cr®* (1.35 Vvs.NHE)# Furthermore, according
to the Le Chatelier's princigle the increase in the concentration of hydroxide {Q¢hs or
decrease in the concentration of protons)(kesults in a slower reach of the chemical
equilibrium (Equation (6)), suggesting that Cr(VI) ion is effectively reduced to Cr(lll) ion in
the acidic solution rather than the basic solution.

UV-vis absorption spectral change of the Cr(VI) solution during the photoreduction
reaction in the presence of the Z#8aWS,-40%wt photocatalyst at pH = 4 (Fig. 9e) illustrate
that the absorption peak intensity of Cr(VI) at 532 nm gradually decrease with increasing
irradiation time and the Cr(VI) photoreductionaimmost completed when the irradiation is
continued up to 120 min. To confirm an occurrence of Cr(lll) ions after photocatalysis, the
NaOH solution was added into the Cr(VI) solutions before and after 120 min of light
irradiation. A pale gray precipitate of Cr(OHjnmediately took place for the solution after
the light irradiatior?? These results evidently indicate that Cr(VI) ion has been completely

reduced to Cr(lll) ion.
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Fig. 9. a.) Photoreduction efficiency anfl.) pseudo-first-order kinetics of the Cr(VI)
photoreduction at pH 6 (the initial pH of the solutiam).Effect of pH of the solution andl)
pseudo-first-order kinetics of the Cr (VI) photoreductier).(left) UV-vis absorption spectra
change of the Cr(VI) solution during the photoreduction reaction in the presence of the

ZnlneSy/WS-40%wt photocatalyst at pH = 4 and (right) the change that took place when
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NaOH solution was added to the Cr(VI) solutions before and after visible light irradiation for

120 min.

The recyclability of the Zni#&s/WS-40%wt photocatalyst for the photoreduction of
Cr(VI) reaction was investigated by a three-run cycle test at pH of the solution of 4. The result
(Fig. 109 shows an insignificantly decreased efficiency by about 5.4% after three cycles. This
result indicates that the ZnB/WS-40%wt photocatalyst provides a good recyclability for
the Cr(VI) photoreduction. Notably that the slightly decreased efficiencies for the Cr(VI)
photoreduction and +Horoduction are probably because the loss of the photocatalyst during the
recovery processXRD spectra and SEM images of the Z81#WS-40%wt photocatalyst
after three-cycle test were analyzed to evaluate its photostability for the photocatalytic H
production and Cr(VI) photoreduction. The XRD speckig 10b of the fresh photocatalyst,
and the used photocatalyst reveal that the diffraction reflections are itiesignificant
changed after the photocatalytic recycling addition, the FESEM images show that the
morphologies of ZnlgBs and WS in the ZnInSs/WS;-40%wt composite photocatalyst remain
unchanged (FiglOc-10d) These results imply that the Za8/WS,-40%wt photocatalyst is
reusable and stable under the reaction conditions

A possible mechanism for the photocatalytic Cr(VI) reduction process is illustrated in
Fig. 10e. Since the g£Lof WS (-0.09 eV) is more negative than the reduction potential of
Cr(VI)/Cr(Ill) (1.33 V vs.NHE)®3, the photo-generated electrons can reduce the Cr(VI) ion to
Cr(1ll) ion. Simultaneously, the ¥ can be oxidized to by the photo-generated holes since
the reduction potential of #H>0 (1.23 Vvs. NHE) is less positive than thes\bf ZnlnpSs
(1.70 eV)%* The reaction steps are also provided as follows

ZninSYWS; + h (visible) £ZninSs ece hve + WS ece hve (1)

ZninSs ece hve + WS ecs hve  AEZnIkSs hve + WS ecs)  (2)
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2H.0 + ZnIinSs 4hvg  AEO; + 4H° (3)
under acidic condition,

Cro07 + 14H + WS, 6ecs) A2CP" + 7THO (4)

HCrOs + 7H" + WS 3ecs) ACr* + 4H,0 (5)
under basic condition,

CrQs* + 4H,0 +WS; 3ecg) ACr(OH) + 50H (6)

Based on the photocatalytic experimental results; #¢8% as an efficient co-catalyst in
the ZnInS4/WS, system. More importantly, the intimate interface between&aland WS
facilitates the photo-generated charge carriers transfer betweesSZahd WS through
heterojunction between the surface interaction, which is an vital factor for improving the
photocatalytic activity of the Zn/WS, composite for the Cr(VI) reduction and2H

production.
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Fig. 10. a.)Recyclability of the ZnlpSs/WS-40%wt photocatalyst performed at pHB!)
XRD patterns and.)-d.) FESEM images of the used ZpB¥WS-40%wt photocatalysts after
three-cycle tesk.) a proposed mechanism of the Cr(VI) photoreduction by the;2dW S,-

40%wt photocatalyst under visible light irradiation.

Conclusions
ZnlineSy/WS; composites with well-defined flower-like ZnB microspheres were

successfully synthesized by microwave synthesis method using L-cysteine as the sulfur source
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and applied for photocatalyticoHbroductionand Cr(VI1) photoreduction. The loading amount

of WS, played an important role on the photocatalytipkbduction activity under UV-visible

light irradiation. The ZnlsS/WS-40%wt photocatalyst exhibited the highestpioduction

rate. In addition, this composite photocatalyst also exhibited excellent photocatalytic Cr(V1)
reduction activity under visible light irradiation where the photoreduction efficiency of the
composite photocatalyst was better for the acidic solutions (pH 4 and 6) than that for the basic
solution (pH 8). Moreover, the Zni8/WS, photocatalyst show excellent recyclability with
minimal loss of the photoactivity on uaed good stability during the photocatalytic processes.
The enhanced photocatalytic performance of the 2BaWS, photocatalyst was ascribed to

the efficient separation and transportation of the photo-generated eliaciepairs through

WKH 3W\SH KHWHURMXQFW L R 5/W3Mompisite AQWeIHAS itBeF H L Q
increase in the visible-light response. The results of this work demonstrated that the synthesized
ZnlneSY/WS; composite is a promising photocatalyst for the applications in photocatadytic H
production and heavy metal ion pollutants elimination. Besides that, the microwave synthesis
method ishe potentially useful method for preparing of either the single-componerniS{nin

or the ZnInS4/WS,; composite material as well as other composite materials.
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