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A simple one-pot synthesis of a Zn(O,S)/Ga2O3

nanocomposite photocatalyst for hydrogen
production and 4-nitrophenol reduction†

Hairus Abdullah, ab Noto Susanto Gultom a and Dong-Hau Kuo *a

Noble metal-free Zn(O,S)/Ga2O3 nanocomposite photocatalysts containing different amounts of Ga2O3

have been synthesized using a precipitation method at 90 1C. The as-prepared catalysts were

characterized and their composite nature was confirmed. The Zn(O,S)/Ga2O3 catalysts were examined

for their ability to evolve hydrogen under low UV light illumination (0.088 mW cm�2) and to provide

hydrogen for 4-nitrophenol (4-NP) reduction. Gas chromatography measurements revealed that

hydrogen was produced at a rate of 280 mmol g�1 h�1 W�1, while UV-vis absorption and high-

performance liquid chromatography (HPLC) measurements confirmed the formation of 4-aminophenol

(4-AP) as a product of 4-NP reduction. The heterojunction formation between the Zn(O,S) and Ga2O3

phases enhanced the photocatalytic activity, compared to the single Zn(O,S) and Ga2O3 phases. Surface

oxygen anions and oxygen vacancies played important roles in the photocatalytic mechanism to evolve

hydrogen and to utilize hydrogen ions in 4-NP reduction. The photocatalytic hydrogen evolution

reaction and its utilization for 4-NP reduction to 4-AP were evaluated and elucidated in this work.

1 Introduction

Global warming is one of humanity’s greatest concerns in the
world today. Over the past few decades, many efforts have been
devoted to searching for alternative renewable energy resources
to reduce carbon emissions.1–4 As one significant alternative,
the utilization of hydrogen energy is very promising in over-
coming global warming, due to its clean combustion product.
Not only is hydrogen an energy carrier obtained using sunlight,
but it can also be applied to the reduction of toxic 4-nitrophenol
(4-NP), which is known as a stable toxic pollutant released
from industries.5 Furthermore, the reduced product of 4-NP,
4-aminophenol (4-AP), is useful for certain applications, such
as the manufacture of dyes,6 photographic developers,7 and
antipyretic drugs etc.8 Most previous research has used NaBH4 as a
hydrogen source to reduce 4-NP in the presence of metal or metal
oxide catalysts;5,9,10 nevertheless, the excess NaBH4 in solution is
not desirable, due to its corrosive and irritative properties as stated
in the material safety data sheet. It is possible to seek efficient
catalysts for both hydrogen production and 4-NP reduction
simultaneously, by utilizing a hydrogen evolution photocatalyst.

To evolve hydrogen from water, a photocatalyst commonly
needs to satisfy some major requirements, such as a conduction
band that is more negative than that of the water reduction
potential,11,12 a long lifetime of the photo-generated electrons
and holes, and a large surface area, etc. Some semiconductor
materials can fulfill only certain requirements but not all of
them. Therefore, studies searching for photocatalyst materials
that satisfy these requirements are needed to obtain better
efficiency. Furthermore, photocatalysts with kinetically suitable
electron transport from the photocatalyst surface to the water
interface are required, so that energy losses due to charge
transport and photo-carrier recombination can be minimized.12

Some famous semiconductors such as ZnS, ZnO, TiO2 and Ga2O3

have shown promising performances as hydrogen evolution
catalysts in previous works.13–16 These semiconductor materials
exhibit a suitable energy band position for water reduction.
Therefore, advanced research related to these materials is
required to obtain highly efficient photocatalysts.

Several useful approaches to enhance the photocatalytic activity,
such as solid solution formation,17 heterojunction formation,18,19

and surface and particle size modification,20,21 have been widely
explored. Our previous work showed that Zn(O,S), formed from a
solid solution of ZnS and ZnO, had significantly enhanced photo-
catalytic hydrogen evolution performance compared to the single
oxide and sulfide phases under the same experimental conditions.
It has been proposed that the formation of a solid solution
creates some oxygen vacancy sites that are heavily involved in
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the hydrogen evolution mechanism.1 It has also been shown in
our previous works17–19 that heterojunction formation can
significantly increase the photocatalytic activity. Furthermore,
modifications made to the surface and particle size by utilizing
larger SiO2 spherical particles to increase adsorption and
degradation of toxic organic dyes have been demonstrated in
our previous works.18

The synergistic effect expected from the combination of a
Zn(O,S) solid solution and a heterojunction, by forming a
Zn(O,S)/Ga2O3 nanocomposite, is what motivated this work.
In our previous work, the Zn(O,S) solid solution showed
enhanced performance compared to the single phases of ZnO
and ZnS. To achieve better photocatalytic activity, Ga2O3 was
selected due to its suitable conduction band potential for water
reduction.12 After simultaneous photo-excitation of the Zn(O,S)
and Ga2O3 nanoparticles, the excited electrons in the conduction
band of one phase transfer to the other phase near the interface
between them. As a result, this process increases the number of
photo-generated electrons that promote photocatalytic activity on
the catalyst surface.

