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Abstract: A Cu* and Ga®* co-doped ZnIn,S, photocatalyst (Zn(j_2,)(CuGa)xIn,S4) with controlled
band gap was prepared via a simple one-step solvothermal method. Zn(;_5,)(CuGa)xIn,Sy
acted as an efficient photocatalyst for H, evolution under visible light irradiation (A > 420 nm;
4500 uW/cm?). The effects of the (Cu and Ga)/Zn molar ratios of Zn(1-2x)(CuGa)xInyS4 on the
crystal structure (hexagonal structure), morphology (microsphere-like flower), optical property
(light harvesting activity and charge hole separation ability), and photocatalytic activity have been
investigated in detail. The maximum H; evolution rate (1650 pmol-h_l-g_l) was achieved over
Zng g4(CuGa)g 131,54, showing a 3.3 times higher rate than that of untreated ZnIn,S,. The bandgap
energy of Zn(j_s)(CuGa)xIn,S4 decreased from 2.67 to 1.90 eV as the amount of doping Cu* and
Ga3* increased.

Keywords: photocatalytic hydrogen generation; copper; gallium; Znln,S,

1. Introduction

Global energy shortage and the environmental pollution associated with burning fossil fuels have
stimulated people’s interest in clean and sustainable energy. Photocatalytic hydrogen evolution through
water splitting and photocatalytic CO, reduction on semiconductor photocatalysts, are of interest
due to their intriguing application to converting solar energy to chemical energy [1-6]. Among the
two processes, the photocatalytic hydrogen production plays an important role, producing hydrogen
for society. Sunlight contains ultraviolet light, visible light, and infrared light, and it is ideal to use
all the wavelengths when using sunlight. It is known that the wavelength ranges of light in which
the photocatalyst reacts are caused by the size of the band gap of the photocatalyst [7-9]. Metal
sulfides have a relatively negative valence band (VB) edge and a narrower band gap derived from
sulfide ions than metal oxides. Therefore, photocatalytic activity can be exhibited even with long
wavelength light [10-12]. The addition of foreign elements, which is one of the ways to change these
factors, greatly affects the characteristics of the catalyst. Specific requirements to improve the activity
of the photocatalytic material include efficient light absorption, effective separation of photogenerated
charge carriers, and better efficiency to the interface for direct release of hydrogen and/or oxygen from
water [13-15]. In efficient light absorption, the size of the band gap formed by the conduction band
(CB) and the valence band of the semiconductor’s photocatalyst is the most important issue [16-18].
In regard to the effective separation of photogenerated charge carriers, many elements, such as
defects in the crystal structure and band structure, are involved in a complex manner [19-21]. Sulfide
photocatalysts are advantageous for visible light driven photocatalysts because they have narrow band
gaps and negative valence bands, due to the S electron orbital, than oxide-based photocatalysts [22-24].
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ZnIn,S4 has been reported to have a suitable band gap corresponding to the visible-light absorption
region, high photocatalytic activity, and considerable chemical stability for photocatalytic H, evolution.
However, bare ZnIn,S, can show inferior performance for photocatalytic hydrogen evolution due to
the short lifetime of the photo-induced carriers, and is expected to be further improved for the visible
light response [25-27]. In recent years, there have been various studies for improving the photocatalytic
activity of ZnIn,S, [28,29]. Cu species, such as Cu* and Cu?*, affected the valence band of ZnIn,S,
and constituted an advantageous band structure for photocatalysts [30-32]. It has been found that Ga
doping into TiO, produces an oxygen vacancy and an incomplete level conduction band, and electron
traps enhance the separation of photogenerated electron-hole pairs [33-35]. Additionally, since Zn*
(88 pm), Cu* (91 pm), and Ga3* (76 pm) have relatively similar radii, it is not difficult to replace the
Zn?* part of ZnIn,S; with Cu* and Ga®*. Since the solid solution changes structural, mechanical,
optical, and physical properties more dramatically than simple phase mixtures, the properties can be
controlled [36]. Ga doping into ZnGa,S4 improved the photocatalytic activity [37]. Since ZnIn,S, and
ZnGa;yS, have a similar chalcopyrite structure, the insertion of Ga into ZnIn,S4 was hypothesized to
improve the photocatalytic activity. Therefore, it is reasonable to think that doping Ga into ZnIn,Sy
improves the hydrogen generation activity. There are a few reports that ZnIn,S, is co-doped Cu* and
Ga3*. In this study, we investigated photocatalytic activity, optical properties, and surface morphology
of ZnIn,S, simultaneously co-doped with Ga3* and Cu*.

