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Ga(0.1),Cu(𝑥)-ZnS (𝑥 = 0.01, 0.03, 0.05) photocatalysts were successfully synthesized by hydrothermal method. The synthesized
Ga and Cu codoped ZnS photocatalysts showed photocatalytic property effective for hydrogen production from aqueous solution
containing Na

2
SO
3
and Na

2
S as sacrificial reagent under visible light irradiation. The rate of hydrogen production was found to be

strongly dependent on Cu doping content. The highest photocatalytic activity is observed for Ga(0.1),Cu(0.01)-ZnS with hydrogen
production rate of 114𝜇mol/h. The addition of Ga as codoped increased the photocatalytic activity to 58 times as compared to
single doped Cu-ZnS. The Ga and Cu codoped ZnS photocatalysts are also stable under long irradiation. The enhancement in
the photocatalytic activity of Ga and Cu codoped photocatalyst can be attributed to the synergistic effect between Ga and Cu.
The photocatalytic activity was greatly enhanced with the addition of 0.5 wt% Ru as cocatalyst with a hydrogen production rate of
744 𝜇mol/h.

1. Introduction

Hydrogen, an attractive clean energy source with high energy
capacity, is a very promising candidate as a primary energy
source in the future [1, 2]. Photocatalytic water splitting is
considered as an alternative method to produce hydrogen
utilizing solar energy. Up to now, considerable efforts have
been devoted to developing highly active photocatalysts for
the water splitting reaction and remarkable progress has been
made [3–6].

ZnS is known to be a highly active photocatalyst for
hydrogen evolution from aqueous solutions containing sac-
rificial reagents such as SO3

2− and S2−, even without the
addition of Pt cocatalyst. This is due to the high conduction
band level of ZnS to reduce water to hydrogen [7–9].
However, the large band gap of ZnS restricts its photocatalytic
applications within the UV light range. To effectively utilize
solar light energy, visible light response photocatalysts with
high photocatalytic activity are desired.

Doping of ZnS is considered as one of the many ways
to enhance the light absorption ability of ZnS to the visible
light regionwhile still maintaining the high conduction band.
Cu doped ZnS [10, 11], Ni doped ZnS [12], and Bi doped
ZnS [13] have been reported to show considerable high
photocatalytic activities for hydrogen evolution under visible
light from aqueous solution containing S2− and/or SO3

2− as
electron donors. The visible light response is obtained by the
formation of donor levels by the doped metal cations in the
wide band gap of the ZnS host material.

Although Cu doped ZnS [10] showed high photocatalytic
activity for hydrogen evolution, it suffers from photocor-
rosion. One of the possible methods to maintain the high
photocatalytic activity of Cu doped ZnS without suffering
from photocorrosion is to carry out doping with another
metal. It is known that codoping is effective to suppress
the recombination rate of electron-hole pairs [14, 15]. This
is due to the synergic effects produced when two metals
are doped together. The negative effects caused by doping
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can be partially improved by codoping with another dopant.
Dopants like Sn4+ and Eu3+ were incorporated in TiO

2

to improve the visible light absorption and photocatalytic
activity. The purpose of using Sn and Eu was that the former
is known to help in the charge separation of photogenerated
electrons and holes and the latter being a lower valent cation
than Ti4+ can generate anion vacancies in TiO

2
thereby

leading to visible light absorption [14].
Ga doped ZnS has been reported to be photocatalytically

active under UV light irradiation [16]. In addition to the
absorption spectrum, themobility of photogenerated charges
is critical for photocatalytic activity. Metal compounds asso-
ciated with d10 electronic configurations such as Ga3+ are
attractive because their conduction and valence bands are
formed by hybridized sp orbitals with large band dispersion
that would lead to high charge mobility and, hence, high
photocatalytic performance [17, 18]. Ga was selected as the
dopant in this study as it is regarded as the most efficient
donor for ZnS to generate more charge carriers [19].

This present study aims to investigate the exact role of
synergistic effect of codoping Ga and Cu into ZnS lattice in
the physical-chemical properties and photocatalytic activity
for hydrogen production. The new photocatalyst Ga, Cu
codoped ZnS was prepared by using hydrothermal method.
The role of Ga in promoting the photocatalytic activity was
also examined.