In this work, the Zn(O,S)/Ga2O3 nanocomposite was synthe-
sized in one pot using a simple precipitation method at 90 1C
and normal pressure. The formation of Ga2O3 was easily
achieved by adding a small amount of hydrazine monohydrate
into thioacetamide solution at 90 1C. Different amounts of Ga
precursor were used to obtain different amounts of Ga2O3 in
the Zn(O,S)/Ga2O3 nanocomposites, in order to find a suitable
composition to optimize the hydrogen evolution rate. The
photocatalyst with the best performance was further utilized
to reduce 4-NP to 4-AP without using any reducing agents. The
relatively high hydrogen evolution rate and the ability of the
photocatalyst to reduce 4-NP to 4-AP are presented, and an
appropriate mechanism is elucidated in this paper.

2 Experimental section
2.1 Materials

All materials used in this work were commercially available and
used without any further purification treatment.

2.2 Synthesis of Zn(O,S)/Ga2O3 nanocomposites

To synthesize Zn(O,S)/10% Ga2O3 nanocomposite powder, 4.4 g
Zn(Ac)2�2H2O and 0.8 g Ga(NO)3�8H2O were first mixed in
500 mL deionized (DI) water under vigorous stirring. After all
the precursors were totally dissolved, 0.75 g C2H5NS as a sulfur
source was added to the solution. The solution temperature was
then increased to 90 1C and held for 4 h. The formation of a
white precipitate was initiated in the solution at 70 1C. When
the temperature reached 90 1C, 0.2 mL hydrazine monohydrate
was added to the solution. The obtained white precipitate
was naturally cooled down to room temperature and washed
3 times, followed by drying in a rotary evaporator. To completely
eliminate all the volatile elements on the catalyst surfaces,
the white powder was kept in a vacuum oven at 70 1C overnight.
The obtained powder was denoted as the Zn(O,S)/10% Ga2O3

nanocomposite powder. The other Zn(O,S)/0.5% Ga2O3, Zn(O,S)/
3% Ga2O3, Zn(O,S)/5% Ga2O3 and Zn(O,S)/20% Ga2O3 nano-
composite powders were also prepared with appropriate amounts
of Ga(NO)3�8H2O using the same experimental procedure. Single
phases of Ga2O3 and Zn(O,S) were also prepared with the same
procedure without Zn and Ga precursors, respectively, for
comparison.

2.3 Characterization

The morphology and microstructure of the Zn(O,S)/Ga2O3

nanocomposites were examined using field-emission scanning
electron microscopy (FE-SEM, JSM 6500F, JEOL, Tokyo, Japan)
and high-resolution transmission electron microscopy (HRTEM,
Tecnai F20 G2, Philips, Netherlands). Powder X-ray diffraction
(XRD) patterns of the Zn(O,S)/Ga2O3 nanocomposites with
different amounts of Ga precursor were recorded on a Bruker
D2-phaser diffractometer using Cu Ka radiation with a wave-
length of 1.5418 Å. X-ray photoelectron spectroscopy (XPS)
measurements of the Zn(O,S)/Ga2O3 nanocomposite powders
were carried out on a VG ESCA Scientific Theta Probe spectro-
meter system with Al Ka (1486.6 eV) radiation and a 15–400 mm
X-ray spot size, using an ion gun operated at 3 kV and 1 mA. The
UV-vis diffuse reflectance spectra (DRS) of the Zn(O,S)/Ga2O3

nanocomposite powders were recorded using a Jasco V-670
UV-visible-near IR spectrophotometer. Mott–Schottky and electro-
chemical impedance spectroscopy (EIS) measurements of the
Zn(O,S) and Ga2O3 powders were carried out using a Princeton
Applied Research Versa STAT 3. A glassy carbon electrode, Ag/AgCl
electrode and platinum wire were used as the working, reference
and counter electrodes, respectively. For the EIS measurements,
the window potential, frequency and scan rate values were set from
�0.5 to 0.5 V, 5000–0.05 Hz and 0.05 V s�1, respectively. The
surface areas of the as-prepared photocatalysts were finally
investigated using the Brunauer–Emmett–Teller (BET) method.

2.4 Photocatalytic hydrogen evolution experiments

All the as-prepared nanocomposites were tested for their ability
to produce hydrogen in a 500 mL reactor containing 10% ethanol
solution under a 4 � 6 Watt UV blacklight tube lamp at a fixed
wavelength of 352 nm for 5 h. The UV lamp illumination intensity
was approximately 0.088 mW cm�2 based on the photometer
measurement. This intensity value is much lower than that of
natural sunlight illumination (about 1/40 times the intensity of
sunlight).1 The length of the UV lamp is longer than our reactor,
therefore only 2/3 of the lamp could be inserted into our reactor.
As a result, to have an appropriate calculation, a light source of
only 16 Watt was considered for this work. The hydrogen
evolution experiments were carried out under steady stirring
to continuously disperse the catalyst powder in solution. In our
typical experiment, 225 mg catalyst powder was dispersed in
450 mL solution containing 10% ethanol to evolve hydrogen.
During the photocatalytic hydrogen evolution experiments, the
reactor was connected to a GC system with 99.99% Ar as the
carrier gas. The flow rate of Ar gas was set to 100 mL min�1 for
the whole experiment. Prior to starting the lamp illumination,
the reactor was purged with Ar gas for 1 h to remove all the
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atmospheric gas remaining in the reactor. After the purging
process, to ensure all atmospheric gas had been removed, a
certain amount of gas from the reactor was initially checked by
flowing it into the GC system. During the experiments, gas
sampling was taken at the time interval of 30 min by flowing the
evolved gas in the reactor into the GC system. The amount of
produced hydrogen was determined based on the peak area in
the GC spectra.

