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Abstract
In recent years, tantalum oxynitride (TaON) semiconductor as one of the most efficient photocatalysts has been studied
intensively owing to the appropriate potentials for overall solar water splitting. In this work, ZnS/CdS/γ-TaON composite
photocatalysts with wide light response were successfully prepared by nitridation of Ta2O5 at 800 °C in a wet NH3 flowing
and subsequently deposition CdS and ZnS quantum dots. The powders were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), UV–vis diffuse reflection spectroscopy
(DRS), N2 adsorption–desorption isothermals, X-ray photoelectron spectroscopy (XPS), and so on. The photocatalytic
property for hydrogen production was also studied. The results indicated that CdS and ZnS quantum dots with a diameter of
3–8 nm were uniformly dispersed on the surface of γ-TaON, which enlarged the spectral response of the ZnS/CdS/γ-TaON
photocatalysts. And the optimized H2 evolution rate of ZnS/CdS/γ-TaON composite (839.6 μmol h−1 g−1) is about 14 times
higher than that of CdS/γ-TaON in the absence of any noble-metal cocatalyst and 47 times higher than that of Pt loaded γ-
TaON sample. The enhanced photocatalytic activity is attributed to the higher separation efficiency of electrons and holes
with the heterogeneous junction between ZnS, CdS, and γ-TaON. Besides, the presence of γ-TaON and ZnS also prevent the
photocorrosion of CdS. The results provide a new insight for developing the TaON-based nanocomposite photocatalysts
with enhanced stability and excellent photocatalytic H2 production activity.
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Graphical Abstract

Highlights
● ZnS/CdS/γ-TaON nanocomposite photocatalysts had been successfully fabricated though deposition of CdS and ZnS

quantum dots over γ-TaON nanoparticles.
● CdS and ZnS/CdS significantly improve the photocatalytic activity of γ-TaON.
● The optimized H2 evolution rate of ZnS/CdS/γ-TaON composite is about 14 times higher than that of CdS/γ-TaON in the

absence of any noble metal cocatalyst and 47 times higher than that of Pt loaded γ-TaON sample.
● The band structures and the possible transfer mechanism were proposed.

Keywords ZnS ● CdS ● γ-TaON ● Photocatalysts ● Hydrogen production

1 Introduction

Since the discovery of photocatalytic splitting of water on
TiO2 electrodes in 1972 [1], photocatalytic and photoelec-
trochemical water splitting using solar energy has become one
of the most promising methods for the production of H2 from
water and attracts a lot of attention in recent years [2, 3]. So
far, numerous semiconductor photocatalysts have been stu-
died in water splitting, such as BiVO4, Cu2O, Ta3N5, TaON,
CdS, and g-C3N4 [4–9]. Among them, tantalum oxynitride
(TaON) is one of the most efficient photocatalysts owing to its
high dielectric and constant appropriate potentials for overall
solar water splitting [10–13]. TaON contains two polymorphs
β-TaON and γ-TaON. The metastable polymorph of TaON,
γ-TaON which was found by Lerch et al. in 2007 [14], is
proved to be more active [15]. However, pure γ-TaON is
difficult to obtain, leading to few research works on the
photocatalytic water splitting for hydrogen production. In
addition, although TaON has suitable bandgap positions, its
photocatalytic H2 evolution activity is suppressed in practical
applications. Previous studies have shown that the photo-
catalytic hydrogen evolution efficiency of TaON without
metal cocatalysts modification was very low due to its
insufficient charge transport, self-oxidative deactivation, and
low-surface activity [16].

In order to enhance the photocatalysis efficiency, a great
deal of work has been done including constructing various
morphologies, loading cocatalysts on the surface, doping,
preparing heterojunction composites with other semi-
conductors, and so on [17–25]. In particular, constructing
the heterostructure is an effective strategy to enhance the
photocatalytic efficiency, which not only can expand the
light absorption range but also reduce the recombination of
photogenerated electrons and holes [26]. For instance, the
preparation of heterojunction composite by combining ZrO2

and β-TaON can significantly increase the apparent quan-
tum yield to 6.3% at 420.5 nm [16]. CdS@β-TaON
core–shell composite with a platinum (Pt) cocatalyst can
also increase photocatalytic activity as a result of the effi-
cient separation of the photogenerated electron–hole pairs
[27]. In addition, AgCl/Ag/γ-TaON, MoS2/CdS/γ-TaON,
Ni(OH)2/TaON, and CQDs/H-γ-TaON also have been
investigated and applied for enhancing its photocatalytic H2

generation activity [28–31].
CdS, with a suitable bandgap (2.4 eV), is also one of the

most concerned metal sulfide photocatalysts because of its
excellent photocatalytic H2 generation performance.
Unfortunately, the inherent aggregation and photocorrosion
of CdS limit its application [32, 33]. Therefore, many
approaches have been proposed to improve its stability and
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photocatalytic activity, such as preparing hierarchical
structure to provide more active adsorption sites [34, 35]
and coupling CdS with other cocatalysts or semiconductors
(like MoS2 or PdS) to enhance its activity of H2 evolution
[36, 37]. It is worth mentioned that the CdS/ZnS composite
has aroused general concern because of the hole transfer
and electron-tunneling mechanism [38–43].

