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One-pot preparation of multicomponent
photocatalyst with (Zn, Co, Ni)(O, S)/Ga2O3

nanocomposites to significantly enhance
hydrogen production†

Hairus Abdullah, *a Riski Titian Ginting,b Anita Christine Sembiring,a

Noto Susanto Gultom, c Hardy Shuwanto c and Dong-Hau Kuo*c

To enhance the production of hydrogen as an alternative energy to fossil fuel, multicomponent photo-

catalyst (Zn, Co, Ni)(O, S)/Ga2O3 nanocomposites were synthesized and optimized with different

amounts of Ga precursor in a relatively low-temperature process. The as-prepared nanocomposites

were characterized by XRD, SEM, TEM, XPS, DRS, PL, EIS, TPC, CV, and MS techniques, and tested for

their photocatalytic activities toward hydrogen evolution reactions (HERs). Zn(O, S) phase formation with

low amounts of Ni and Co dopants and a Ga2O3 secondary phase were confirmed. The HER catalytic

activity of the as-prepared nanocomposite could achieve B9 mmol g�1 h�1 without any noble metal as

a cocatalyst under low-power UV-light-illuminated conditions. Ethanol was used as the hole scavenger

to enhance the photocarrier separation during the photocatalytic HER. It was found that Ni–Co codo-

pants played an essential role in improving HER activities of Zn(O, S). Although the wide-bandgap Ga2O3

is not active for photoexcitation under 365 nm light irradiation, it is believed that oxygen vacancies in

Ga2O3 induce the electron transfer from the conduction band of (Zn, Ni, Co)(O, S). This charge transfer

contributes to the photocarrier separation, leading to a higher photocatalytic activity. Moreover, based

on XPS results, the trivalent Ni dopant also generated positively charged antisite defects, which also

helps electron trapping, reducing the electron–hole recombination rate. This work demonstrated a

nanomaterial-design strategy involving simultaneously using dopants and nanocomposite concepts to

enhance hydrogen production with an aim to solve the global energy issue.

1. Introduction

As the utilization of energy for human life increases every year,
fossil fuel consumption has been inevitably escalated and has
induced the global warming effect on the earth. To reduce the
use of fossil fuels, many efforts to find alternative sustainable
energy sources, such as hydrogen as an energy carrier, have
been made.1–6 The hydrogen-based energy source with its
relatively higher combustion energy compared to fossil fuels is a
preferred energy source due to its clean combustion product
in the environment. However, most hydrogen production is
classically obtained from the petroleum and natural gas steam

reforming process.7 This method is not sustainable for long-
term application since the actual source of hydrogen is also
derived from fossil fuel. To replace this practice of hydrogen
production, the use of an advanced photocatalytic hydrogen
evolution reaction (HER) is preferred due to its more simple
processing.8–10 However, the works on HER need high effi-
ciency for actual applications together with a minimum reverse
effect on our environment. Therefore, HER photocatalysts with
the characteristics of low cost, low light-power input, abun-
dance of the chemicals in nature, high efficiency, environmen-
tal safety, good reusability, and possible sunlight harvesting are
required.

To advance the works on HER, some strategies, such as the
use of metal cation11–15 or non-metal anion doping,16,17 nano-
composite with and without a p-n heterojunction,13,18–24 utilizing
metal–organic framework materials,25 oxygen vacancies,26–28 hole
scavengers,29,30 and introducing a cocatalyst in to the catalytic
system,31–34 have been explored toward achieving a better HER
efficiency. In addition, some works have also utilized plasmonic
materials, such as Ag, Au, and Pt, to enhance the localized surface
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electrons during the photoreaction, leading to a higher charge
transfer and lower recombination of photocarriers.35–39 In these
works, hydrogen reduction requires a material with a more
negative conduction band (CB) than the reduction potential of
hydrogen;40 therefore, an electron will be easily transfered from
CB to reduce the absorbed proton on the catalyst surface to form
hydrogen gas.

To fulfill the required band-structure positions for HER,
semiconductors with a negative CB, such as ZnO and ZnS, are
viewed as promising candidates in developing the water-
splitting process.41,42 Rao et al. successfully fabricated ZnS@NiO
nanostructure to enhance the hydrogen production rate to
1.6 mmol g�1 h�1 under sunlight illumination.43 Zhao et al.
designed a material system comprising CeO2/g-C3N4 with a
Z-scheme heterojunction for the degradation of bisphenol A
and for HER.44 Zhang et al. also reported the p-type NiSe2/
n-type Cd0.5Zn0.5S for efficient charge separation to produce
hydrogen.45 Yang et al. utilized CdS with NiV LDH nanosheets
to form a p–n heterojunction for efficient hydrogen
generation.46 In order to harness the full visible-light spectrum
from solar light, Xu et al. engineered 2D-hBN/g-C3N4 with a
Z-scheme heterojunction for metal-free photocatalytic hydrogen
evolution.47 Furthermore, to utilize p-conjugated carbon for its
better adsorption property, Dao et al. wrapped N-doped CeO2 with
N-doped graphene to improve the visible-light HER. The nitrogen
doping here acted as a plasmonic material to enhance the charge
transfer during the photoreactions.48 In other progress, Yamakata
et al. attempted to dope Zn simultaneously with Ca on b-Ga2O3

photocatalysts for water splitting. The Zn and Ca created shallow
mid-gap states and enhanced electron trapping to prevent
electron–hole recombination.49 In these works, all the single-
phase materials did not exhibit remarkable catalytic perfor-
mance, implying electron and hole recombination was lower
with multi-phase materials.50,51