2.5 Photocatalytic reduction of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP)

To reduce 4-NP to 4-AP, 225 mg catalyst powder was dispersed
in 450 mL solution containing 10% ethanol and 30 ppm 4-NP.
The Zn(O,S)/Ga2O3 nanocomposite catalyst, which showed the
best hydrogen evolution performance, was used in this experiment.
The photocatalytic reduction was carried out under a continuous
flow of Ar gas through the reactor and under 4 � 6 Watt UV
blacklight tube lamp illumination. Initially, to investigate
whether the catalyst could perform the photocatalytic reduction,
an aliquot was taken from the solution 15 min after turning on
the UV lamps and was investigated using a UV-vis spectro-
photometer. If the results from the UV-vis spectrophotometer
showed a UV absorbance peak shift to 300 nm, indicating the
formation of 4-AP, then the same procedure was conducted
again and another aliquot was taken after 1 h for high-performance
liquid chromatography (HPLC) measurements. The aliquots were
taken for a period of 3 h and were checked using HPLC analysis
to clearly reveal the reduction of 4-NP and the formation of 4-AP
during the 3 h photoreaction.

3 Results and discussion
3.1 X-ray diffractometer (XRD) pattern of Zn(O,S)/Ga2O3

nanocomposite

To investigate the crystal structures of the Zn(O,S)/Ga2O3 nano-
composites, the as-prepared nanocomposite powders were
examined using X-ray diffractometry. Fig. 1 shows the XRD patterns
of the as-prepared Ga2O3, Zn(O,S)/0.5% Ga2O3, Zn(O,S)/3% Ga2O3,
Zn(O,S)/5% Ga2O3, Zn(O,S)/10% Ga2O3 and Zn(O,S)/20% Ga2O3

powders compared to that of Zn(O,S). The as-prepared Zn(O,S)
pattern shows a cubic structure with the main peaks located
between those of ZnO (JCPDS #65-2880) and ZnS (JCPDS #05-
0566), as shown in our previous work.1 The peaks of the Ga2O3

phase gradually appeared with increasing amount of Ga2O3 in
the nanocomposites. The major peaks of the Ga2O3 phase in the
nanocomposites assigned to the (111), (�211) and (017) planes
were in good agreement with the major peaks of as-prepared
Ga2O3 as shown in Fig. 1. All the peaks of as-prepared Ga2O3

matched those in JCPDS #11-0370. However, a slight peak shift
(2y = 0.51) to a higher angle was observed. This may due to
lattice distortion during the low temperature preparation.
The XRD patterns indicated that the Zn(O,S) and Ga2O3 phases
were successfully synthesized at low temperature to form a
nanocomposite powder. The broad peaks indicated in Fig. 1
confirmed that the nanocomposites contained tiny particles.

The crystalline sizes of Zn(O,S) and Ga2O3 are 2.5 and 5.2 nm
based on the Scherrer equation for the Zn(O,S)(111) and
Ga2O3(311) peaks, respectively. The XRD characterization
reveals that Zn(O,S)/Ga2O3 forms a robust nanocomposite due
to its tiny particle size. As confirmed by energy dispersive
spectra (EDS) analysis, the amount of Ga2O3 is relatively low
in the nanocomposites. The Ga2O3 amount was not observable
for the as-designed Zn(O,S)/0.5% Ga2O3 nanocomposite. However,
the actual amounts of Ga2O3 in Zn(O,S)/3% Ga2O3, Zn(O,S)/5%
Ga2O3, Zn(O,S)/10% Ga2O3 and Zn(O,S)/20% Ga2O3 were 0.06%,
0.55%, 1.58% and 4.08%, respectively, based on the EDS analysis.

3.2 Morphology and microstructure of Zn(O,S)/Ga2O3

nanocomposite

The morphology of the Zn(O,S)/Ga2O3 nanocomposites was
examined using FE-SEM and the results are shown in Fig. S1
(ESI†). The sizes and shapes of the nanocomposites are similar
to those of the Zn(O,S) nanoparticles. To clearly examine the
nanocomposites, high-resolution transmission electron micro-
scope (HRTEM) analysis was used to reveal the element mapping
and lattice fringes of the Zn(O,S)/Ga2O3 phases. Fig. 2 shows the
HRTEM analysis of element mapping, lattice fringes and selected
area electron diffraction pattern (SAED) of the Zn(O,S)/10% Ga2O3

nanocomposite. The tiny particle size of the Zn(O,S)/10% Ga2O3

nanocomposite shown in Fig. 2a is consistent with the XRD
analysis. All the elements of Zn, Ga, O and S in the Zn(O,S)/10%
Ga2O3 nanocomposite are presented in Fig. 2b–e, respectively.