Herein, we synthesized ZnS/CdS/γ-TaON nanocompo-
sites through deposition of CdS and ZnS quantum dots on
the surface of γ-TaON nanoparticles. The CdS and ZnS
quantum dots can effectively enhance the photocatalytic
hydrogen production activity and stability of ZnS/CdS/γ-
TaON nanocomposites. For comparison, the CdS–ZnS
photocatalyst was also synthesized in a similar way. All the
composites were investigated by various characterization
methods. And the results indicated that the photocatalytic
H2 generation activity of ZnS/CdS/γ-TaON nanocomposites
is much higher than that of pure γ-TaON and CdS/γ-TaON.
The 6 wt% ZnS/4 wt% CdS/γ-TaON composite exhibited
the optimized H2 evolution rate of 839.6 μmol h−1 g−1.
Besides, the formation process and possible transfer
mechanism of charge carriers were also proposed in detail.

2 Experimental

2.1 Synthesis of γ-TaON

γ-TaON was prepared as in previous work [15]. Briefly,
1.0 g Ta powder (Aladdin, high-CV) was added into a
100 ml volume para polyphenol (PPL-lined) cylindrical
autoclave, which contained 70 ml of distilled water, 1.3 ml
40 wt% hydrofluoric acid (HF, Sinopharm Chemical
Reagent Co., Ltd, AR) solution and 4.0 ml 30 wt% hydro-
gen peroxide (H2O2, Sinopharm Chemical Reagent Co.,
Ltd, AR) solution, and the autoclave was heated in an oven
at 240 °C for 12 h. The white tantalum oxide (Ta2O5) pre-
cipitation was washed with ethanol, deionized water, and
dried at 60 °C for 12 h. Ta2O5 powder was then nitrided to
form γ-TaON in an atmosphere of flowing wet ammonia
gas (100 ml min−1) at 800 °C for 5 h.

2.2 Synthesis of ZnS/CdS/γ-TaON, CdS, and ZnS/CdS
nanocomposites

The ZnS/CdS/γ-TaON nanocomposites were prepared by
modified sol–gel method. And the precursor solution of
CdS and ZnS quantum dots were prepared by sol–gel
methods, using Cd(NO3)2·4H2O, Zn(CH3COO)2·2H2O, and
C2H5NS as the raw materials and PVP-K30 as the com-
plexing agent. In order to accelerate the reaction rate,
ammonia water was added into the solution. Depending on
different content of ZnS and CdS, the ZnS/CdS/γ-TaON

composite photocatalysts were denoted as nZ-CT, where
“n” represented 0, 4, 6, and 8 wt% of the amount of ZnS
nanocrystals (0Z-CT, 4Z-CT 6Z-CT, and 8Z-CT). The total
content of ZnS and CdS in the ZnS/CdS/γ-TaON compo-
sites is 10 wt%, and that of γ-TaON is 90 wt% through all
experiments. The content of γ-TaON, CdS, and ZnS in
different Z-CT samples is shown in Table 1.

Taking 6Z-CT as an example, the preparation process
was as follows: as-synthesized γ-TaON (0.45 g) and thioa-
cetamide (TAA, Sinopharm Chemical Reagent Co., Ltd,
AR, 0.3353 g) were added into 25 ml of the ethyl alcohol
(EtOH)/H2O mixed solvent (2:3, v/v) and stirred for 60 min
(Suspension A). Cadmium nitrate tetrahydrate (Cd(NO3)

2·4H2O, Aladdin, metals basis, 0.5338 g) and polyvinyl
pyrrolidone K30 (PVP-K30, Sinopharm Chemical Reagent
Co., Ltd, GR, 1 g) were dissolved into 25 ml EtOH/H2O
mixed solvent (2:3, v/v) and stirred into a clear solution
(Solution B). Similarly, zinc acetate (Zn(CH3COO)2·2H2O,
Aladdin, metals basis, 0.5632 g) and PVP-K30 (1 g) were
dissolved into 25 ml EtOH/H2O mixed solvent (2:3, v/v)
and stirred into a clear solution (Solution C). Subsequently,
added 1 ml ammonium hydroxide aqueous solution
(NH3·H2O, Sinopharm Chemical Reagent Co., Ltd, AR)
and 2 ml Solution B into Suspension A kept in an oil bath at
100 °C for 2 h under continuously stirring. Kept at the same
temperature, continue to add 1 ml NH3·H2O and 3 ml
Solution C stirring for further 2 h and then naturally cooled
to room temperature. The precipitates were washed with DI