Among the dopant materials are Ni and Co transition
metals, which can induce different surface defects on a catalyst.
They can considerably enhance the charge separation and
lower the charge-transfer resistivity, leading to higher catalytic
activities.7,52,53 Further investigations by Bai et al. also indi-
cated that NiCo-oxysulfide nanocages exhibited high efficiency
in generating hydrogen.54 In addition, the Ni and Co-based
materials are also suitable for supercapacitor and battery
applications,55–57 which is related to their impressive charge
transfer and storage properties. Moreover, Ga2O3 also provides
a suitable energy band position for the water-splitting process.49,58

Therefore, it would be interesting to simultaneously use Ni and Co
dopants to design a photocatalyst system with another secondary
phase for better photocarrier separation, as indicated by other
works.37,59

In this work, a Zn-oxysulfide catalyst was simultaneously
modified with Ni and Co dopants and composited with a Ga2O3

phase for enhanced HER. Here, the second phase Ga2O3, which
forms a heterojunction composite, helps hamper the recombi-
nation between holes and electrons after photoexcitation.60

The catalytic system was investigated with constant amounts of
10% Ni and 2.5% Co dopants by varying the content of Ga2O3.

A number of our previous works studied the use of a single dopant
of Ni or Co.10,52,61 It was expected that the additional secondary
phase Ga2O3 would induce a better photocarrier separation,
leading to a higher reaction efficiency. Here, it was demonstrated
that a suitable amount of Ga2O3 addition to the catalyst system
significantly enhanced the photocatalytic HER activity by up to
50%. The HER mechanism reactions on the catalyst system were
elucidated and are described herein.

2. Experimental
2.1. Materials

All the chemicals used in this work were commercially obtained.
Zinc acetate dihydrate with a purity of 98% was purchased from
Alfa Aesar. Cobalt(II) nitrate hexahydrate (Z98%), nickel(II)
chloride (98%), and gallium(III) nitrate hydrate (99.9%) were
kindly provided by Sigma-Aldrich. Hydrazine monohydrate
(99%) was purchased from Acros Organic. Ethanol with a purity
of 95% was supplied by Jingmei Chemical Company. The chemi-
cals were directly used without any purification treatment.

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

The synthesis process was done based on the previous
procedure.62 In this work, the molar amounts of Zn, Ni, and
Co were kept constant with variation of the Ga amount to
obtain different composite powders. The Ni and Co molar
amounts were, respectively, 10% and 2.5% based on the molar
amount of Zn precursor. In a typical preparation, 20 mmol
Zn(Ac)2�2H2O, 2 mmol NiCl2, 0.5 mmol Co(NO3)2�6H2O,
10 mmol thioacetamide (TAA), and different molar amounts
of 0%, 2.5%, 5%, 10%, and 20% Ga(NO3)3�8H2O were dissolved
in 500 mL deionized (DI) water in separate glass beakers. The
percentages of Ga precursors were calculated based on the
amount of Zn precursor. The process was done under vigorous
stirring with an elevated temperature at 95 1C for 4 h. During
the heating process, 0.5 mL hydrazine monohydrate was
dropped into the reaction solution after 95 1C was reached.
A white precipitate was obtained after 4 h reaction and was
collected by centrifugation. The precipitate was washed three
times with ethanol and dried at 80 1C overnight. The obtained
powders with different amounts of 0%, 2.5%, 5%, 10%, and
20% Ga precursor were denoted as ZNC-0G, ZNC-2.5G, ZNC-5G,
ZNC-10G, and ZNC-20G, respectively.