Fig. 1 XRD patterns of as-prepared Ga2O3 and Zn(O,S)/Ga2O3 nano-
composites with different Ga2O3 content.

NJC Paper

Pu
bl

is
he

d 
on

 3
1 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l T

ai
w

an
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

on
 0

6/
03

/2
01

8 
02

:4
8:

06
. 

View Article Online

http://dx.doi.org/10.1039/c7nj02505j


12400 | New J. Chem., 2017, 41, 12397--12406 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

The lattice fringe values of Zn(O,S) (JCPDS #65-2880; JCPDS #05-
0566), Ga2O3 (JCPDS #11-0370) and Ga metal (JCPDF #05-0601) at
(111) are 2.68–3.10 Å, 2.54 Å and 2.95 Å, respectively, as indicated
in Fig. 2f. The lattice fringe values of Zn(O,S) at (111), which are
between those of ZnO and ZnS, are consistent with our previous
work.1 The broad ring patterns of Zn(O,S)/10% Ga2O3 are also in
agreement with our previous work.1 However, the Ga2O3 pattern
is not clearly shown in the SAED pattern due to its lower amount
on the Zn(O,S) surface. The overlapping dot pattern of Ga metal
and broad ring pattern of Zn(O,S) were confirmed with the lattice
fringe of Ga metal, which was located in the range of the Zn(O,S)
lattice fringes (dZnO(111) o dZn(O,S)(111) o dZnS(111)). The weak dot
patterns of Ga2O3 and Ga metal indicated by the red and green
circles were observable in the SAED pattern, as shown in Fig. 2g.
A complete discussion about the formation of a Zn(O,S) solid
solution in relation to the formation of a three dimensional
multi-bandgap quantum well (3D MQW) has been well discussed
in our previous work.1 The HRTEM analysis reveals the formation
of a composite containing nanosized Zn(O,S) and Ga2O3 phases
with good interfaces between them. The good interface between
the two phases, as indicated in Fig. 2f, is advantageous for
electron transfer, to enhance the catalytic performance.

3.3 Diffuse reflectance spectra (DRS) analysis

Diffuse reflectance spectra (DRS) measurements were carried out to
gain a better understanding of the Zn(O,S)/Ga2O3 nanocomposite
properties. Fig. 3 shows the diffuse reflectance spectra of all the

as-prepared nanocomposites. The results reveal that the highest
absorbance is found in the UV range. Zn(O,S)/0.5% Ga2O3 has
the highest UV light absorbance in the range between 240 and
340 nm, followed by Zn(O,S)/5% Ga2O3, Zn(O,S)/3% Ga2O3,
Zn(O,S)/10% Ga2O3, Zn(O,S)/20% Ga2O3, Zn(O,S) and the
as-prepared Ga2O3. However, it was observed that the nanocom-
posites containing the 0.5–10% Ga2O3 do not have significantly
different UV light absorbances. The wavelength of the UV light
source used in this work is about 352 nm, as indicated in Fig. 3.
A higher energy UV lamp (l o 350 nm) was not used in this
work due to safety concerns. Based on the DRS measurements,
the bandgap values of the Zn(O,S), Zn(O,S)/0.5% Ga2O3, Zn(O,S)/3%
Ga2O3, Zn(O,S)/5% Ga2O3, Zn(O,S)/10% Ga2O3 and Zn(O,S)/20%
Ga2O3 composites and the as-prepared Ga2O3 were 3.51, 3.59,
3.60, 3.57, 3.56, 3.53 and 4.78 eV, respectively, as shown in the ESI†
(Fig. S3). It was noticed that the nanocomposite formation did not
significantly influence the bandgap values; however, the UV light
absorbance was obviously increased. As we observed, the light
absorbance intensity of Zn(O,S) after being coupled with Ga2O3

was increased by 50% for Zn(O,S)/0.5% Ga2O3. The DRS
measurements show that coupling Zn(O,S) and Ga2O3 led to a
good synergy, which enhanced the optical properties in the
range of 240–340 nm and probably would lead to enhancements
to the photocatalytic reaction.