2. Experimental

2.1. Synthesis of Samples. Simple hydrothermal method was
used to synthesize the powder samples of ZnS, Cu(0.1)-ZnS,
Ga(0.1)-ZnS, and Ga(0.1),Cu(x)-ZnS (𝑥 = 0.01, 0.03, 0.05)
in a similar way to the previous literatures [20, 21]. The
samples were labelled as Ga(0.1),Cu(x)-ZnS, with 𝑥 showing
the doping amount of Cu in mol ratio. In a typical synthe-
sis for Ga(0.1),Cu(0.01)-ZnS, 0.2mmol of Cu(NO

3
)
2
⋅3H
2
O

(Fluka, 98%), 2mmol of Ga(NO
3
)
2
⋅xH
2
O (Aldrich, 99.9%),

18mmol of Zn(CH
3
COO)

2
⋅2H
2
O (GCE chemicals, 98%),

and 20mmol of CH
3
CSNH

2
(Merck, 99%) were dissolved

in 50mL of distilled water. The solution was added to an
autoclave that was sealed and heated in an oven at 433 K
for 8 h. After natural cooling to room temperature, the
precipitates were washedwith distilled water for several times
and dried in vacuum at room temperature.

2.2. Characterization. Powder X-ray diffraction (XRD) pat-
terns were obtained with an X-ray diffractometer, Bruker
Advance D8 Siemens 5000 using Cu K𝛼 radiation (𝜆 =
0.15418 nm, 40 kV, 40mA). The diffuse reflectance UV-
visible (DR UV-vis) spectra were recorded on a Perkin
Elmer Ultraviolet-Visible Spectrometer Lambda 900. Barium
sulfate (BaSO

4
) was used as the reference. Photolumines-

cence (PL) spectra were measured at room temperature
using a photoluminescence spectrophotometer (PTI QM-
4) with an excitation wavelength of 250 nm. The mor-
phologies and crystal sizes of the samples were deter-
mined with field emission scanning electron microscopy
(FESEM) using JEOL JSM 6701F with platinum coating
(2 kV, 10mA). Specific surface area was measured using the

Brunauer-Emmett-Teller (BET) method, Beckman Coulter
SA3100 by nitrogen absorption at 77K. The samples were
previously outgassed at 393K for 180min. The elemental
analysis was completed on a Bruker S4 PIONEER X-ray
fluorescence (XRF) spectrum, using Ru target and 4 kW
power.

The chemical forms of the products were studied using
X-ray photoelectron spectroscopy (XPS), AXIS Ultra DLD,
Shimadzu, withmonochromatic Al K𝛼 radiation (1486.6 eV).

2.3. Photocatalytic Activities. Photocatalytic hydrogen evo-
lution was performed in a closed-side irradiated-Pyrex cell
equipped with an outer water cooling system to keep the
temperature throughout the reaction at 25 ± 0.2∘C. In all
experiments, the powder sample (0.2 g) was dispersed by
magnetic stirring in an aqueous solution (190mL) containing
0.25M Na

2
SO
3
and 0.35M Na

2
S [20] as sacrificial agents.

Nitrogen gas was purged through the reaction cell for 30min
before reaction to remove air. A 300W Xe lamp was focused
on the side window of the cell through a cut-off filter (𝜆 ≥
425 nm, TrusTech PLS-SXE 300). The apparent quantum
yields (AQY) defined by (1) were measured using a 425 nm
band pass filter and Avantes fibre optic spectrometer (Ava
Spec USB 2000) connected to AveSoft 7.2. The amount of
hydrogen evolved was determined with a thermal conduc-
tivity detector (TCD) gas chromatography (SP 2100) using
NaX zeolite column and nitrogen as carrier gas. Cocatalyst
ruthenium (0.1–1 wt%) was loaded on the photocatalyst sur-
face by an in situ photodepositionmethod from the precursor
of RuCl

3
. Consider

AQY (%) = number of reacted electrons
number of incident photons

× 100

=

number of evolved H2 molecules
number of incident photons

× 2.
(1)