2.3. Characterization

Field-emission scanning electron microscopy (FESEM, JSM
6500F, JEOL, Tokyo, Japan) was used to examine the morphology
and microstructure, together with energy dispersive spectroscopy
(EDS), and elemental mapping analysis of the as-prepared cata-
lysts. The crystal structures of the catalyst powders were identified
by the X-ray diffraction (XRD) patterns recorded on a Bruker
D2-phaser diffractometer using Cu Ka radiation with a wavelength
of 1.5418 Å. High-resolution images and the selected area electron
diffraction patterns of the catalyst particles were observed with
field-emission gun transmission electron microscopy (FEG-TEM,
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Philips Tecnai F30, USA). The specific surface area, pore size, and
pore volume were analyzed using the Brunaeur–Emmett–Teller
(BET) method with nitrogen adsorption–desorption isotherms.
Nitrogen adsorption and desorption were isothermally done at
77.15 K with a constant-volume adsorption apparatus utilizing a
Novatouch LX2 Quantachrome Instrument (Boyton Beach, FL,
USA). Optical absorbances of the catalyst powders were analyzed
with diffuse reflectance spectroscopy (DRS) and photolumines-
cence (PL) using a Jasco V-670 UV-visible-near IR spectrophoto-
meter. The charge transfer and electrochemical properties of the
catalysts were analyzed by electrochemical impedance spectro-
scopy (EIS), transient photocurrent (TPC), cyclic voltammetry (CV),
and Mott–Schottky (MS) measurements with a Bio-Logic Science
Instrument supported by EC-Lab software. To conduct the three-
electrode electrochemical measurements during the analysis, a
glassy carbon electrode (GCE), Ag/AgCl/’sat KCl, and platinum
plate were used as the working, reference, and counter electrodes,
respectively. The chemical states of the elements and their
contents in the as-prepared catalysts were examined by X-ray
photoelectron spectroscopy (XPS) carried out on a VG ESCA
Scientific Theta Probe spectroscope with Al Ka (1486.6 eV). The
confirmation of the generated hydrogen was done by gas
chromatography (GC-1000) with a thermal conductivity detec-
tor (TCD). A molecular-sieve (MS-5A 60/80; 3.5 m � 1/8’’)
column was utilized in the GC measurement to separate the
gases during the photocatalytic reactions.

2.4. Photocatalytic hydrogen evolution experiments

Photocatalytic HER was done in a 500 mL homemade reactor
with a tubular space in the middle of the reactor for inserting a
352 nm UV lamp as the light source for the photoreactions. The
reactor was also equipped with input and output channels for
the carrier gas. During the photocatalytic experiments, 225 mg
catalyst powder was dispersed in 450 mL solution with 10% v/v
alcohol as a hole scavenger reagent. A UV-blacklight lamp
(4 � 6 W) was used as the light source for the catalytic reaction.
As only two-thirds of the lamp was inserted into the reactor, the
illumination power was less than 24 W. Before starting the light
illumination, the catalyst-dispersed solution was purged with
99% Ar for 1 h to remove atmospheric gases in the reactor
under vigorous magnetic stirring. After removing all the atmo-
spheric gases and ensuring no contaminants were present in
the reactor by GC analysis, the photocatalytic HER was started
by turning on the light source. Gas sampling was performed
every 30 min by flowing Ar gas from the reactor to the GC to
monitor the evolved hydrogen gas from the photoreaction.
A similar measurement procedure was done for the as-prepared
catalysts with different Ga2O3 contents.

3. Results and discussion
3.1. X-ray diffraction (XRD) pattern analysis

The crystal structures of the ZNC-0G, ZNC-2.5G, ZNC-5G, ZNC-
10G, and ZNC-20G catalysts were identified by XRD pattern
analysis. Fig. 1 indicates the XRD patterns of the nanocomposite

catalysts with different Ga2O3 amounts, as mentioned in the
experimental procedure. ZNC-0G without a Ga content exhibited
a sphalerite Zn(O, S) pattern, consistent with the previous work.63

The peaks at (111), (220), and (311) in the ZNC-0G pattern
corresponded to the oxysulfide phase located between those of
cubic ZnO (JCPDS #65-2880) and ZnS (JCPDS #05-0566). However,
the incorporation of Ni and Co into ZNC-0G did not show a
noticeable peak shift since the atomic radii of Ni and Co are about
the same as Zn.64 A secondary phase of Ga2O3 was confirmed with
the peaks at (111), (%211), and (017), which gradually appeared at
high contents of Ga precursor. The overall XRD patterns con-
firmed the Ni–Co-doped Zn(O, S) formation with an additional
Ga2O3 phase. Based upon the XRD results, the as-prepared ZNC-
xG (x = 2.5, 5, 10, and 20) catalysts were confirmed as Ni–Co-
doped Zn(O, S)/Ga2O3 nanocomposites through the two patterns
that existed in the XRD analysis. Based on the Scherrer calculation
at the (111) peak, the crystalline sizes of Ni–Co-doped Zn(O, S) and
Ga2O3 were found to be 2.5 and 5.2 nm, respectively.

3.2. Morphology and microstructure of the ZNC-xG
(x = 2.5, 5, 10, and 20) nanocomposites

The morphology and microstructures of the ZNC-xG catalyst
powders were further examined by SEM analysis. Fig. 2
indicates the SEM images of the as-prepared ZNC-xG (x = 2.5,
5, 10, and 20) nanocomposites. The particle size of the

Fig. 1 XRD patterns of the as-prepared catalyst powders with different
contents of Ga2O3.
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nanocomposites approximately ranged from 50 to 250 nm.
There were no obvious differences in their morphology. However,
the catalyst powder with x = 10 for ZNC-10G exhibited a relatively
uniform particle size (about 100 nm) in its microstructure. This
might be due to the appropriate amounts of Ni, Co, and Ga during
the preparation process.