3.4 X-ray photoelectron spectroscopy (XPS) analysis

To confirm the chemical states of each element in the Zn(O,S)/
Ga2O3 nanocomposites, the as-prepared Zn(O,S)/10% Ga2O3

nanocomposite was carefully examined using XPS analysis.
XPS is a sensitive technique used to characterize the elemental
composition at the parts per thousand range, chemical state
and electronic state of the elements that exist on material
surfaces. All the elements in the Zn(O,S)/Ga2O3 nanocomposite
were found in the full scan XPS spectra, as seen in Fig. S2 in the
ESI.† Fig. 4 shows the high-resolution spectra of Zn, Ga, O and S
elements in the nanocomposite. The binding energy values of
Zn 2p1/2 and Zn 2p3/2 were noticed at 1045.7 eV and 1022.7 eV,
respectively, which is in good agreement with the literature.1,22

Fig. 2 High-resolution images of (a) Zn(O,S)/20% Ga2O3 nanocomposites
with (b) Zn, (c) Ga, (d) O and (e) S element mapping from the red rectangle
area in (a). (f) The lattice fringes of Ga metal, Ga2O3 and Zn(O,S) nano-
particles from the area indicated in the yellow rectangle in (a). (g) Selected
area electron diffraction patterns (SAED) of the Zn(O,S) phase with a broad
ring pattern at (111) located between the depicted ring patterns of ZnS and
ZnO. The weak dot patterns of the Ga2O3 and Ga metal phases were also
observable as indicated with the red and green circles, respectively.

Fig. 3 DRS spectra of Zn(O,S)/Ga2O3 nanocomposites with different
amounts of Ga2O3 and as-prepared Ga2O3 for comparison.
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XPS measurements revealed that Ga in the nanocomposite was
found not only in the oxide phase, but also in the metal phase.
However, Ga metal peaks did not show up in the XRD patterns,
as confirmed in Fig. 1, due to the relatively low amount of Ga
metal in the nanocomposite. The binding energy values of Ga
2p1/2 and Ga 2p3/2 in the oxide phase were observed at 1145.6
and 1118.8 eV, respectively, while those of Ga (metal) 2p1/2 and
Ga (metal) 2p3/2 were noticed at 1139.3 and 1113.6 eV,
respectively.22,23 The Ga metal phase was calculated to be
35% based on the total Ga content. Oxygen binding energy
values of O 1s located at 530.1 and 531.1 eV were related to oxygen in
the lattice and oxygen vacancies on the nanocomposite surfaces,
respectively.22,24 The amounts of lattice oxygen and oxygen vacancies
were calculated to be 75% and 25%, respectively, based on the peak
areas. The peaks of S 2p1/2 and S 2p3/5 were observed at 165.3 and
164.3 eV, which are in good agreement with previous works.1,22 The
XPS analysis confirmed the chemical state of each element in the
Zn(O,S)/Ga2O3 nanocomposite including Ga metal, which was not
observable in the XRD analysis. Additional XPS data for as-prepared
Ga2O3 is also provided in the ESI† (Fig. S10) to confirm the chemical
state of each element in Ga2O3. All the peaks for Ga 2p and O 1s are
in good agreement with those of Ga2O3 in the nanocomposite.

3.5 Photocatalytic hydrogen evolution reaction (HER)

The photocatalytic HER was carried out in 10% ethanol
solution for 5 h in the presence of 225 mg Zn(O,S)/Ga2O3

nanocomposite powder without a noble metal (Pt or Au) as a
cocatalyst under 4 � 6 W UV light illumination. A gas sample
was taken from the reactor in the time interval of 30 min by
flowing 99.99% Ar gas through the reactor to a gas chromato-
graphy (GC) system. Fig. 5 shows the amount of hydrogen
evolved during the HER experiment using Zn(O,S)/Ga2O3 nano-
composites with different Ga2O3 content, as-prepared Ga2O3

and commercially available P25 as a standard catalyst for
comparison. In many other previous works,25–27 TiO2 has been
shown to be a great catalyst for evolving hydrogen. However,
noble metals such as Pt have been needed to trap electrons and
efficiently enhance the lifetime of photo-carriers, otherwise no
hydrogen gas is evolved, as shown in Fig. 5. Furthermore, in
those reported works, toxic hole-scavenger reagents, such as
Na2S, have been commonly used. Furthermore, only a small
amount of hydrogen can be evolved in aqueous solution in the
presence of Pt/TiO2. Our experimental results show that
Zn(O,S)/Ga2O3 with low Ga2O3 content was not effective for
hydrogen evolution, and this might be caused by the limited
degree of heterojunction formation, leading to ineffective electron
transfer during the photoreaction. The photocatalytic activity of
Zn(O,S) is higher than that of the nanocomposites with 0.5–5%
Ga2O3. A related observation in the DRS spectra at 352 nm also
showed lower absorbance for lower Ga2O3 content (0.5–5%).
Ga2O3 is a wide bandgap material; therefore the light absorbance
and photocatalytic activity was lower as higher wavelength

Fig. 4 High-resolution XPS spectra of (a) Zn 2p, (b) Ga 2p, (c) O 1s and (d) S 2p peaks for the Zn(O,S)/10% Ga2O3 nanocomposites.
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photons (352 nm) were used to illuminate the photocatalysts.
When a lower amount of Ga2O3 was used, there was no
synergetic effect between the Zn(O,S) and Ga2O3 phases. This
might be related to the lower background absorbance of Ga2O3