2. Materials and Methods

2.1. Preparation of Photocatalysts

All chemicals were analytical grade and used as received without further purification.
Zn(_25)(CuGa)xIn,S; compounds were prepared by a simple hydrothermal method. In total,
3.76 mmol of cetyltrimethylammonium bromide (CTAB) (Wako Pure Chemical Industries, Ltd.,
Japan), a stoichiometric ratio of ZnSO4-7H,O (Nacalai Tesque, Inc., Japan), InCl; 4H,0, CuCl (1),
gallium chloride (III), and the excess of thioacetamide (TAA) (Wako Pure Chemical Industries, Ltd.,
Japan) were dissolved in 50 mL of distilled water. The starting chemical regents are shown in Table S1.
In order to keep Cu monovalent, nitrogen was purged for 10 min to remove dissolved oxygen.
The mixed solution was then transferred into a 100 mL Teflon autoclave. The autoclave was sealed and
kept at 160 °C for 1 h and cooled to room temperature naturally. After cooling, the product was dried
in a vacuum at 40 °C for 4 h and was ground for 30 min. ZnIn,S4 (no doped), Zng g7Cug13In253 935
(only Cu* doped), and Zng s7Gag 13In254 05 (only Ga3+ doped) were also prepared by the same method
as the reference material. The prepared photocatalysts are shown in the Table S2.

2.2. Characterization of Samples

X-ray powder diffraction (XRD) measurements were performed using a Rigaku RINT Ultima-IV
diffractometer. That was carried out using Cu radiation at a scan rate of 0.04°/s in a scan range of 10-80°.
X-ray photoelectron spectroscopy (XPS) measurements were carried out with a PHI Quantera SXM
photoelectron spectrometer using Al K radiation. To compensate for surface charges effects, binding
energies were calibrated using the Cl1s peak at 284 eV as the reference. Scanning electron microscope
(SEM) observations were performed using a Hitachi S-4000 SEM. The transmission electron microscopy
(TEM) images were taken on JEOL product JEM1011. The nitrogen adsorption and desorption isotherm
and the Brunaure Emmett Teller (BET) specific surface area were measured from BELSORP minill
(MicrotracBEL Corp). The UV-vis diffuse reflectance spectra (DRS) of the photocatalysts were recorded
using a Shimadzu UV-2450 spectrophotometer equipped with an integral sphere assembly, using BaSO4
as a reflectance standard. Photoluminescence (PL) spectra were obtained at an excitation wavelength
of 350 nm using a Shimadzu RF-5300PC spectrofluorophotometer. The band gap was calculated from
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Equation (1). In addition, valence bands and conduction bands were calculated from XPS results and
band gap values.
ohv = A(hv — Eg)" 1)

where h, «, v, A, and Eg represent Planck’s constant, optical absorption coefficient, photon frequency,
a constant, and the photonic energy band gap; and n = 1/2 for a direct band gap semiconductor.