Further analysis was done by elemental mapping to show all
the existing elements in the microstructure. Fig. 3 shows the
elemental mapping of ZNC-10G with different pixel contrast
colors for the Zn, Ni, Co, Ga, O, and S elements. The elemental
contrasts revealed the major phase of the catalyst was Zn(O, S)
with minor amounts of Ni and Co dopants. The Ga amount in
Ga2O3 was also relatively low. However, the amounts of O and S
were comparable, as indicated by their similar contrasts in the
elemental mapping. The related EDS analysis is also provided
in Table S1 in the ESI.†

In addition, the morphology of ZNC-10G was also identified
by transmission electron microscopy through the high-resolution
image, lattice fringes, and electron diffraction pattern. Fig. 4a
shows the high-resolution image with a particle size of about
100 nm, consistent with the SEM analysis. As confirmed with the
Scherrer calculation, the tiny particle size was naturally aggregated
to form a bigger particle with an average size of 100 nm. Fig. 4b
indicates the lattice fringes in the area shown with a red square in
Fig. 4a. The lattice fringes of Zn(O, S) were found at 2.72, 2.73, 3.10
Å, which are consistent with a previous study.2 Several lattice
fringes were noticed since the formation of a solid solution
between ZnO and ZnS induces a variation in the oxysulfide
composition on its surfaces. The observed lattice parameters
(d-spacings), which were located between those of ZnO and ZnS
at (111), were confirmed with the edges of a broad ring pattern in
the SAED analysis (see Fig. 4c). Therefore, the order was dZnO o
dNi–Co-doped Zn(O,S) o dZnS at (111) as indicated with the yellow
solid-line circles for ZnO and ZnS in Fig. 4c. The lattice fringe of
Ga2O3 (2.54 Å) was also noticeable at (111) and supported with a
low-intensity ring pattern, as shown with the red dashed-line

circle in Fig. 4c. The SAED analysis confirmed the primary phase
of Zn(O, S) with a minor Ga2O3 phase after doping with Ni and Co,
which is consistent with the XRD analysis.

3.3. Diffuse reflectance spectra (DRS) and photoluminescence
(PL) analyses

The optical properties of ZNC-xG (x = 0, 2.5, 5, 10, and 20)
catalysts were probed with diffuse reflectance spectroscopy and
photoluminescence analyses. The DRS spectra were analyzed
from 250–600 nm to obtain the UV and vis absorbances of the
catalysts, as shown in Fig. 5a. All of the catalysts possessed
relatively high UV and low visible-light absorbances due to the
wide bandgap, as indicated by the Tauc plots in Fig. 5b. The
bandgap energy of the as-prepared nanocomposite was noticed
mainly around 3.57–3.59 eV. The major contribution to the
bandgap energy was from the Zn(O, S) phase with Co and Ni
dopants. As the Ga2O3 phase was relatively low, the slope of
Ga2O3 was not noticeable in the Tauc plot. Based on the DRS
analysis, a blacklight UV-tube lamp with an emission wave-
length of 365 nm was applied as a light source in this work.

The crucial property of a photocatalyst is its ability to
separate the photogenerated electrons and holes during the
photoreaction. Redox reactions on catalyst surfaces would be
successfully done if the photocarriers could diffuse to the

Fig. 2 SEM images of the (a) ZNC-2.5G, (b) ZNC-5G, (c) ZNC-10G, and
(d) ZNC-20G catalyst powders.

Fig. 3 Elemental mapping of the ZNC-10G catalyst powder to indicate
the existing elements by color contrast.
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interfaces of the catalyst and solution without undergoing the
recombination process. If the lifetime of the photocarriers is
sufficiently long for a photoreaction, the catalytic activities
could be enhanced. To probe the capability of the ZNC-xG
(x = 0, 2.5, 5, 10, and 20) catalysts for separating the photo-
carriers and to evaluate the recombination process, PL measure-
ments were applied. Fig. 6 shows the PL spectra of the ZNC-xG
(x = 0, 2.5, 5, 10, and 20) catalysts with a 250 nm excitation
wavelength. The observation of the photoemission during the
PL measurement was done from 300–700 nm. Based on the DRS
and Tauc plot analysis, the prominent peak of PL might be
around 350 nm. However, the PL spectra exhibited a prominent
peak at 410 nm and some other minor peaks at 470 and 500 nm,
indicating defects or trapping states in the conduction or
valence bands due to the Ni and Co dopants.65 Some defect
states at 430–550 nm might be related to oxygen vacancy defects
in the lattice.66 A curve with a lower intensity in the PL spectra
indicates a lower recombination rate between photoexcited
electrons and holes. The ZNC-10G catalyst showed a relatively
low photoemission intensity in the range of 350–410 nm, implying
a relatively lower recombination rate in the catalyst. Based on the
PL result, ZNC-10G might exhibit excellent photocatalytic activity
for the HER process.

3.4. X-ray photoelectron spectroscopy (XPS) analysis

To understand the chemical states and composition of the
nanocomposite, ZNC-10G was selected for XPS analysis. XPS

Fig. 4 (a) High-resolution TEM image, (b) lattice fringes, and (c) selected area electron diffraction (SAED) ring pattern of the ZNC-10G catalyst.

Fig. 5 (a) Diffuse reflectance spectra and (b) Tauc plots of ZNC-xG (x = 0, 2.5, 5, 10, and 20) catalysts.

