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Abstract
Herein, in order to achieve visible light responsive ability and efficient photogenerated electron–hole pairs separation 
 Zn(1−2x)CuxIn2S(4−1.5x) photocatalysts were fabricated through a simple one-step solvothermal method. The effects of the 
Cu/Zn molar ratios on the crystal structure, morphology, optical property, as well as photocatalytic activity have been 
investigated in detail. In addition, the stability of the photocatalysts and apparent quantum yield were measured. The 
band gap became wider due to the decrease in Cu doping and Zn. The band gap of  Zn(1−2x)CuxIn2S(4−1.5x) (x = 0 ~ 0.20) 
decreased from 2.67 to 1.76 eV with the increase in x value. When Pt was used as a co-catalyst,  H2 evolution rates up to 
2400 μmol g−1 h−1 were achieved over  Zn0.74Cu0.13In2S3.805. Furthermore, when PdS was used as a co-catalyst, the hydro-
gen generation rates were improved with up to 3600 μmol g−1 h−1 by optimizing the  Zn(1−2x)CuxIn2S(4−1.5x). The apparent 
quantum yield achieved 16% at 420 nm, 9.4% at 500 nm and 9.1% at 600 nm when x = 0.20. The improved visible light 
photocatalytic performance is considered to be due to the manipulation of the band structure and efficient photogen-
erated charge separation due to the effects of Cu doping and composition ratio.
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1 Introduction

Metal sulfide photocatalysts compared to the metal oxide 
photocatalysts have a advantageous band structure for 
photocatalytic hydrogen evolution under visible light [1–6]. 
Among the various metal sulfide photocatalysts, the ter-
nary metal chalcogenide  ZnIn2S4 may be superior to other 
sulfides due to low toxicity, good absorption of visible light 
and stability during photocatalysis [7–10]. However, pure 
 ZnIn2S4 has limited enhancement of photocatalytic hydro-
gen production under visible light due to high recombina-
tion rate of photogenerated electron–hole pairs and opti-
cal absorption range of about λ < 500 nm [11, 12]. In order 
to solve these drawbacks and enhance the photocatalytic 

hydrogen production ability, heterojunction strategies 
between various materials and  ZnIn2S4 and metal doping to 
 ZnIn2S4 were investigated. [13–17]. Yang and co-researchers 
have reported Cu and Ga co-doped  ZnIn2S4 for enhanced 
photocatalytic hydrogen generation activity [17].  CuInS2 
is a ternary chalcogenide semiconductor with a band gap 
and high absorption coefficient that is well matched to the 
AM0 or AM1.5 solar spectrum. Therefore, combination with 
 CuInS2 and  ZnIn2S4 was investigated and a high hydrogen 
generation capacity was revealed [18–20]. In particular, 
the lattice between  CuInS2 and  ZnIn2S4 is better matched 
by similar sulfides compared to other coupled photocata-
lysts [21]. Indium sulfide  (In2S3) is expected as candidate 
for optoelectronic and photovoltaic materials because of 
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its low toxicity, high carrier mobility and stability in pho-
tocatalytic reactions [22, 23]. Song et al. showed improved 
hydrogen-producing activity of  ZnIn2S4/In2S3 prepared by 
CTAB-assisted hydrothermal method with excess indium 
and found optimum content of indium [23]. It is generally 
reported that an excess or deficiency of the doping amount 
is disadvantageous to the photocatalytic activity [13, 14, 
17]. Therefore, investigation of the optimal doping amount 
is necessary for further improvement of photocatalytic activ-
ity. In this study, adjustment of the composition ratio and 
co-catalyst was investigated to further improve the photo-
catalytic activity of a series of  Zn(1−2x)CuxIn2S(4−1.5x) (x = 0, 0.03, 
0.06, 0.10, 0.13, 0.20) photocatalysts doped with different 
amounts of Cu and excess In.