2.3. Photocatalytic Hydrogen Generation

The side-irradiation-type pyrex batch reactor (inner volume: 123 mL) was used for the
photocatalytic production of hydrogen from aqueous sulfide solution. A 300 W Xe lamp was
used as the light source, and the UV part of the light was removed by a cutoff filter (1 > 420 nm).
In all experiments, 40 mL of solutiom (pH12) containing 40 mg of catalyst, 0.01 ug Pt/mL of H,PtCl,,
and 0.25 M Na»505/0.35 M Na,S mixed sacrificial agent was added into the reaction cell. The light
source was a 4000-4500 ptW/cm? Xe-lamp, used for 6 h with a cut-off filter (A > 420 nm). Nitrogen
purged through the system for 30 min before the reaction to remove oxygen. The concentrations of
H, were measured with a gas chromatograph (GC). The injection, column, and detector in the GC
were 50 °C. A thermal conductivity detector (TCD) was used as the detector. The hydrogen generation
experimental conditions are shown in Table 1. In the experiment on the stability of the photocatalyst,
one cycle of photocatalytic hydrogen generation was 6 h, and 4 cycles were performed under the same
conditions. At the end of each cycle, a nitrogen purge was performed in the reaction vessel to remove
residual hydrogen.

Table 1. Hydrogen generation experimental conditions.

Zn;_p,(CuGa)xIn,Sy_; 5, (x = 0,0.07, 0.10, 0.13, 0.16, 0.19)

Photocatalyst Zno.87Cug.13In253.935, Zno.87Gag.13In254.065
Cocatalyst H,PtClg (1.0 wt%)
Medium 0.25 M Na;S03/0.35 M NayS 40 mL, (pH 12)
Reactor Pyrex glass vessel (volume: 123 mL)
Temperature Room Temperature (25 °C)
Light source Xenon lamp (A 2 420 nm, 4500 W/cm?)
Irradiation time 6h
Analysis Gas chromatography (TCD)

3. Results and Discussion

3.1. Structural Characterization

The XRD patterns of Zn_»,)(CuGa)xIn,S, are shown in Figure 1. The XRD pattern of ZnIn,S,
could be indexed as the hexagonal structure (JCPDS number 65-2023). The four diffraction peaks at
around 20.8°, 27.5°,47.2°, and 55.9° could be assigned to the (006), (101), and (110) and (202) planes,
respectively [38,39]. The XRD patterns of other composition ratio of Zn;_,)(CuGa)xInySy also showed
the similar results. This XRD patterns were in agreement with those reported in previous studies, which
revealed it that Zn(;_»,)(CuGa)xIn,S, is a hexagonal structure and contained almost no impurities of
ZnS. The reason for the fact that that the Cu and Ga derived peaks were not observed could be due to
the very low doping amount. In addition, with respect to the peak of the (006) plane, a slight shift
toward the high angle was observed when doping with Cu and Ga. This means it that the interplanar
spacing is reduced by doping, suggesting that Cu and Ga may be incorporated into the crystal structure
of ZnIn,S4 and exist as a solid solution. The shift of the peak was observed between x = 0 and 0.13 in
the doping amount, and a further shift was not observed when x = 0.16 and 0.19. This result indicates
that beyond x = 0.13, it was not incorporated into the crystal structure of ZnIn,S.
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Figure 1. XRD patterns of Zng_p(CuGa)xInySy. (a) x = 0, (b) x = 0.07, (c) x = 0.10, (d) x = 0.13,
(e) x =0.16, and (f) x = 0.19.