and inefficient electron transfer in the interface between
the two phases using 352 nm wavelength illumination. With
an increasing amount of Ga2O3 in the nano-heterostructure
composites, the background absorbance gradually increased
and became higher than that of Zn(O,S), particularly at the
wavelength of 352 nm, as shown in the DRS spectra. The
experimental data revealed that an optimum synergistic effect
was achieved at 10% Ga2O3 content in Zn(O,S)/Ga2O3. To show
the inefficient electron transfer in the nanocomposites of lower
Ga2O3 content, electrochemical impedance spectroscopy (EIS)
measurements were carried out for all the catalysts. The results
reveal a higher resistance and inefficient electron transfer
for the nanocomposites with lower Ga2O3 content. Higher
resistance corresponded to a larger arc profile in the EIS spectra,
as shown in the ESI† (Fig. S8). The Randles equivalent circuit
was used to fit the experimental data. Based on the Randles
fitting, the calculated electron transfer resistance values of
Zn(O,S), Zn(O,S)/0.5% Ga2O3, Zn(O,S)/3% Ga2O3, Zn(O,S)/5%
Ga2O3, Zn(O,S)/10% Ga2O3, Zn(O,S)/20% Ga2O3 and Ga2O3 were
55.7 kO, 91.3 kO, 77.85 kO, 71.8 kO, 36.5 kO, 43.8 kO and
98.0 kO, respectively. The lowest resistance observed for
Zn(O,S)/10% Ga2O3 indicated the most efficient electron transfer
on the interfaces between the catalyst and electrolyte during the
photocatalytic reaction for hydrogen production. The highest
hydrogen amount of 280 mmol g�1 h�1 W�1 was achieved in
the presence of the Zn(O,S)/10% Ga2O3 nanocomposite, as shown

in Fig. 5. With Zn(O,S) coupled to Ga2O3, the amount of hydrogen
evolved was increased by 30%, as compared to our previous
work.1 Increasing the Ga2O3 content to 20% lowered the photo-
catalytic performance, possibly due to the coverage of higher
bandgap Ga2O3 on Zn(O,S) surfaces, lowering the amount of
photo-generated electrons and decreasing the efficiency of
HER.28 The experimental data show that a relatively small
amount of Ga2O3 (only 1.58% as indicated by the EDS analysis) in
the nanocomposites could significantly enhance the photocatalytic
HER, even without utilizing a noble metal or toxic hole-scavenger
reagent. To gain a deeper understanding of our photocatalysts, the
surface areas of the Zn(O,S), Zn(O,S)/0.5% Ga2O3, Zn(O,S)/3%
Ga2O3, Zn(O,S)/5% Ga2O3, Zn(O,S)/10% Ga2O3 and Zn(O,S)/20%
Ga2O3 composites and as-prepared Ga2O3 were examined, and
the results are shown in Table 1.

The BET results show that the surface areas of the nano-
composites increase as the Ga2O3 content increases. However, a
20% Ga2O3 content in the nanocomposite induces a lower surface
area, which might be related to Ga2O3 nanoparticle aggregation. It
was found that the highest surface area of Zn(O,S)/Ga2O3 is
obviously increased by more than 7 times due to the incorporation
of Ga2O3 to form the nanocomposite photocatalyst. Therefore,
the nanocomposite formation and the enhanced surface area
simultaneously increase the reactive photocatalytic sites.

3.6 Utilization of hydrogen evolution Zn(O,S)/Ga2O3

nanocomposites for 4-NP reduction

To evaluate the potential of the hydrogen evolution photocatalysts
for environmental remediation, the as-prepared Zn(O,S)/10%
Ga2O3 nanocomposite was utilized to reduce 30 ppm 4-NP in
10% ethanol solution under low-intensity UV light illumination.
The reduction reaction was carried out in an Ar atmosphere with a
continuous flow of Ar gas during the experiment to eliminate any
effects from atmospheric gas. In this experiment, 225 mg Zn(O,S)/
10% Ga2O3 nanocomposite powder was well dispersed in 450 mL
4-NP solution. To understand the photocatalytic reduction of 4-NP
on the Zn(O,S)/10% Ga2O3 nanocomposite, the experiments were
carried out under different conditions. Fig. 6 shows four kinds of
experiments with 30 ppm 4-NP conducted in 10% ethanol solution
with the Zn(O,S) or Ga2O3 catalyst, in Zn(O,S)/10% Ga2O3 catalyst-
dispersed pure water, and in 10% ethanol solution with dispersed
Zn(O,S)/10% Ga2O3 catalyst. There were no changes in the UV-vis
absorbance for the aliquots taken from the solution containing
only 4-NP and 10% ethanol after illumination with a UV lamp
for 90 min, as shown in Fig. S5 in the ESI.† The experiment with
single phases of Zn(O,S) and Ga2O3 did not significantly exhibit
the reduction of 4-NP in ethanol solution as shown in Fig. 6a
and b. The experiment with 30 ppm 4-NP in Zn(O,S)/10%
Ga2O3-dispersed pure water showed absorbance peak shifts

Fig. 5 Photocatalytic hydrogen evolution in 10% ethanol solution catalyzed
by Zn(O,S)/Ga2O3 nanocomposites with different contents of Ga2O3 and
as-prepared Ga2O3 under 24 W UV tube lamp illumination.