2  Experiment

2.1  Preparation of photocatalysts

In this experiment, all chemicals were of analytical purity and 
used without further purification. The  Zn(1−2x)CuxIn2S(4−1.5x) 
(x = 0, 0.01, 0.03, 0.06, 0.10, 0.13, 0.20) photocatalysts were 
prepared by previous reported CTAB-assisted one-step 
hydrothermal method [24]. Cetyltrimethylammonium bro-
mide (CTAB, 3.76 mmol) (Wako Pure Chemical Industries, 
Osaka, Japan), stoichiometric moles of  ZnSO4  7H2O (Nacalai 
Tesque, Kyoto, Japan),  InCl3·4H2O, CuCl (I) and excess thio-
acetamide (TAA, 8.00 mmol) (Wako Pure Chemical Industries, 
Ltd., Osaka, Japan) were dissolved in 50 mL of distilled water 
under stirring. Then, to remove dissolved oxygen and keep 
the added Cu monovalent, the mixture solution was purged 
with nitrogen for 10 min. The mixture was added into a 
100 mL Teflon autoclave. The autoclave was sealed and held 
at 160 °C for 1 h and naturally cooled to room temperature. 
After cooling, the products were washed with ethanol and 
distilled water few times, respectively, then vacuum-dried at 
40 °C for 4 h and ground for 30 min.  ZnIn2S4 was prepared in 
the same method as the reference material.

2.2  Characterization of samples

Crystalline phases of the photocatalysts were decided from 
X-ray diffraction (XRD) patterns measured a Rigaku RINT 
Ultima-IV diffractometer. It was measured by scanning rate 
of 0.04°/s and employing Cu radiation source. Crystallite size 
was determined using Scherrer’s Eq. (1).

where D, K, λ, B and θ represent crystallite size, the shape 
factor (0.9), Cu Kα wavelength (0.154056 nm), full width at 
half maximum intensity in radians and Bragg’s diffraction 

(1)D =
K × �

B × cos �

angle, respectively. To determine the binding state of the 
contained elements and the position of valence band 
(VBXPS), X-ray photoelectron spectroscopy (XPS) measure-
ments were obtained on a PHI Quantera SXM photoelec-
tron spectrometer using Al Kα radiation source. Elemental 
mapping of prepared photocatalyst was determined by 
electron probe microanalysis (EPMA) with JXA-8530F. Bind-
ing energy was corrected using the C1s peak at 284 eV as 
a reference for surface charge effects. Surface condition 
of samples was observed using scanning electron micro-
scope (SEM) with a Hitachi S-4000. Also, internal structure 
was observed by the transmission electron microscopy 
(TEM) on JEOL JEM1011. UV–Vis diffuse reflectance spectra 
(DRS) were measured using Shimadzu UV-2450 spectro-
photometer equipped with an integrating sphere attach-
ment and  BaSO4 as a reference standard. Using a Shimadzu 
RF-5300PC, photoluminescence (PL) spectra of each pho-
tocatalyst were detected with an excitation wavelength 
of 350 nm. To calculate the band gap energy, a classical 
extrapolation approach was using Eq. (2), and the posi-
tions of the valence band and the conduction band were 
estimated from VBXPS and band gap energy measurement 
results.

where hν, α, A and Eg represent the discrete photon energy, 
optical absorption coefficient, Planck’s constant and pho-
tonic energy band gap, and n = 1/2 for direct band gap 
semiconductor [25].

2.3  Photocatalytic hydrogen generation 
experiment

The photocatalytic hydrogen generation experiment 
was tested in the 123-mL Pyrex reactor. A 300 W xenon 
lamp was employed as the side irradiation light source 
equipped with cutoff filter (λ ≥ 420 nm) due to remove UV 
part. In all experiments, 40 mL (pH 12) of solution con-
taining 40 mg of catalyst, 10 mL of 0.04 ppm co-catalyst 
solution (1 wt%) and 0.25 M  Na2SO3/0.35 M  Na2S mixed 
sacrificial agent was added into the reaction cell. The light 
source was a 4000–4500 µW/cm2 Xe lamp for 6 h, with 
a cutoff filter (λ ≥ 420 nm). The co-catalysts were loaded 
onto the photocatalyst by dropping a 1000 ppm standard 
solution into the reaction vessel and irradiating with vis-
ible light. Nitrogen purged through the system for 30 min 
before reaction to remove oxygen. The concentrations of 
 H2 were measured using gas chromatograph system (GC) 
consisting of injection, column and thermal conductivity 
detector (TCD), of which temperatures were kept at 50 °C. 
The hydrogen generation experimental conditions are 
shown in Table 1. On the stability of the photocatalyst, 

(2)�h� = A
(

h� − Eg

)n
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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. Appar-
ent quantum yield was measured using band-pass filter 
(420 nm, 500 nm and 600 nm) and calculated using Eq. (3). 