The results of XPS measurement for further structural analysis of photocatalysts are shown in
Figure S1. The elemental ratios determined from the XPS spectrum are shown in the Table S3. A series
of XPS survey spectra matched the reference material ZnIn,Sy. This indicates that the impurities are
not present, regardless of the doping amounts of Cu and Ga. Furthermore, from the result of elemental
ratio analysis of XPS, it was able to be confirmed that the elemental ratio of the prepared catalysts was
substantially in agreement with the theoretical ratio. Typical narrow spectra of Zn(j_2,)(CuGa)xInyS4
are shown in Figure 2. In the XPS spectrum of Zn 2p, two peaks located at Zn 2ps, (1020.4 eV)
and Zn 2pq; (1043.6 eV) were observed. Binding energies of 443.7 (In 3ds5/) and 451.0 eV (In 3d3))
were observed in the XPS spectrum of In 3d. The peaks of S 2p were at 161.3 (S 2p3») and 162.6 eV
(S 2py/2) [40,41]. In addition, since the peak position of Cu 2p3, was observed only at 932 eV, and Cu
2p3); satellite peak derived from Cu?* was not present at 942 eV, it can be seen that Cu was doped in a
monovalent state [42,43]. The Ga 2py/, and Ga 2p3), peaks derived from Ga3®* were located at around
1144 eV and 1117 eV, respectively [44]. These results of XRD and XPS show that the basic structure of
Zn(1-25)(CuGa)xIn,S, is hexagonal ZnIn,S,, co-doped with Cu* and Ga3*.
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Figure 2. XPS narrow and survey spectra of Zng 4(CuGa)g 19InpSy. (a) survey, (b) Zn, (c) In, (d) Cu,
(e) Ga, and (f) S.

3.2. Morphological Analysis

In order to investigate the influence of Cu and Ga doping on the characteristic surface morphology
of Zn(1_2,)(CuGa)xIn,S,, SEM images of the prepared photocatalysts were observed. The results are
shown in Figure 3. In pure ZnIn,S4, a microsphere-structure-like flower formed by overlapping of
nanosheets was observed [45]. Co-doped with Ga and Cu, the spherical structure was destroyed, and
the destruction was promoted as the doping amount increased. The nanosheet structure also collapsed
and aggregated as the doping amount of Ga and Cu increased. The shapes of pure ZnIn;S; and
Zng ¢2(CuGa)g 19In,Sy were very different. Cu™, Ga®*, and ZnIn,S, are not composites; solid solutions
may have been formed.
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Figure 3. SEM images of Zn(_5,)(CuGa)xInySy. (a) x = 0, (b) x = 0.07, (c) x = 0.10, (d) x = 0.13,
(e) x =0.16, and (f) x = 0.19.

The nitrogen adsorption and desorption isotherm and BET specific surface area are shown in
Figure S2 and Table S4, respectively. According to the results, co Cut and Ga3* doping increased the
specific surface area. The specific surface area of Zn 74(CuGa)g 13InyS4 was six times larger than that
of ZnIn,S,. This result could be related to the surface morphology observed by SEM.

3.3. Optical Analysis

Figure 4 shows the relationship between the doping amount of Cu and Ga to ZnIn;S, and the
absorption wavelength region of light using the UV-visible diffuse reflectance spectrum. Figure S3
shows the fitting curve of (ochv)Y™ versus hv, for various Zn(1-2x)(CuGa)xInyS4 photocatalysts; the
curve was best fitted when n = %, meaning that Zn;_5,)(CuGa)xIn,S4 photocatalysts have a direct
band gap transition. As shown in the literature, the absorption edge of pure ZnIn,S; was 480 nm,
and the size of the band gap was 2.67 eV. For Zn(;_5)(CuGa)xInySy, as the doping amount was
increased, the absorption edge of photocatalyst was red-shifted, because the 3d orbital derived from
Cu* affects the valence band edge of ZnIn,S,, and the 4s orbital from Ga>* influences the conduction
band edge for ZnIn,S4. The absorption edge reached about 700 nm when the doping amount was
x = 0.13, but a further increase in the doping amount (x = 0.16 and 0.19) had scarcely any influence
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on the absorption edge. The results could be explained by the same doping amount over x = 0.13.
Additionally, the band gap of Zn_5,)(CuGa)xIn,S, similarly decreased as the doping amount of Cu*
and Ga®* increased. In addition, to evaluate the band structure, the valence band edge measurements
for ZnIn,S, and Zng 74(CuGa)g 13In,S4 were performed by XPS. From Figure S4, the valence band edge
of Zng 74(CuGa)p 13154 is visibly 0.7 V lower than that of ZnIn;S,.
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Figure 4. UV-visible spectra of Zn(j _2,)(CuGa)xIn,S;.