Table 1 Surface areas of Zn(O,S)/Ga2O3 nanocomposites with different amounts of Ga2O3 and as-prepared Ga2O3

BET results

Photocatalysts

Zn(O,S) Zn(O,S)/0.5% Ga2O3 Zn(O,S)/3% Ga2O3 Zn(O,S)/5% Ga2O3 Zn(O,S)/10% Ga2O3 Zn(O,S)/20% Ga2O3 Ga2O3

Surface area (m2 g�1) 18.77 33.76 68.50 87.62 137.22 102.35 130.07
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after illumination with a UV lamp for more than 30 min, as
shown in Fig. 6c. However, the peak shifts occurred slowly and
improperly. This result might be due to a lower hydrogen
evolution rate in pure water without ethanol as a hole-scavenger
agent.1 The last experiment with 30 ppm 4-NP in Zn(O,S)/10%
Ga2O3-dispersed ethanol (10%) solution showed a smooth peak
shift from 315.6 to 301.7 nm in 90 min. The absorbance peaks
at 315.6 nm and 301.7 nm were respectively related to 4-NP and
4-AP absorbances in solution.10 The related solution images at
those peaks of 315.6 nm and 301.7 nm are also shown in the
inset in Fig. 6d. After 90 min of the reduction reaction,
the solution changed from yellowish (4-NP) to clear (4-AP).
The experiments confirmed that the photocatalytic reduction
of 4-NP to 4-AP occurred in the presence of the Zn(O,S)/10%
Ga2O3 catalyst in 10% ethanol solution. This result indicates
the important role of ethanol as a hole-scavenger reagent in
enhancing the photocatalytic reduction of 4-NP.

3.7 High-performance liquid chromatography (HPLC) analysis

Aliquots from the reduction experiment involving 30 ppm 4-NP
in Zn(O,S)/10% Ga2O3-dispersed ethanol (10%) solution were
investigated using HPLC analysis. To separate 4-NP and 4-AP in
the aliquots, a reversed-phase liquid chromatography C-18 column

with a mobile phase of a 20% methanol solution containing 5 mM
tetrabutylammonium phosphate (TBAP) was used in the HPLC
measurement. The 4-NP in solution was detected with a UV
detector at 323 nm, while 4-AP in solution was detected with a
fluorescent detector for the 323 nm emission after excitation at
300 nm. The measurement was run at room temperature with a
flow rate of 1 mL min�1 and the sample intake was 50 mL for all
aliquots. To determine the 4-NP and 4-AP retention times,
commercially available 4-NP and 4-AP standard solutions were
used in the measurement. It was found that the retention times
were 28 min for 4-NP and 5 min for 4-AP with UV and
fluorescent detectors, respectively. Fig. 7 shows the chromato-
grams with a decreased peak intensity for 4-NP and an increased
peak intensity for 4-AP after the reactions had proceeded from
0 to 3 h, as shown in Fig. 7a and b, respectively. Based on the
peak height in Fig. 7a, the remaining concentrations of 4-NP in
solution were 100%, 33.8%, 23.1% and 13.0% after reactions for
0, 1, 2 and 3 h, respectively. The HPLC results confirm the
formation of 4-AP as a product of 4-NP reduction. To show the
synergetic effect between Zn(O,S) and Ga2O3 in the nanocomposite
with enhanced photocatalytic activity, 4-NP reduction experiments
with HPLC analysis were separately conducted for Zn(O,S)
and Ga2O3. The results indicate lower photocatalytic 4-NP

Fig. 6 UV-vis absorbance spectra of (a) 30 ppm 4-NP + 10% ethanol solution + Zn(O,S), (b) 30 ppm 4-NP + 10% ethanol solution + Ga2O3, (c) 30 ppm
4-NP + Zn(O,S)/Ga2O3 catalyst, and (d) 30 ppm 4-NP + 10% ethanol solution + Zn(O,S)/Ga2O3 catalyst with different 24 W UV-light illumination periods.
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conversion rates to form 4-AP for Zn(O,S) and Ga2O3 as shown
in Fig. S6 and S7 (ESI†), respectively.

3.8 Photocatalytic mechanisms of hydrogen evolution
reaction and 4-NP reduction

The main mechanisms by which the Zn(O,S) nanoparticles
evolve hydrogen under UV light illumination have been elucidated
in our previous work.1 In this work, the enhanced photocatalytic
performance is related to efficient electron transfer between
Zn(O,S) and Ga2O3 phases due to different flat band potentials
leading to better photo-carrier separation.12,29 The Ga metal, as
confirmed by XPS analysis, might play a role in enhancing the
photocatalytic activity by trapping electrons during photoreaction,
due to its comparable work function with Ag.30–32 To draw
the band structure of the Zn(O,S)/Ga2O3 nanocomposite, Mott–
Schottky measurements were carried out (Fig. S4 in the ESI†) to
determine the flat band potential of each phase in the nano-
composites using glassy carbon, platinum and Ag/AgCl electrodes
as working, counter and reference electrodes, respectively.33,34