Fig. 6 Photoluminescence spectra of ZNC-xG (x = 0, 2.5, 5, 10, and 20)
catalysts with a 250 nm excitation wavelength.
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measurement is a powerful spectroscopic technique to charac-
terize the surface chemical states of materials. Fig. 7 indicates
the high-resolution spectra of the Zn 2p, Ni 2p, Co 2p, Ga 2p, O
1s, and S 2p orbitals in the ZNC-10G nanocomposite. The
binding energy of the Zn 2p3/2 and 2p3/2 orbitals were, respec-
tively, indicated at 1022.7 and 1045.6 eV in Fig. 7a, predicting
the state of Zn2+, which is consistent with the previous
works.9,10,62 The spectra of the Ni dopant with Ni2+ and Ni3+

were also found, as shown in Fig. 7b, with their satellite peaks.
The binding energies of Ni2+ 2p3/2 and 2p3/2 orbitals were
revealed at 853.2 and 872.3 eV, respectively. Consistently, the
states of the Ni3+ 2p3/2 and 2p3/2 orbitals were also noticed at
856.8 and 878.5 eV, respectively.67 Fig. 7c indicates the rela-
tively low-intensity peaks of the Co 2p3/2 and 2p3/2 orbitals at
782.6 and 797.7 eV, respectively, thus confirming the low
amounts of Co2+ in the nanocomposite. These results well
agreed with the previous work.61 Furthermore, Ga 2p3/2 and
2p3/2 orbitals could be observed at 1119.3 and 1146.5 eV,
respectively, in Fig. 7d.68 Fig. 7e confirms the states of oxygen
in the nanocomposite were oxygen in the lattice (OL), oxygen
vacancy (VO), and adsorbed oxygen (Oads), coming from the
hydroxide group. Also, OL, VO, and Oads were noticed at 530.9,
532.1, and 533.1 eV, respectively, after the peak deconvolution
from the O 1s orbital.10 Based on the area of O 1s peak, the
ratios of OL, VO, and Oads were 56%, 32%, and 12%, respectively.
The oxygen vacancy might be contributed from the vacancy sites on

Zn(O, S) and Ga2O3. A positive oxygen vacancy state is essential for
electron trapping, leading to photocarrier separation during
photoreaction.62,69 As the formation of defects in the crystal will
occur after incorporating Ni and Co into Zn(O, S) lattice, some
antisite defects of Ni0+

Zn, Ni+Zn, and Co0+
Zn also will be formed to

compensate for the mass, charge, and energy balance. The positive
Ni+Zn can help to trap electrons and enhance the catalytic activity.
Moreover, the different dopants in the lattice will induce the lattice
strain energy, enhancing chemical adsorption on the catalyst
surfaces.70 Finally, the chemical state of S 2p orbital was also
confirmed in Fig. 7f. The binding energies at 161.6 and 162.8 eV
corresponded to S 2p3/2 and 2p3/2 orbitals, respectively.59

In addition, the elemental composition based on the area of
high-resolution peaks was calculated and the results are shown
in Table 1. The elemental analysis revealed ZNC-10G mainly
consisted of Zn(O, S) with 1% Ni and 0.8% Co dopants. The
secondary phase of Ga2O3 contained only 2.4% Ga. The cation-
to-anion ratio was calculated to be 0.95, indicating oxygen

Fig. 7 High-resolution XPS spectra of (a) Zn 2p, (b) Ni 2p, (c) Co 2p, (d) Ga 2p, (e) O 1s, and (f) S 2p orbitals in the ZNC-10G nanocomposite.

Table 1 XPS compositional analysis of the ZNC-10G nanocomposite

Elements in the ZNC-10G nanocomposite

Zn

Ni

Co Ga

O

SNi2+ Ni3+ OL OV Oads

36.1% 0.6% 0.4% 0.8% 2.4% 20.2% 11.3% 4.3% 23.9%
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vacancies with positive charge will compensate for the unba-
lanced ratio. Consequently, 11.3% VO appeared in the analysis,
which was required to balance the charge from the defects in
the lattice. The indication of an oxygen vacancy was also found
in the PL analysis. Furthermore, 4.3% Oads species were also
found, indicating that the chemisorbed oxygen played an
essential role in stabilizing the surface charge. The XPS results
were consistent with the XRD, TEM, and PL analyses, confirm-
ing the (Zn, Ni, Co)(O, S) and Ga2O3 phases in the ZNC-10G
nanocomposite.