3  Results and discussion

3.1  Photocatalytic activity

For optimal co-catalyst studies, Rh, Ru, Pt, or PdS was 
loaded on  Zn0.74Cu0.13In2S3.905 and compared hydro-
gen generation rates. The result is shown in Fig. S1. 
The hydrogen production activity of the photocatalyst 
loaded with each co-catalyst improved in the order of 
Rh < Ru < Pt < PdS.

Figure 1 shows the effect of Cu and excess In doping 
amount was studied with  Zn(1−2x)CuxIn2S(4−1.5x) (x = 0, 
0.01, 0.03, 0.06, 0.10, 0.13 and 0.20). The hydrogen pro-
duction activity of each  Zn(1−2x)CuxIn2S(4−1.5x) catalyst was 
great in the order of x = 0 < x = 0.01 < x = 0.13 < x = 0.20 < x 
= 0.10 < x = 0.06 < x = 0.03. The hydrogen generation rate 
of  Zn0.94Cu0.03In2S3.955 was the highest, reaching about 
3600 μmol g −1 h −1. This result is about four times as high 
as 900 μmol g −1 h −1 of the hydrogen production rate of 
pure  ZnIn2S4 using PdS as co-catalyst. This difference in 
hydrogen generation activity is considered to be due to 
the increase in absorption wavelength due to the incor-
poration of  CuInS2 and  In2S3 into  ZnIn2S4. Thus, the higher 
hydrogen generation rate of x = 0.03 than x = 0 is largely 
related to the absorption of light with a wavelength of 
400 nm to 600 nm from result of DRS. Photocatalytic  H2 

(3)

A.Q.Y.(%) =
Number of reacted electrons

Number of incident electrons
× 100

=
Number of evolvedH2 molecules × 2

Number of incident photons
× 100

production of recent works on metal chalcogenide pho-
tocatalysts is given in Table S1.

The stability of the photocatalytic activity is also impor-
tant to obtain a stable amount of hydrogen production. 
In order to research stability,  Zn0.94Cu0.03In2S3.955 loaded 
PdS 1.0 wt% under visible light irradiation was performed 
in a time-dependent photocatalytic hydrogen production 
cycle experiment, as shown in Fig. 2. The hydrogen genera-
tion activity of  Zn0.94Cu0.03In2S3.955 did not decrease signifi-
cantly in the second cycle. However, after the third cycles, 
the catalytic activity of hydrogen production decreased 
to some extent. This phenomenon may have resulted in 
slight deterioration of the photocatalyst, because of the 
long-time photocatalytic hydrogen production reaction 
process.

As we investigate the cause of enhanced photocatalytic 
ability, the apparent quantum yield in the visible region 

Table 1  Hydrogen generation experimental conditions

Photocatalyst Zn(1−2x)CuxIn2S(4−1.5x) (x = 0, 0.01, 0.03, 
0.06, 0.10, 0.13 and 0.20)

Co-catalyst Pt, PdS, Ru or Rh 0.04 mg (1.0 wt%)
Medium 0.25 M  Na2SO3/0.35 M  Na2S 40 mL, pH12
Reactor Pyrex glass vessel (volume: 123 mL)
Temperature Room temperature (25 °C)
Light source Xenon lamp (λ ≧ 420 nm, 4500 µW/cm2)
Irradiation time 6 h
Analysis Gas chromatography (TCD)
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Fig. 1  Photocatalytic hydrogen production rate with 
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was investigated. Table S2 shows an apparent quantum 
yield when a xenon lamp irradiated to a  Zn0.94Cu0.03In2S3.955 
and  Zn0.60Cu0.20In2S3.70 photocatalysts through a band-
pass filter which passes wavelengths of only 420  nm, 
500 nm and 600 nm. The apparent quantum yield was 
higher at  Zn0.94Cu0.03In2S3.955 than at  Zn0.60Cu0.20In2S3.70 in 
the short wavelength (λ = 420 nm and 500 nm). Conversely, 
in the long wavelength (λ = 600 nm), the apparent quan-
tum yield showed a higher at  Zn0.60Cu0.20In2S3.70. These 
result were consistent with the measurement results of 
DRS and suggest that the improvement of the hydrogen 
production activity of  Zn(1−2x)CuxIn2S(4−1.5x) photocatalyst 
is mainly due to the light absorption ability.