3. Results and Discussion

3.1. Crystal Structure. Figure 1 shows XRD patterns of ZnS,
Cu(0.1)-ZnS, Ga(0.1)-ZnS, and Ga(0.1),Cu(x)-ZnS powder
samples. The distinctive peaks are found at 2𝜃 of 28.6, 32.5,
47.6, and 56.3, corresponding to the (111), (200), (220), and
(311) planes, respectively, which is a typical pattern of cubic
zinc blende phase [22, 23]. For ZnS, there is shoulder peak
at 2𝜃 = 27. This is due to (100) and (002) plane hexagonal
phase of ZnS, which is in agreement with the reported values
with similar synthesis temperature [24]. As for the Cu(0.1)-
ZnS sample, there is a broad shoulder peak at 2𝜃 = 27 which
might be due to the (101) plane of CuS [25]. This peak has
a different shape compared to the shoulder peak of ZnS at
the same place. Furthermore, the peak at 2𝜃 = 30.5 also
disappeared for Cu(0.1)-ZnS. It is also observed that there is
a shoulder peak at 2𝜃 = 33.5 and 2𝜃 = 59 corresponding
to (006) and (116) plane of CuS, respectively [26, 27]. This
confirms that, for Cu(0.1)-ZnS, both CuS and ZnS phases
existed in the sample.

The peak became broad with the addition of Ga to the
samples; thus the weak diffraction peak at (200) was not
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Figure 1: XRD patterns of (a) ZnS, (b) Cu(0.1)-ZnS, (c) Ga(0.1)-
ZnS, (d) Ga(0.1),Cu(0.01)-ZnS, (e) Ga(0.1),Cu(0.03)-ZnS, and (f)
Ga(0.1),Cu(0.05)-ZnS.

observed. Ga(0.1),Cu(x)-ZnS samples showedwell developed
cubic zinc blende phase without any impurity phase or
elements. No peaks corresponding to metallic Ga or Cu or
oxides were observed in the XRD pattern because of the low
dopant concentration. This could also be due to the highly
dispersed Ga and Cu in or on the ZnS particle.

The diffraction peaks of ZnS were intense, suggesting a
well crystallized sample. For Cu(0.1)-ZnS, the peak intensity
increased and became sharper, indicating an increase in
crystallinity. This suggests that Cu promotes the crystal
growth due to crystal metallization effect [28]. In contrast,
forGa(0.1)-ZnS andGa(0.1),Cu(x)-ZnS samples, they showed
broad and weak diffraction peaks.This is probably due to the
the low crystallinity caused by defect sites or the addition of
Ga inhibited crystal growth. However, as the amount of Cu
dopant increased from0.01 to 0.05mol, therewere no changes
in peak intensities. This indicates that the amount of Cu did
not have any effect on the crystal structure.

There was no peak shifting from ZnS when only Cu was
doped into ZnS due to similar ionic radii of Cu2+ (0.72 Å) and
Zn2+ (0.74 Å). However, for Ga(0.1)-ZnS and Ga(0.1),Cu(x)-
ZnS samples, there was slight shifting of peak to higher angle.
This might be due to the smaller ionic radius of Ga3+ (0.62 Å)
compared toZn2+whichmeansGa ions easily enter the lattice
of ZnS without causing distortion.

The crystallite size of the prepared samples is calculated
from the (111) diffraction peak using Scherrer equation as
shown in Table 1. From Table 1, it was revealed that, in the
presence of Cu in ZnS, the crystallite size increased which is
confirmed from the increase in peak intensity. The decrease
in crystallite size can be observed for all Ga doped ZnS
samples, which suggests thatGa inhibits the growth of crystal.
The slight increase of crystallite size when the amount of
Cu was increased in the Ga(0.1),Cu(x)-ZnS samples could
be attributed to the larger ionic radius of Cu from Ga.
From Table 1, the slight changes in d-spacing and lattice

parameter for all the Ga(0.1),Cu(x)-ZnS from ZnS indicated
that some substitution of Zn2+ ions by the doping metal
ions had taken place. For Cu(0.1)-ZnS, the lattice parameter
decreased compared to ZnS; this may be caused by the
substitution of Zn2+ (0.74 Å) by Cu2+ (0.72 Å). The same
pattern was observed with Ga(0.1)-ZnS. For Ga(0.1),Cu(x)-
ZnS, the lattice parameter remained unchanged regardless of
the Cu amount, indicating that no further substitution has
taken place above Cu content of 0.01.