Table 1 γ-TaON, CdS, and ZnS content of the Z-CT samples

Samples γ-TaON content in
the composite
(wt%)

CdS content in
the composite
(wt%)

ZnS content in
the composite
(wt%)

0Z-CT 90 10 0

4Z-CT 90 6 4

6Z-CT 90 4 6

8Z-CT 90 2 8

Scheme 1 Schematic illustration of the formation process of Z-CT
samples
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water and absolute ethanol for several times and dried in a
vacuum oven at 60 °C for 12 h to obtain the final composite
powders. 0Z-CT, 4Z-CT, and 8Z-CT were fabricated by
changing the addition of Solution B and Solution C. The
preparation methods of CdS and CdS-ZnS catalysts were
similar to the Z-CT in absence of γ-TaON, which are named
as CdS and 4CdS-6ZnS. The formation process of Z-CT
samples is illustrated in Scheme 1. First of all, Ta powder
was oxidized to Ta2O5 with dandelion-like structure and
then transformed to TaON with a similar structure. After
that, CdS and ZnS quantum dots were loaded on the γ-
TaON surface to improve its photocatalytic efficiency.

2.3 Characterization

X-ray diffraction (XRD) was carried out on a Rigaku-D/
max 2550 PC (Japan) diffractometer with Cu Kα radiation
(λ= 1.5406 Å), at a scan rate of 10°/min. The morphology
of the samples was characterized with a field emission
scanning electron microscope (FESEM, Hitachi S-4800)
operated at an accelerating voltage of 20 kV. Transmission
electron microscopy (TEM) and STEM images were
obtained using an FEI Talos F200S instrument operating at
200 kV. UV–vis diffuse reflectance spectroscopy (DRS)
spectra were recorded on a Shimadzu UV-3600 instrument,
using BaSO4 as the reference sample, in the range
200–800 nm. The nitrogen adsorption–desorption isotherms
of samples were measured using an automatic volumetric
sorption analyzer (Autosorb-1 MP, Quantachrome Instru-
ments, USA) at liquid-nitrogen temperature 77 K. Prior to
the N2 adsorption–desorption measurement, all samples
were degassed at 200 °C under vacuum for 5 h to remove
impurities. X-ray photoelectron spectroscopy (XPS) valence
band (VB) spectra were performed on a photoelectron
spectrometer (Escalab 250Xi, Thermo Fisher Scientific
Inc., USA).

2.4 Photocatalytic tests

Photocatalytic hydrogen evolution experiments were carried
out in a quartz reaction vessel connected to a glass-closed
gas circulation system (Labsolar-IIIAG, PerfectLight,
China). Hundred milligrams of the Z-CT sample was dis-
persed under constant stirring in a 100 ml mixed aqueous
solution containing 0.35M Na2S and 0.25M Na2SO3. For
comparison, pure γ-TaON decorated with Pt photocatalyst
was also prepared through photoreduction by dissolving a
certain amount of H2PtCl6 in the solution (named as Pt/T).
The reactant solution with gas circulation system was
evacuated several times to remove air completely. Then the
solution was irradiated using 300W xenon lamp with an
AM 1.5 filter (the transmission spectrum of the filter as
shown in Fig. S1) or cutoff filter of 420 nm. The evolved

gas was detected by gas chromatography (GC7900, Tech-
comp, China).

2.5 Photoelectrochemical measurements

Photocurrent experiments were implemented using a
VSP-300 (Bio-Logic, France) electrochemical work-
station in the applied potential of 0.9 V versus Ag/AgCl
(saturated KCl). The electrochemical cell was consisted of
a standard three-electrode, with a Pt foil as a counter
electrode, an Ag/AgCl as a reference electrode, the pho-
tocatalyst coated on a fluorine-doped tin oxide (FTO)-
conductive glass as the working electrode and a sodium
sulfate aqueous solution (Na2SO4, 0.5 M) as an electro-
lyte. The working electrodes were prepared by dropping
method described in our previous work in detail [44].
Typically, the as-prepared γ-TaON, 0Z-CT or 6Z-CT
powder (4 mg), EtOH/H2O mixed solvent (1:4, v/v, 1 ml),
and Nafion solution (5 wt%, 10 μl) were mixed to get a
slurry. The slurry (80 μl) was then spread onto a pre-
cleaned FTO plate (an active area of 1 cm2) surface using
a pipette, and the working electrodes were dried at room
temperature for 12 h before use. A 300 W xenon lamp
with AM 1.5 filter was used as the light source.