3.2  Structural characterization

Figure  3 shows XRD pattern measurements of pre-
pared  ZnIn2S4,  Zn0.94Cu0.03In2S3.955,  Zn0.74Cu0.13In2S3.805 
and  Zn0.60Cu0.20In2S3.7. The XRD pattern of  ZnIn2S4, 
 Z n 0 . 9 4C u 0 . 0 3I n 2S 3 . 9 5 5 ,   Z n 0 . 7 4C u 0 . 1 3I n 2S 3 . 8 0 5 a n d 
 Zn0.60Cu0.20In2S3.7 can be indexed as a hexagonal  ZnIn2S4 
structure (JCPDS No. 65-2023). These XRD patterns are 
consistent with those reported in previous studies [26], 
and  Zn(1−2x)  CuxIn2S(4−1.5x) has a hexagonal structure 
regardless of the amount of doping and is similar to ZnS. 
It became clear that it contained almost no impurities. No 
peaks derived from Cu and excess In were observed. This 
is due to a very small amount of doping. Furthermore, with 
respect to the (006) plane peak, Cu doping and excess In 
cause a slight shift to high angles. This means that the pla-
nar spacing has been reduced by doping, suggesting that 
Cu and excess In may be incorporated into the  ZnIn2S4 
crystal structure and exist as a solid solution. The crystal-
lite sizes calculated using Scherrer’s equation are listed in 

Table S3. Crystallite size decreased slightly with increasing 
Cu and excess In doping.

In order to confirm Cu and Pd element, the 
 Zn0.60Cu0.20In2S3.7 was research by XPS. The results are 
shown in Fig. 4. Also, Table S4 shows the element ratios 
of each photocatalytic catalyst determined from the XPS 
spectrum. Figure S2 shows the survey spectra before 
and after the hydrogen production are almost same. In 
the narrow spectrum, Zn 2p spectrum shows two peaks 
at the binding energies of 1020.4 eV and 1043.6 eV. The 
two peaks are indexed  Zn2p3/2 and Zn  2p1/2, respectively. 
The positions of peaks at 452.7 eV and 445.1 eV can be 
belonging to In  2p3/2 and In  2p5/2, and the positions of 
peaks at 161.3 eV and 162.6 eV peaks for S 2p are indexed 
at S  2p3/2 and S  2p1/2, which attribute to  ZnIn2S4,  In2S3 and 
 CuInS2, respectively. Cu  2p3/2 peaks positioned at 932 eV 
indicate that Cu is monovalent, and the presence of  CuInS2 
[27, 28]. Also, Pd peak is not observed before the hydro-
gen production experiment, but after the experiment Pd 
presence can be confirmed. This XPS result indicates that 
Pd employed was deposited as PdS on the catalyst. Fur-
thermore, elemental mapping using EPMA measurements 
showed that Zn, In, S and Cu were uniformly present in the 
photocatalyst particles (Fig. S3).