3.2. Morphology. The FESEM images of ZnS, Cu(0.1)-ZnS,
Ga(0.1)-ZnS, and Ga(0.1),Cu(x)-ZnS are shown in Figure 2.
The particles size of ZnS and Cu(0.1)-ZnS ranges from 20
to 150 nm. The nanospheres agglomerated into a bigger
undefined shape. As Ga was doped into ZnS, the smaller
nanospheres in the range of 10 nm to 50 nm compacted and
agglomerated into bigger spheres in the range of 1 𝜇m. The
substitution of Zn by Ga ions might cause the formation of
defects due to different ionic radius. The increase in defect
sites inhibits the growth of crystal. The smaller nanospheres
observed which are formed by the addition of Ga were
confirmed by the weak and broad intensities of XRD peaks.
The smaller size of nanosphereswith the addition ofGa can be
ascribed to the Ga localizing near the surface of crystal which
prevented crystal growth. Ga(0.1),Cu(x)-ZnS have smaller
single sphere that makes it easier to agglomerate into bigger
spheres compared to ZnS. It can be deduced that the addition
of Ga led to the formation of sphere shaped particles.

From the BET analysis in Table 1, ZnS had a surface area
of 57m2/g. For Cu(0.1)-ZnS, as the particle size becomes
larger due to the presence of Cu, the surface area decreases
to 38m2/g. The addition of Ga dopant increased the specific
surface area for Ga(0.1)-ZnS and Ga(0.1),Cu(0.01)-ZnS. This
is in good agreement with the XRD and FESEM results. On
the other hand, decrease in specific surface area is observed
when the samples had higher amount of Cu dopant. It can be
suggested that the excess Cu on the catalyst surface led to the
decrease in surface area.

3.3. Optical Properties

3.3.1. Diffuse Reflectance UV-Visible Spectra. The absorption
spectra of investigated samples are shown in Figure 3. The
onset of the absorption edge of ZnS is at 400 nm in the UV
absorption region, corresponding to the band gap of 3.25 eV,
which is slightly lower than the value usually reported (3.6–
3.7 eV) [29, 30].This might be due to the synthesis procedure
which resulted in defects that might decrease the band gap
energy [11]. It can be seen from Figure 3(b) that extended
absorption is generated in the visible light region when Cu
is doped. A large absorption shoulder at 550 nm to 800 nm
was observed for Cu(0.1)-ZnS which may be due to Cu d-
d transition in a large amount. The shoulder peak around
400 nm [31] and around 650 nm [25] shows the existence of
CuS phase in the Cu(0.1)-ZnS as confirmed by XRD. As for
Ga(0.1)-ZnS, only a slight shift to longerwavelength fromZnS
but not to the visible light region was observed.This could be
deduced from the formation of defects from the doping of Ga
into the Zn lattices.
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Figure 2: FESEM images of (a) ZnS, (b) Cu(0.1)-ZnS, (c) Ga(0.1)-ZnS, (d) Ga(0.1),Cu(0.01)-ZnS, (e) Ga(0.1),Cu(0.03)-ZnS, and (f)
Ga(0.1),Cu(0.05)-ZnS.

As for Ga(0.1),Cu(x)-ZnS samples, with increasing
amount of Cu dopant, the absorption edges gradually shifted
to longer wavelength. The absorption edge of Ga(0.1),Cu(x)-
ZnS is located between that of ZnS and that of Cu(0.1)-ZnS
and shifts monotonously from 490 nm to 550 nm with
an increase in 𝑥 from 0.01 to 0.05. As the amount of Cu
increased, the intensity of the absorption tail at 550 nm to
800 nm also increased due to the Cu d-d transition of Cu2+
[10, 11, 32, 33]. This suggests that more Cu is present on the
surface of the samples. The extension of the absorption edge
to the visible region and increasing absorption tail implied
that Cu was incorporated not only into the lattice of ZnS but
also on the surface.

Comparing the spectra of Ga(0.1)-ZnS and Cu(0.1)-
ZnS, it can be concluded that the visible light response of
Ga(0.1),Cu(x)-ZnS is derived from the doping of Cu instead
of Ga. It can be deduced that the absorption edge around
500 nmwas due to the charge transfer fromCu2+ 3d orbital to
Zn 4s4p orbital. The absorption tail observed above 550 nm
could be ascribed to d-d transition ofCu in theGa(0.1),Cu(x)-
ZnS samples. The doped Cu forms a new energy level in
the band structure of Ga(0.1)-ZnS. The charge transfer from
donor levels formed by Cu 3d to the conduction band leads
to the visible light response.

The band gap energies of the samples were estimated
from Tauc’s plots as seen in Table 1. The valence band of



Journal of Nanomaterials 5

Table 1: Properties of ZnS and ZnS doped samples.