We investigated the photoluminescence spectra in order to investigate the electron-hole pair
separation efficiency due to the doping of Cu and Ga, and the results are shown in the Figure 5.
Luminescence in ultraviolet and visible regions was observed in the photoluminescence spectrum.
In general, ultraviolet emission is associated with exciton transition and recombination from the
conduction band level to the valence band, and visible light emission is mainly associated with intrinsic
or extrinsic defects in the catalyst. Both peaks in the spectrum were lowered by increasing the Cu™ and
Ga®* doping. This may be due to the reduction of the recombination rate between the photogenerated
holes and the electrons photogenerated in the valence band being trapped in the oxygen vacancies
generated in the photocatalyst by doping.
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Figure 5. Photoluminescence spectra for Zn(j_»,)(CuGa)xIn,S, excitation: 350 nm.

3.4. Photocatalytic Activity

A hydrogen generation was conducted using the photocatalyst Zn;_»,)(CuGa)xInySy. ZnIn,Sy,
Zng g7Cug 13In,53 935, and Zng g7Gag 13In,54 065 Were used as comparative objects. All catalysts were
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loaded with 1 wt% Pt as a cocatalyst. The results are shown in Figure S5. The photocatalyst mono-doped
with Ga or Cu showed higher hydrogen generation activity than pure Znln,S4. Furthermore,
the photocatalyst co-doped with Cu and Ga showed the highest hydrogen generation activity.
The optimum doping amounts of Cu and Ga were investigated, as shown in Figure 6.
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Figure 6. Photocatalytic hydrogen production rate with Znj_»,)(CuGa)xIn,Sy.

The hydrogen generation increased when the doping amount of Cu and Ga was from x = 0 to
0.13. The largest H, production rate was obtained with Zn;_5,)(CuGa)xInyS4 (x = 0.13), and it was
3.3 times better than that of ZnIn,S,. However, the amount of hydrogen decreased from x = 0.16 to
0.19. The reason for the photocatalytic activity from increase to decrease may be due to the shielding
by Cu and Ga. The dependence of photocatalytic H, generation on doping levels has been reported
by other studies [31,37]. In the stability test of the photocatalyst in Figure 7, The decrease in the
amount of hydrogen production could not be observed in four cycles. A slight change in the amount
of hydrogen produced in the 3rd and 4th cycles may have been due to the deterioration of the
sacrificial agent. The TEM images before and after the hydrogen generation of Zn _»,)(CuGa)xIn;S4
photocatalyst are shown in the Figure S6. Only after hydrogen generation, a 34 nm spot was observed
on the sample surface. The spot deposition was Pt, which was produced by the reduction during the
hydrogen production.
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Figure 7. Cycling runs of Zng 74(CuGa)g 13In,S;.
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3.5. Proposed Hydrogenation Mechanism

The reaction mechanism is shown in Scheme 1. Irradiation of light having a wavelength
corresponding to the band gap energy of the Zn;_»,)(CuGa)xInyS, photocatalyst excites electrons in
the valence band of Zn;_5,)(CuGa)xInySy to the conduction band, in order to produce an electron hole
pair (Equation (2)). The band gap in the case of Cu™ and Ga>* co-doping was narrowed by forming
impurity levels derived from the Cu 3d and Ga 4s orbitals on the negative side of the valence band
and the positive side of the conduction band of Znln,Sy, respectively. The tuned band gap promotes
charge separation of the photocatalyst and improves the visible light response. In Equation (3), some of
electrons excited in the conduction band of Znj _»,)(CuGa)xIn,S4 are consumed for the photodeposition
of Pt. The hydrogen was produced from H,O and electrons which were transferred from conduction
band of Zn(;_5,)(CuGa)xIn,S, to Pt metal (Equation (4)). On the other hand, with regard to holes, sulfite
ions and sulfide ions consume the holes and promote a hydrogen generation reaction. The presence of
Na,S is very important for enhancing the photocatalytic activity; on the other hand, Na,S stabilizes
the surface of the metal sulfide by suppressing the formation of surface defects as a scavenger of
holes. However, when the concentration of NayS is high, the pH becomes high. High pH values
are thermodynamically disadvantageous in the reaction represented by Equation (4). As described
in the Equations (5)—(7), SO32~ and S>~ consume holes, and promote hydrogen generation reaction.
According to Equation (6), S,%~ ions are generated and act as an optical filter. If 5,2 is not consumed,
it interferes with light absorption. As shown in Equation (8), the reaction between S,>~ and SO3%"
forms S,0327, is colorless and does not compete with light absorption.