3.5. Electrochemical impedance spectroscopy (EIS)
measurements

EIS analysis is an essential method to probe the resistivity of
charge transfer during the catalytic reaction on an electrode
surface. The EIS data are generated by applying an alternating
current to the electrode, then measuring the response, and
recording the phase shift and amplitude changes over a range
of applied frequencies.71 A perturbative characteristic of the
electrochemical process is described in the Nyquist plot to
obtain the charge-transfer resistance of a catalytic cell.8 Fig. 8
presents the Nyquist plots of different ZNC-xG catalyst systems.
A smaller semicircle curve implies a lower resistivity of charge
transfer on the working electrode. Here, with the increasing
amounts of Ga2O3 content, the resistivity of the catalyst
decreased. ZNC-10G exhibited a minor semicircle diameter
compared to the others. The EIS spectra were fitted with the
Randles electrical circuit, as shown in the inset Fig. 8, to obtain
the charge-transfer resistance. The resistivity of ZNC-0G
decreased from 16 949 O to 15 139, 9850, and 6503 O for ZNC-
2.5G, ZNC-5G, and ZNC-10G, respectively. In addition, the
resistivity of Zn(O, S) without doping exhibited the highest
value (B20 KO) among the other catalyst systems. However,
after incorporating Ga2O3 into the Ni–Co-doped Zn(O, S), the
conductivity was enhanced B62% compared to the pristine
Ni–Co-doped Zn(O, S) and Zn(O, S). This enhanced conductivity
might be contributed to by the oxygen vacancy in Ga2O3, as
confirmed by the XPS analysis. It was supposed that ZNC-10G

with the lowest charge-transfer resistance would possibly
induce a high catalytic activity.

3.6. Photoresponse measurement

Photoresponse measurements of ZNC-xG were done to examine
the ability of the catalysts to generate photocarriers in on/off-
light illuminated conditions with a frequency of 25 mHz. A UV
LED light was used as a light source in this measurement.
A three-electrode system was also applied to the measurement
with a catalyst-fixed glassy carbon electrode (GCE), Pt plate, and
Ag/AgCl/KCl electrode as the working, counter, and working
electrodes, respectively. Fig. 9 indicates the transient photo-
current of the different ZNC-xG catalysts under light-on and -off
conditions. The data showed that ZNC-xG for x = 0, 2.5, 5,
10, and 20 exhibited currents of 12.5, 42.5, 62.0, 76.0, and
14.7 mA, respectively. Furthermore, the photoresponse of pristine
Zn(O, S) was also low compared to the others due to its highest
resistivity. The transient photocurrents indicated ZNC-10G might
facilitate a great photocatalytic reaction, supported by the excel-
lent optical absorbance in the DRS analysis, lowest emission in
PL analysis, and lowest resistivity of charge transfer in the EIS
analysis.

3.7. Cyclic voltammetry (CV) analysis

To probe the stability of ZNC-10G in conducting reduction and
oxidation reactions, cyclic voltammetric measurements were done
in 0.1 M KCl solution with 5 mM K3[Fe(CN)6] and K4[Fe(CN)6] as a
redox couple reagent. ZNC-10G was well dispersed into Nafion
solution and deposited on a 1 cm2 carbon cloth (CC) for use as a
working electrode. Ag/AgCl/saturated KCl and Pt plate were used as
the reference and counter electrodes, respectively. Fig. 10 shows the
CV spectra of the ZNC-10G catalyst for 100 cycles of reduction and
oxidation. The cathodic and anodic peaks were related to the
reduction and oxidation of Fe3+ and Fe2+, respectively, and were
noted at 0.12 and 0.35 V in the CV spectra. The cathodic and anodic
currents were observed at �0.17 and 1.8 mA cm�2, respectively,
implying the oxidation capability might be higher than the
reduction capability of the catalyst. As the oxidation and reduction

Fig. 8 EIS spectra of ZNC-xG (x = 0, 2.5, 5, 10, and 20) with different
Ga2O3 contents.

Fig. 9 Transient photocurrent of ZNC-xG catalysts with different Ga
contents in the light-on and -off conditions.
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peaks were not significantly decreased after 100 cycle redox reac-
tions, the ZNC-10G catalyst was considered as relatively stable and
possessed potential for a long-term application. To prove the
stability of the photocatalytic reaction, ZNC-10G was recycled and
used for the catalytic reaction repeatedly for 5 cycles, as shown
in Fig. S1 (ESI†). It was noticed that the photocatalytic HER
performance still reached 90% after five cycles of the reusability
experiment.

3.8. Mott–Schottky (MS) measurement

MS analysis is essential for the determination of the conduction
band (CB) or valence band (VB) positions. The charge-transfer
behavior can be predicted by the band positions between two
phases in a semiconductor material. As ZNC-10G was a two-
phase semiconductor based on the XRD pattern analysis, MS
analysis could provide a hint of the flat-band positions, which
are essential to determine the electron transfer between the
phases in a semiconductor.8 In addition, the slope of the MS
plot with d(C�2)/dV provides the carrier density near the edge of
the depletion region.72 Fig. 11 shows the MS spectra of the as-
prepared ZNC-10G had two slopes, implying the formation of a
heterojunction between the (Zn, Ni, Co)(O, S) and Ga2O3

phases. The similar slopes in the spectra revealed a comparable
carrier density near the depletion zone with the n-type homo-
junction. As shown in the MS plot, the flat-band potentials of
(Zn, Ni, Co)(O, S) and Ga2O3 were �0.20 and �0.70 V, respec-
tively, indicating photogenerated electrons will transfer from
the conduction bands of (Zn, Ni, Co)(O, S) to the oxygen vacancy
states of Ga2O3. As a result, the surface Ga2O3 will enhance the
photocatalytic HER activity.