3.3  Morphological analysis

The morphology of as-synthesized  Zn(1−2x)CuxIn2S(1−1.5x) 
(x = 0, 0.03, 0.06, 0.10, 0.13, 0.20) photocatalyst was char-
acterized by SEM and TEM. Figure 5a shows the typical 
petal-microsphere  ZnIn2S4 with folding the nanosheet [24, 
30]. Figures 5b and 4c show increasing the doping amount 
of Cu and excess In broke the spherical structure. The 
nanosheet structure is obvious up to x = 0.06. However, 
when values of x higher than that, the nanosheet structure 
was agglomerated. The difference of morphology between 
x = 0 with x = 0.10, 0.13 and 0.20 was clear. It suggests that 
the solid solution was formed by doping Cu and excess In. 
The TEM images of prepared  Zn(1−2x)CuxIn2S(4−1.5x) photo-
catalysts are shown in Fig. S4. At  ZnIn2S4, several thin lines 
were observed. It suggests a petal-microsphere structure 
with nanosheets. When x = 0.03 and 0.06, microsphere was 
not observed and nanosheets were reduced clearly. When 
x = 0.10, 0.13 and 0.20, the nanosheets were almost unob-
servable and almost no transmission. This result suggests 
doping Cu and excess In broke morphology. It matched 
the SEM images. The mechanism of change shape is still 
unclear at present and requires further researches.

3.4  Optical analysis

The effects of Cu and excess In doping amount to the 
absorption region in  Zn(1−2x)CuxIn2S(4−1.5x) (x = 0, 0.03, 0.06, 

10 30 50 70

In
te
ns
ity

(a
.u
.)

2θ ( )

(202)

(110)
(006) d)

c)

b)

a)

(102)

Fig. 3  XRD pattern of a  ZnIn2S4, b  Zn0.94Cu0.03In2S3.955, c 
 Zn0.74Cu0.13In2S3.805 and d  Zn0.60Cu0.20In2S3.7
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0.10, 0.13 and 0.20) were investigated by UV–Vis diffuse 
reflectance spectra (DRS) in Fig. 6. Tauc plot obtained from 
the UV–Vis DRS spectrum for estimating band gap energy 
is shown in Fig. S5.

As shown in the results of DRS and Tauc plot, the 
absorption edge of  ZnIn2S4 without doping was the 
shortest of the other samples, less than 500 nm, and the 
calculated the band gap energy was about 2.67 eV. On 
the other hand, the absorption edge of the excess In- 
and Cu-doped  Zn(1−2x)CuxIn2S(4−1.5x) photocatalysts had 
more red-shift with an increase in the doping amount. 
The absorption edge of  Zn0.60Cu0.20In2S3.7 reached up 
to 770 nm. The absorbance of the  Zn(1−2x)CuxIn2S(4−1.5x) 

(x = 0.03 and 0.06) photocatalysts was higher than that 
of the  Zn(1−2x)CuxIn2S(4−1.5x) (x = 0.10, 0.13 and 0.20) at 
wavelengths of less than 550 nm. As well, the band gap 
energy decreased as the amount of excess In and Cu dop-
ing increasing. The band gap energy of  Zn0.60Cu0.20In2S3.7 
photocatalyst decreases up to 1.98 eV.

In order to further research the band structure of pho-
tocatalyst, valence band edge was measured for the pre-
pared photocatalysts by XPS. Figure S6 shows that the 
doping of Cu and excess In shifted the valence band edge 
to the negative side. This result was consistent with pre-
vious studies which show that  Cu+ doping inserts Cu 3d 
orbital into the  ZnIn2S4 valence band and shifts it to the 

Fig. 4  XPS narrow and survey 
spectra of  Zn0.60Cu0.20In2S3.7, 
before hydrogen production 
and after hydrogen produc-
tion. Blue line: before, red line: 
after
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negative side [12, 22]. The significant decrease in band gap 
energy size compared to the valence band shift level indi-
cates that the conduction band is positively shifted. The 
conduction band shifting effect is due to excess In dop-
ing. It was reported that the inserting of  In3+ constitutes a 
sub-band on the positive side than the conduction band 
of  ZnIn2S4 [31].