Based on previous works1,28 and the DRS measurements in this
work, the bandgap values of Zn(O,S) and as-prepared Ga2O3 were
determined to be about 3.60 and 4.78 eV, respectively. Fig. 8
presents the heterojunction band diagram of the Zn(O,S)/Ga2O3

nanocomposite with a typical straddling gap, which induces the
electrons and holes from Ga2O3 to transfer to the conduction and
valence bands of Zn(O,S), respectively. It is believed that some
defect states in the Ga2O3 conduction band are involved in
producing the photo-generated electrons due to oxygen vacancy
formation during the low temperature process.1 A small inten-
sity increase in the absorbance of as-prepared Ga2O3 in the DRS
spectra was also observable at 352 nm, as shown in Fig. 3, which

implies the possibility for electrons to be excited at this region.
Furthermore, to show the possibility that a defect state occurred
during Ga2O3 formation, a photoluminescence (PL) experiment
was carried out for as-prepared Ga2O3 and the results are shown
in the ESI† (Fig. S9). It was found that a small broad peak
showed up in the range of 350–400 nm that was located at the
excitation range of our UV tube lamp illumination, meaning
that it was possible to excite the as-prepared Ga2O3 with 352 nm
photons. The peak at 350–400 nm in the PL spectra was related
to the emission intensity due to the recombination process
between photo-excited electrons and holes at a specific state
level. The low emission intensity indicates that only a few
electrons were excited during the photocatalytic session. However,
after photo-excitation, the photo-carriers of the Ga2O3 conduction
and valence bands would drift towards those of Zn(O,S) due to
the in-built electric field between them. This in-built electric
field is important to separate the electrons and holes after
photo-excitation and to enhance the photo-carrier lifetime.17,18

If the lifetime of the photo-carriers was longer than that of the
photoreaction, then photocatalytic hydrogen evolution or
reduction would be improved. As there would be more photo-
generated electrons and holes in the Zn(O,S) conduction and
valence bands, respectively, further photocatalytic hydrogen
evolution reaction would mainly occur on Zn(O,S) surfaces, as
elucidated in our previous work.1 It was observed that the
photocatalytic hydrogen evolution reaction was initiated by water
oxidation with surface oxygen anions to form oxygen vacancy
sites on the catalyst surfaces, as shown in Fig. 8. Furthermore, the
oxygen vacancy sites were enhanced if ethanol was available in
the solution. The active oxygen vacancy sites were very crucial for
water reduction to form H2 and surface oxygen anions.1 However,

Fig. 7 High-performance liquid chromatograms (HPLC) of (a) 4-NP and (b) 4-AP solutions after photocatalytic reduction reaction in the presence of the
Zn(O,S)/10% Ga2O3 nanocomposite with different photoreaction times using UV and fluorescence detectors, respectively.
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the oxygen vacancy sites were also consumed by the reaction to
form hydrogen ions that are critical to reduce 4-NP to 4-AP. There-
fore, the hydrogen evolution rate significantly decreases as long as
4-NP is available in the solution, as shown in Fig. 9. This reveals
that the produced hydrogen amount in the presence of 4-NP was
significantly lower compared to that in ethanol solution, because
the produced hydrogen ions were consumed by the 4-NP reduction
reaction. It is well known that the availability of hydrogen ions that
evolve on catalyst surfaces is a crucial step to reduce 4-NP.5,8–10

4 Conclusions

A one-pot synthesis of Zn(O,S)/Ga2O3 nanocomposites with
different amounts of Ga2O3 was carried out and the as-prepared
nanocomposite powders were characterized using XRD, FE-SEM,
HRTEM, DRS, BET, EIS and XPS analysis. The Zn(O,S)/10% Ga2O3

nanocomposite exhibited the best performance with a hydrogen
production rate of 280 mmol g�1 h�1 W�1. The enhanced photo-
catalytic performance of the Zn(O,S)/Ga2O3 nanocomposite is
related to efficient electron transfer between the Zn(O,S) and
Ga2O3 phases, which form a straddling gap to increase the amount
of photo-carriers in the photoreaction. It was confirmed that the
formation of the Zn(O,S)/Ga2O3 heterojunction significantly
increased the hydrogen evolution rate by 30%, as compared
with the single Zn(O,S) phase. During the photoreaction, the
hydrogen ions generated on the nanocomposite surfaces could
be utilized for 4-NP reduction to form 4-AP. The reduction of
4-NP on the Zn(O,S)/Ga2O3 nanocomposite was confirmed
using UV-vis spectroscopy, HPLC measurements, and the
decreased amount of evolved hydrogen that was consumed in
the 4-NP reduction. Finally, it is concluded that the Zn(O,S)/
Ga2O3 nanocomposites can simultaneously generate hydrogen
and remediate the toxic pollutant 4-NP in ethanol solution
under low UV light illumination (0.088 mW cm�2 or approximately
1/40-fold UV light intensity of sunlight).
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Fig. 8 A typical straddling gap of Zn(O,S)/Ga2O3 heterojunction with Fermi level alignment.

Fig. 9 Photocatalytic hydrogen evolution in the presence of Zn(O,S)/10%
Ga2O3 nanocomposites in 10% ethanol solution with and without 30 ppm 4-NP.
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