Entry Samples 𝑑
111

valuea
(Å)

Lattice
parameter, 𝑎b

(nm)

Crystallite size,
𝑑
c (nm)

Band gap
(eV)d

Surface area
(m2/g)

1 ZnS 3.1121 5.3903 11.76 3.25 57
2 Cu(0.1)-ZnS 3.1068 5.3811 12.51 1.75 39
3 Ga(0.1)-ZnS 3.0857 5.3447 4.48 3.02 113
4 Ga(0.1),Cu(0.01)-ZnS 3.1015 5.3719 4.47 2.48 84
5 Ga(0.1),Cu(0.03)-ZnS 3.1015 5.3719 4.65 2.32 14
6 Ga(0.1),Cu(0.05)-ZnS 3.1015 5.3719 4.80 2.20 12
aThe value was calculated from 2𝑑111 sin 𝜃 = 𝑛𝜆.
bThe value was calculated from 𝑎 = 𝑑111√3.cThe value was calculated from Scherrer equation.
dThe value was obtained from Tauc Plot.
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Figure 3: DR UV-visible spectra of (a) ZnS, (b) Cu(0.1)-ZnS, (c)
Ga(0.1)-ZnS, (d) Ga(0.1),Cu(0.01)-ZnS, (e) Ga(0.1),Cu(0.03)-ZnS,
and (f) Ga(0.1),Cu(0.05)-ZnS.

Ga(0.1),Cu(x)-ZnS consists of donor levels of Cu 3d formed
above the S 3p valence band. The band gap of Ga(0.1),Cu(x)-
ZnS samples decreased with increasing Cu amount. Visible
light absorption was only observed for samples doped with
Cu. Therefore, the Cu metal ions play an important role in
the absorption bands observed in the visible light region.

3.3.2. Photoluminescence Spectra. Figure 4 shows the com-
parison of photoluminescence (PL) spectra for all the samples
in the range of 340 nm to 800 nm from the excitation
wavelength of 250 nm. The intensity of the peak for ZnS
and Ga(0.1)-ZnS is much stronger compared to the other
samples, suggesting that these samples have high crystal
quality with few defects. ZnS sample showed an absorption
peak centered at 400 nm which might arise from electron-
hole recombination. Three other broad peaks centered at
470 nm, 560 nm, and 690 nm were also observed. The broad
peaks might be due to trap state emission arising from defect
sites. The addition of dopant metal ions modifies the surface
defect sites which in turn enhances or quenches the PL band.
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Figure 4: PL spectra of (a) ZnS, (b) Ga(0.1)-ZnS, (c) Ga(0.1),
Cu(0.01)-ZnS, (d) Ga(0.1),Cu(0.03)-ZnS, (e) Ga(0.1),Cu(0.05)-ZnS,
and (f) Cu(0.1)-ZnS.

Although the emission spectra shape appeared similar, the
decrease or increase in the PL intensity is evidence that the
dopants enter into ZnS lattice. Only Ga(0.1)-ZnS showed
higher intensity compared to ZnS.

The peak at 400 nm disappeared when Cu was doped
in ZnS. This confirms that the peak around this region was
due to electron-hole recombination emission of ZnS. No
appreciable shifting of peak was noticed when Cu content
increased. The peak intensity decreased with increasing Cu
concentration. The decrease in intensity with increasing Cu
content is due to repeated excitationwithin the copper dopant
of the samples. Such a decrease in intensity with increasing
copper loading was reported previously [34]. This was obvi-
ous for Cu(0.1)-ZnS where it has the lowest PL intensity.

3.4. Elemental Analysis. The surface chemical composition
and chemical states of a representative sample, Ga(0.1),
Cu(0.01)-ZnS, were analyzed by XPS as shown in Figure 5.
The main peaks with binding energies associated with Zn
(1025 eV, Zn 2p

3/2
and 1048 eV, Zn 2p

1/2
), Ga (1149 eV, Ga
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Figure 5: XPS spectra of Ga(0.1),Cu(0.01)-ZnS: (a) Ga, (b) Zn, and (c) Cu.

2p
3/2

and 1120 eV, Ga 2p
1/2

), Cu (981 eV, 2p
1/2

), S (165 eV,
2p), C (285 eV, 1s), and O (530 eV, 1s) were observed. The C
and O peaks may originate from absorbed gaseous molecules
and contamination caused by air exposure. The binding
energies were also calibrated using carbon. There were no
other element peaks indicating that the obtained product is
relatively pure.