Photoluminescence spectrum was recorded for 
 ZnIn2S4,  Zn0.94Cu0.03In2S3.955,  Zn0.74Cu0.13In2S3.805 and 
 Zn0.60Cu0.20In2S0.37 due to investigate the effect of the dop-
ing amount of Cu and excess indium to the recombination 

of photogenerated electron/hole pairs in photocatalyst. 
Generally, the stronger PL intensity suggests the high 
recombination rate of photogenerated carriers. And as 
shown in Fig. 7, pure  ZnIn2S4 has a broad emission peak 
of 400–700 nm, which represents multiple recombination 
centers [32, 33]. The peak intensity of  Zn0.94Cu0.03In2S3.955 
decreased dramatically compared to  ZnIn2S4, and that of 
 Zn0.74Cu0.13In2S3.805 further decreased. However, intensity 
of  Zn0.60Cu0.20In2S0.37 increased dramatically compared to 
 Zn0.74Cu0.13In2S3.805. This phenomenon is consistent with 
the results that reported [26]. This suggests that low Cu 

Fig. 5  SEM images of 
 Zn(1−2x)CuxIn2S(4−1.5x). a x = 0, b 
x = 0.03, c x = 0.06, d x = 0.10, 
e x = 0.13 and f x = 0.20 (a 
from reproduction of Fig. 3 in 
Ref. [29])
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and excessive In doping can effectively delay the recom-
bination of electron/hole pairs, but high doping promotes 
recombination.

3.5  Proposed hydrogenation mechanism

The reaction mechanism based on the band gap of 
 Zn0.94Cu0.03In2S3.955 loaded PdS 1.0 wt% is shown in Fig. 8. 
The valence band edge of pure  ZnIn2S4 is composed of 
S3p + Zn3d, and the conduction band edge is composed 
of In5s5p + Zn4s4p [17]. Regarding the conduction band of 
 Zn(1−2x)CuxIn2S(4−1.5x), the ratio of  In2S3 increases by lower-
ing the ratio of Zn in  ZnIn2S4, and the effect of the In5s5p 

electron orbit derived from  In2S3 becomes large, so the 
conduction band is considered to shift to the positive posi-
tion. The valence band of  Zn(1−2x)CuxIn2S(4−1.5x) is consid-
ered to be that, by doping Cu into  ZnIn2S4, Cu3d is added 
to S3p + Zn3d, and the valence band shifts to the nega-
tive position. Figure S7 shows the  Zn(1−2x)CuxIn2S(4−1.5x) 
(x = 0, 0.03, 0.06, 0.10, 0.20) band structure considered 
from the valence band edge determined by XPS and the 
band gap energy determined from DRS. The doping of 
Cu and excess In has the advantage of enables reaction 
under longer wavelength light, delaying the recombina-
tion of photogenerated electron–hole pairs. On the other 
hand, high doping amount promotes recombination of 
photogenerated electron–hole pairs. In addition, excess 
In doping has the disadvantage of lowering the CB poten-
tial and lowering the excess potential for water splitting 
[26]. Therefore,  Zn0.94Cu0.03In2S3.955 was suggested experi-
mentally the best catalyst with a balance between these 
two factors.

4  Conclusion

The  Zn(1−2x)CuxIn2S(4−1.5x) photocatalyst was synthe-
sized in  situ by a one-pot solvothermal reaction. The 
 Zn(1−2x)CuxIn2S(4−1.5x) photocatalyst significantly improves 
the photocatalytic performance of  ZnIn2S4 for  H2 evolution 
under visible light illumination.

The  Zn(1−2x)CuxIn2S(4−1.5x) photocatalyst is considered to 
be composed of a  ZnIn2S4-CuInS2-In2S3 composite cata-
lysts from the XPS results. In addition,  ZnIn2S4,  CuInS2 and 
 In2S3 may be partially in solid solution from XRD results, 
elemental mapping using EPMA and SEM images.

The  Zn(1−2x)CuxIn2S(4−1.5x) heterostructure photocata-
lyst extends the light absorption wavelength range of 
 ZnIn2S4 and significantly improves the photocatalytic 
performance for  H2 generation under visible light illumi-
nation. The hydrogen generation activity was improved to 
3600 μmol g−1  h−1 with the optimum  Zn(1−2x)CuxIn2S(4−1.5x) 
system. On the other hand, the apparent quantum yield 
reached up to 9.1% at a wavelength of 600 nm. The doping 
of Cu and excess In caused the manipulation of the band 
structure and the hole electron recombination, which con-
tributed to the photocatalytic activity. These results sug-
gest inspiration for the design of composite photocatalysts 
with visible and efficient photocatalyst  H2 generation.
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