3.9. Photocatalytic activities of the HER

The catalytic activities of the ZNC-xG (x = 0, 2.5, 5, 10, and 20)
catalysts were evaluated under the same experimental condi-
tion as mentioned in Section 2.4. Fig. 12a shows the photo-
catalytic HER with different Zn(O, S) systems to compare the

performances of the single dopants of Ni and Co with Ni–Co
codopants systems. The synergistic effects of the Ni–Co codo-
pants and the second phase of Ga2O3 were demonstrated.
Fig. 12b shows the amounts of hydrogen production in the
presence of different ZNC-xG catalysts with 10% ethanol as a
hole scavenger agent. The results indicated that ZNC-xG (x = 0,
2.5, 5, 10, and 20) could generate 29.660, 30.630, 40.540, 44.570,
and 27.930 mmol g�1 h�1 H2 gas, as confirmed by GC measure-
ment. All the analyses results from DRS, PL, EIS, and TPC were
consistent with the HER activities. The best optical and elec-
trical properties were found in the ZNC-10G catalyst system,
with the catalyst exhibiting the relevant properties with a
higher light absorbance ability, lower photocarrier recom-
bination process, lower charge-transfer resistivity, and higher
transient photocurrent. The ZNC-0G catalyst with Ni and Co
dopants also enhanced the HER by 36% compared to the
pristine Zn(O, S).2 After coupling with different Ga2O3 contents,
ZNC-xG could enhance the HER activities. Although the wide-
bandgap Ga2O3 does not contribute to the photoexcitation
process, the existing oxygen vacancy states in Ga2O3 will help
trapping photogenerated electrons from the CB of the (Zn, Ni,
Co)(O, S) phase. As a result, a relatively high hydrogen evolution
amount was shown for ZNC-10G. As shown in the ESI,† the
calculated apparent quantum yield (AQY) was B10.4%.

To highlight the performance of the present work, some
recent works are listed as shown in Table 2 for comparison
purposes. The performance of ZNC-10G was relatively high
compared to the other systems without using noble metal,
toxic sacrificial reagents, and a high-power lamp.

3.10. Photocatalytic hydrogen evolution mechanism

The HER activity of ZNC-xG (x = 0, 2.5, 5, 10, and 20) was
induced by the photoexcitation of electrons and holes in the
reduction and oxidation of water, respectively. The photo-
catalytic HER was initiated with a water oxidation reaction to
provide protons and further reduced to form H2 gas. When the
ZNC-xG catalyst was illuminated by a 365 nm UV lamp with

Fig. 10 Cyclic voltammogram of the ZNC-10G catalyst in 0.1 M KCl
solution containing a redox couple reagent with 5 mM K3[Fe(CN)6] and
K4[Fe(CN)6].

Fig. 11 Mott–Schottky plot of the as-prepared ZNC-10G catalyst in 0.1 M
KCl electrolyte.
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photon energy close to the bandgap energy of the as-prepared
catalysts, the electron in VB is quickly excited to the CB.
Different trapping states, such as Ni and Co dopants in Zn
sites to form NZn

+ and CO0+
Zn antisite defects in the Zn 4s4p

orbitals, will help the charge separation.83 Furthermore, the
existence of an oxygen vacancy (V2+

O ) also will trap photogener-
ated electrons from recombination with holes.9,10,62 The oxygen
vacancy sites possess a high energy adsorption for water.84

Therefore, water molecules will attach to the oxygen vacancy
sites to proceed with the oxidation reaction to generate H+. The
photocatalytic HER is supported by photocarrier trapping with
dopant-induced defects that lower the recombination rate and
by water adsorption on the oxygen vacancy to enhance the
oxidation reaction. In addition, the generated electron in the
CB of (Zn, Ni, Co)(O, S) will transfer to the oxygen vacancy site
in Ga2O3 for a further photocarrier separation.

The whole reaction mechanism can be written as follows:

Zn; Ni; Coð Þ O; Sð Þ=Ga2O3 ����!
Photon

e� þ hþ (1)

H2O + Osurf
2� + 2h+ - 2OH� + V2+

O (2)

C2H5OH + O2�
surf + 4h+ - CH3CHO + H2O + V2+

O (3)

H2O + V2+
O - 2H+ + O0+

O,surf (4)

2H+ + 2e� - H2 (5)

Electrons and holes are generated as indicated in eqn (1)
after light illumination. As indicated by the reversible change of
the catalyst color from white to gray during the photocatalytic
reaction, oxygen vacancy (VO

2+) sites are formed on the catalyst
surfaces. The formation of VO

2+ is initiated with water oxida-
tion, as shown in eqn (2), involving Schottky defect oxygen
anions and photogenerated holes. The further oxidation
process proceeds as written in eqn (3) to oxidize ethanol to
aldehyde with the formation of VO

2+. Additional ethanol in
the catalytic reaction will enhance the oxygen vacancy sites.
Therefore, more diffused water on catalyst surfaces is trapped
on the oxygen vacancy site and reduced to a proton during the
reaction, as indicated in eqn (4).2 The adsorbed proton on
catalyst surfaces is finally reduced as released hydrogen gas in
eqn (5). The reaction mechanism is schematically proposed
in Fig. 13.