The binding energy corresponding to Ga 2p
1/2

and 2p
3/2

was found to shift towards higher values from the standard
1144 eV and 1117 eV to 1149 eV and 1120 eV, respectively. The
shift of binding energy suggests some chemical interaction
between the Ga3+ ions with other elements in the sample.
A small peak corresponding to Ga 3d

3/3
at 19 eV was also

observed. The signal with binding energy of 20.9 eV is
consistent with a trivalent Ga oxidation state [35]. The peaks
of 1025.45 and 1048.85 eV can be attributed to Zn 2p

3/2
and

2p
1/2

, respectively. This reveals the oxidation state of Zn2+ in
the sample [36, 37]. The increase in the binding energy of Zn
2p bands may be seen as due to the interaction of Zn2+ ions
with other elements on the surface. The measured binding
energy of only Cu 2p

1/2
was detected at 981.5 which was far

from the value reported by other groups at around 950 [38].
This binding energy indicates that oxidation state of copper
present was +2. Apart from being detected in a very small
amount, Cu probably interacts with other metal ions present
or forms newbond; thus the peakwas largely shifted to higher
energy.The single S2p peak at 165.75 eV was indicative of sul-
fur present as the divalent sulfur. The chemical compositions
from XRF further support these findings.

The elemental contents of Ga, Cu, Zn, and S of all samples
except ZnS were analyzed by XRF as listed in Table 2. The
XRF data is similar to the added mol ratio during synthesis.
The amount of Cu presence as detected by XRF increased

Table 2: Chemical composition of ZnS doped samples by XRF.

Entry Samples Zn Cu Ga S
1 Cu(0.1)-ZnS 52.57 6.96 — 32.33
2 Ga(0.1)-ZnS 49.7 — 4.46 28.2
3 Ga(0.1),Cu(0.01)-ZnS 36.49 0.69 3.37 20.27
4 Ga(0.1),Cu(0.03)-ZnS 48.82 2.05 4.47 25.09
5 Ga(0.1),Cu(0.05)-ZnS 38.25 3.33 2.95 22.85

Table 3: Comparison of chemical composition from XRF and XPS.

Characterization
method Sample Zn Cu Ga S

XRF Ga(0.1),Cu(0.01)-ZnS 36.49 0.69 3.37 20.27
XPS Ga(0.1),Cu(0.01)-ZnS 37.30 7.90 46.59 8.21

with increasing amount of Cu during synthesis. From the
elemental composition analysis, more Ga and Cu were
detected on the surface (XPS) than in bulk (XRF) as
compared to the representative sample Ga(0.1),Cu(0.01)-ZnS
as shown in Table 3. This illustrates that both Ga and Cu are
dispersed on the surface rather than present inside the bulk.

3.5. Photocatalytic Activity. Figure 6 shows hydrogen evolu-
tion from an aqueous solution containing sacrificial reagents
SO3

2− and S2
2− over Cu(0.1)-ZnS and Ga(0.1),Cu(x)-ZnS

powder under visible light irradiation. Pure ZnS and Ga(0.1)-
ZnS were not active to produce hydrogen under visible light
irradiation due to their large band gap energy. The rate of
hydrogen evolution over Cu(0.1)-ZnS was only 1.96𝜇mol/h.
As Ga and Cu were codoped, the photocatalytic activity
was greatly enhanced. The highest activity was observed for
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Figure 6: Photocatalytic hydrogen evolution on Cu(0.1)-ZnS
(e), Ga(0.1),Cu(0.01)-ZnS (△), Ga(0.1),Cu(0.03)-ZnS (◻), and
Ga(0.1),Cu(0.05)-ZnS (I) under visible light irradiation.

Ga(0.1),Cu(0.01)-ZnS with the rate of hydrogen evolution
reaching 114 𝜇mol/h. Although the visible light absorption
increased with increasing Cu content, the photocatalytic
activity decreased. The high photocatalytic activity observed
for Ga(0.1),Cu(0.01)-ZnS was dependent not only on the
amount of Cu dopant but also on other factors. The presence
of Ga was constant for each of the codoped samples. Small
amount of Ga occupies the defect sites of ZnS [39]. It can
be deduced that when optimum amount of Ga and Cu was
used, they produce a synergistic effect that facilitates efficient
charge carriers to participate in the photocatalytic activity.
On the other hand, doping of a large amount of Cu ions
would lead to charge recombination. Therefore, finding the
optimum amount of dopants is crucial.