Photocatalyst + hv — e~ + h* )
Pt + 2e g — Pt (3)

2H,0 + 2e”cp — Hy + 20H™ (4)
SO532~ + HyO + 2h*yg — SO4%~ + 2H* (5)
282 4+ 2h*yg — > (6)

SO52™ + 8%~ + 2htyp — $,052” 7)
$,% + 5037 — $,03% + S~ 8)

Effect of Ga3*

Zn(-59(CuGa),In,S,

Scheme 1. H; production mechanism.
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4. Conclusions

The novel Zn_5,)(CuGa)xIn,S4 photocatalyst, in which ZnIn,S, is co-doped with Cu* and Ga%+
was prepared by a simple one-pot solvothermal method. The amount of doping with Cu* and/or Ga3*
into ZnIn,S, has effects on the crystal structures, morphologies, optical properties, and photocatalytic
activities of the obtained Zn(;_y)(CuGa)xIn,S, photocatalysts. From the SEM image, doping Cu™ and
Ga>* breaks microsphere-like flowers. That is due to the insertion of Cu* and Ga®* into Zn?* parts of
ZnInyS,. A shifted XRD pattern showed that Zn(;_,)(CuGa)xIn,S, has a high probability for a solid
solution of having a hexagonal ZnIn,S, as its basic structure. XPS spectra suggests the presence of
Cu* and Ga®* in Zn(1-2x)(CuGa)xInyS4. DRS and PL results show that the control of the band gap
and suppression of electron-hole recombination were confirmed by doping ZnIn,S,; with Cu* and
Ga®*. In addition, the doping of Cu™ and Ga®* improved the photocatalytic activity. The optimum
doping amount was Zn: (CuGa) = 0.74:0.13. The hydrogen generation rate by Zn;_,(CuGa)xInyS4
at the optimum doping amount was 1650 umol-g~!-h~!, which was 3.3 times higher than that of
ZnIn,S, (500umol-g~-h~1). Furthermore, this photocatalyst showed good stability during 24 h of
hydrogen generation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-7084/3/4/79/s1:
Table S1: Starting material for the preparation of photocatalyst; Table S2: Expected composite components of
photocatalyst (molar ratio); Table S3: Elemental ratios of Zn(j _2,)(CuGa)xInySy from XPS result; Table S4: Surface
area of photocatalysts; Figure S1: XPS survey spectra of Zn(j _2,)(CuGa)xIn,Sy; Figure S2: Adsorption/desorption
Isotherm of Zn(1_5) (CuGa)xIn,Sy; Figure S3: Tauc plots of Zn(1_,) (CuGa)xInySy; Figure S4: Valence-band edge XPS
spectra of (a) ZnlInySy, (b) Zng 74(CuGa)g 13In,S4. Figure S5: Photocatalytic hydrogen production with (a) ZnlnySy
(rhombus), (b) Zn0,87Ga0,13In284.065 (CI‘OSS), (C) Zn0'87CU_0'13II‘1253.935 (triangle), and (d) Zn0.74(CuGa)0'13In254
(square). Pt doping: 1.0 wt%. Figure S6: TEM images of Zng 74(CuGa)g 13In;Sy.
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