Fig. 12 Photocatalytic hydrogen evolution amounts in the presence of (a) different catalytic systems and (b) ZNC-xG catalysts with 10% ethanol as a hole
scavenger in an aqueous solution.

Table 2 Other works with relatively high catalytic performances in the hydrogen evolution reaction for comparison

Catalysts Cocatalyst Light source Sacrificial reagents
Hydrogen production
rate (mmol g�1 h�1) Ref.

ZNC-10G — 24 W UV tube lamp 10% V/V ethanol 9000 Present work
MoS2/graphene — 350 W Xe lamp 0.32 M formic acid 667 73
Ni-MOF-74/Ni2P/MoSx Eosin Y 5 W White light 15% V/V triethanolamine 5723 74
NiPx/MoS2/NiS/CdS MoS2 and NiPx Visible light Glucose solution 297 75
NiS/ZnIn2S4 — 320 W 50% lactic acid 250 76
TiO2 MoSx 3 W LED, 365 nm 10% methanol 971 77
(Ni, In)(O, S)2�x — 250 W Xe lamp (l 4 420 nm) 10% ethanol 305 78
MoS2-NiS/CdS — 300 W Xe lamp (l 4 420 nm) Lactic acid 25 252 79
Co(Ni)-doped MoS2 — 300 W Xe lamp 0.35 M Na2SO3/0.25 M Na2S 20.9 80
MoS2/Ti3C2 Au 300 W Xe lamp 30% V/V methanol 12 000 81
MoS2 MoO2 300 W Xe lamp 0.4 M Na2SO3/0.4 M Na2S 240 82
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Enhanced catalytic activities with the Ni3+ dopant have also
been observed in some previous works to increase the optical
absorbance of the catalyst85,86 and to provide oxygen vacancy
sites for weak electrostatic binding. As a result, the electron in
the Vo is delocalized and the Ni3+ ion induces a facile electron
transfer from the Vo to Ni sites to enhance the conductivity.85

In addition, The underlying chemistries include the near-
unity occupancy of the eg orbital (t2g

6�eg
1) of Ni3+, which

speeds up the electron transfer and significantly promotes
the excellent electron–hole separation efficiency, and estab-
lishes the outstanding overall charge-transfer efficiency and
long-term photocatalytic activity.86 The role of the Co dopant
is also supported by previous works; whereby it can suppress
charge recombination and improve the catalytic activities,87

enhance the stability and recyclability of a catalytic system,88

and improve the hydrogen production and hydrogenation
reaction.10 In addition, DFT calculations have also revealed
that Co-doping reduces the H binding free energy for the
HER.89

Furthermore, the catalytic activities were also supported by
the BET analysis, which was performed to probe the surface
area, pore size, and pore volume, as shown in Table 3. The
surface area, pore size, and pore volume of ZNC-0G were
lower than those of ZNC-10G, indicating there were more
active sites on ZNC-10G to catalytically evolve hydrogen gas
during the photoreaction. The characteristic N2 adsorption–
desorption curves and pore-size distribution are also shown
in Fig. 14.

Fig. 13 Schematic photocatalytic HER reaction mechanism in the
presence of ZNC-10G in 10% ethanol solution as a hole scavenger under
blacklight 365 nm UV tube lamp illumination.

Table 3 BET analysis results of ZNC-0G and ZNC-10G

Catalysts

Precursors (mmol) BET results

Zn Ni Co Ga TAA
Surface area
(m2 g�1)

Pore size
(nm)

Pore volume
(m3 g�1)

ZNC-0G 20 10 0.5 — 10 43.916 18.618 0.204
ZNC-10G 20 10 0.5 2 10 64.27 21.284 0.342

Fig. 14 (a and c) Nitrogen adsorption–desorption curves and (b and d) pore-size distribution of (a and b) ZNC-0G and (c and d) ZNC-10G.
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4. Conclusions

Multicomponent (Zn, Ni, Co)(O, S)/Ga2O3 nanocomposites with
different Ga2O3 contents were successfully synthesized, charac-
terized, and tested toward the photocatalytic HER. The results
of XRD, SEM, and TEM analyses confirmed the phases in the
nanocomposites. XPS analysis indicated the formation of
oxygen vacancy sites on the nanocomposites, which played an
essential role in oxidizing water and enhancing water adsorp-
tion. Co2+, Ni2+ and Ni3+ were also found in the XPS analysis
and they contributed to Co0+

Zn, Ni0+
Zn, and NiZn

+ antisite defects
formation, which support trapping photogenerated electrons,
leading to a high HER catalytic performance. In addition, the
role of Ga2O3 was to provide oxygen vacancy states to trap
electrons from the CB of (Zn, Ni, Co)(O, S), suggesting a better
separation of photocarriers after photoexcitation. As a result,
ZNC-10G with the optimized amount of Ga2O3 could evolve
B9 mmol g�1 h under low-power UV light illumination. The
strategy with Ni–Co dopants and nanocomposite formation to
enhance hydrogen production was demonstrated to be effective
and shows potential as part of a solution for replacing carbon-
based fossil fuels in the future.
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