Another possible reason is that Ga(0.1),Cu(0.01)-ZnS
possessed the smallest crystallite size as can be seen from the
broad XRD peaks and largest surface area. Small crystallite
size would facilitate fast transportation of photogenerated
electrons from the bulk to surface avoiding their recom-
bination in the bulk of the photocatalyst. On the other
hand, enhancement in the surface area could afford more
reaction sites. Both small crystallite size and large surface area
are beneficial for enhanced photocatalytic activity. For this
system, there should be a balance between the enhancement
of visible light absorption and the increased electron-hole
recombination. Therefore, decreased electron-hole recombi-
nation is desired for photocatalytic hydrogen process.

The stability of Ga(0.1),Cu(0.01)-ZnS was also examined
for 15 hours as shown in Figure 7 without changing the
sacrificial agent. For every 5 hours, the reaction system is
degassed using nitrogen. The photocatalytic activity merely
decreases at 5% after 15 hours. There was no sign of activity
deterioration under the current photocatalytic reaction test in
the presence of sacrificial reagents. It is important to note that
there were no distinct changes in the physical properties after
15 hours of photoactivity measurements, indicating good
stability of photocatalysts in the photocatalytic reaction.
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Figure 7: Stability test of Ga(0.1),Cu(0.01)-ZnS for 3 cycles under
visible light irradiation.
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Figure 8: Photocatalytic hydrogen evolution on Ga(0.1),Cu(0.01)-
ZnS (△), Ru(0.1 wt%)-Ga(0.1),Cu(0.01)-ZnS(I), Ru(0.3 wt%)-
Ga(0.1),Cu(0.01)-ZnS (e), Ru(0.5 wt%)-Ga(0.1),Cu(0.01)-ZnS (◻),
and Ru(1 wt%)-Ga(0.1),Cu(0.01)-ZnS (◼).

3.6. Cocatalyst. To improve further the photocatalytic activ-
ity, the effect of loading Ru as cocatalyst onto Ga(0.1),
Cu(0.01)-ZnS was examined. Figure 8 shows the dependence
of hydrogen evolution amount from an aqueous Na

2
S and

Na
2
SO
3
solution over Ga(0.1),Cu(0.01)-ZnS on the loading

amount of Ru cocatalyst. Before reaction, Ru (0.1, 0.3, 0.5,
and 1 wt%) was deposited as a cocatalyst on photocatalysts by
photodeposition method under visible light. Photocatalytic
activity was markedly improved when the Ru cocatalyst
was loaded on the Ga(0.1),Cu(0.01)-ZnS sample. It is well
known that Ru has metallic characteristics with a higher
conduction band potential above 2H+/H

2
; hence reaction

facilitates photoinduced electron/hole separation and thus
inhibits their recombination effectively [40]. As shown in
Figure 8, the hydrogen production rate increased with the
increase of Ru content. When the Ru content increased to
0.5 wt%, the maximum activity for hydrogen production was
attained. The average rate of hydrogen evolution amounts to
744 𝜇mol/h, corresponding to an apparent quantum yield at
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425 nm of 0.14%. Both below and above 0.5 wt% Ru content,
the hydrogen evolution rate was lower. Ru as cocatalyst
at optimum amount promoted the photogenerated charges
separation and reduced recombination rate while acting as
active sites for hydrogen production.

4. Conclusions

In summary, we have successfully synthesized Ga(0.1),Cu(x)-
ZnS (𝑥 = 0.01, 0.03, 0.05) by hydrothermal method. These
photocatalysts are active for photocatalytic hydrogen pro-
duction under visible light irradiation. Ga was proposed as
an effective dopant to introduce oxygen vacancies acting as
efficient electron trap.The addition of Cu at optimumamount
for Ga(0.1),Cu(0.01)-ZnS not only makes this photocatalyst
active under visible light but also promotes the photocatalytic
activity with hydrogen production rate of 114 𝜇mol/h. Ru
cocatalyst further improved the photocatalytic activity of
Ga(0.1),Cu(0.01)-ZnS by 6.5 times. This works shows that Ga
is an effective dopant for photocatalytic hydrogen production
although Ga did not contribute to the visible light response
of the photocatalyst. Codoping of two metal ions provided
synergistic effect for the development of new photocatalyst
for hydrogen production.
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