3 Results and discussion

The phase of Ta2O5 was characterized by XRD as shown in
Fig. S2. The pattern shows only two diffraction peaks at
22.8° and 46.3°, which correspond to the (001) and (002)
faces of orthorhombic Ta2O5 (JCPDS 71–0639), respec-
tively. The stronger (001) peak suggests that the Ta2O5 was
preferentially growing along (001) direction. Figure S3
shows the XRD pattern of 4CdS-6ZnS sample, and the
result reveals that the photocatalyst was composed of CdS
(JCPDS 75–1546) and ZnS (JCPDS 80–0020) species.
Furthermore, the γ-TaON and Z-CT samples were char-
acterized using XRD as shown in Fig. 1. The major peaks of
metastable γ-TaON powder are located at 2θ equal to 13.8°,
22.9°, 23.9°, 27.8°, 31.7°, 37.8°, and 46.8°, respectively,
which is consistent with its code ICSD#173006 [15]. No
peaks attributed to Ta2O5, β-TaON, or Ta3N5 were
observed, implying that the pure phase of γ-TaON was
obtained. All diffraction peaks of the ZnS/CdS/γ-TaON
composites are well indexed according to γ-TaON phase,
and no characteristic diffraction peaks for CdS and ZnS
species are observed, which should be ascribed to the less
amount and small size of ZnS/CdS particles. Moreover,
there is no obvious shift of the peak positions in each of the
materials, suggesting that ZnS/CdS only deposited on the
surface of TaON rather than incorporating into its lattice,
which are in agreement with the previous reports [29, 30].
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Figure 2 shows the morphology of Ta2O5 and γ-TaON.
The scanning electron microscopy (SEM) image of Ta2O5

(Fig. 2a) shows that the self-assembly of Ta2O5 is
chrysanthemum-like hierarchical nanostructures consisting
of nanorods with a diameter of 10–20 nm and a length of
200–300 nm. The HRTEM image of Ta2O5 (Fig. 2c) shows
an interplanar spacing of 0.388 nm, which can be assigned
to the (001) plane of orthorhombic phase Ta2O5, which is in
accord with the XRD results. Figure 2b, d shows the mor-
phology of γ-TaON. Compared with Ta2O5, event though
the structure of the γ-TaON had not been a major changed,
the diameter of nanorods was increase to 20–30 nm and the
length of nanorods was shortened to 100–200 nm after high
temperature nitriding treatment.

Figure 3a–c shows the morphology of 6Z-CT sample.
There is also no significant difference between γ-TaON and

6Z-CT except that some ultrafine nanocrystals are attached
to the surface of nanorods (Fig. 3a, c). The HRTEM image
(Fig. 3b) of 6Z-CT sample shows that the particles consist
of many quantum dots with a diameter of 3–8 nm and well
dispersed on the surface of γ-TaON. The image shows the
interplanar spacings of 0.338 nm and 0.308 nm, which are
consistent with the distance of (111) planes of CdS and
(111) planes of ZnS. The EDX spectrum (Fig. 3d) shows
that the 6Z-CT sample consists of Ta, O, N, Zn, Cd, S, and
Pt elements, while the signal of Pt came from the substrate
in order to improve electrical conductivity for EDS analysis.
In addition, the STEM–EDX elemental mapping (Fig. S4) is
in good agreement with the EDS result. Above results
indicate that the CdS and ZnS nanoparticals are uniformly
dispersed on the surface of γ-TaON.

The optical properties of Ta2O5, γ-TaON, and Z-CT
materials were measured by UV–vis DRS in the wavelength
range of 200–800 nm. As shown in Fig. 4, with the decrease
of CdS content (0Z-CT > 4Z-CT > 6Z-CT > 8Z-CT), the
light absorption in 450–470 nm of the samples significantly
decreases, and the absorption edges exhibit a blue shift, due
to the wide bandgap of ZnS. The corresponding bandgap
energies of Ta2O5, γ-TaON, and 0Z-CT samples could be
estimated through the Kubelka–Munk method (Fig. 4 inset),
which is about 3.93, 2.71, and 2.49 eV, respectively.

Figure 5 shows the N2 adsorption–desorption isotherms
of Ta2O5, γ-TaON, and Z-CT particles. The BET surface
area reduces remarkably from 85.4 m2/g for Ta2O5 to
14.1 m2/g for γ-TaON due to the high-temperature nitrida-
tion reaction. The SEM and HRTEM images (Fig. 3) also
indicated that γ-TaON particles had shorter and thicker
nanorods than Ta2O5. The BET surface areas of 0Z-CT and
6Z-CT increases to 18.2 and 20.1 m2/g, which could be
attributed to the introduction of CdS and ZnS quantum dots.

Fig. 2 SEM and HRTEM
images of Ta2O5 (a, c) and
γ-TaON (b, d) samples

Fig. 1 XRD patterns of γ-TaON and Z-CT samples
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The larger specific surface area indicates that the Z-CT
samples can offer more available reaction active sites for
photocatalystic process.

The XPS of the samples was further measured and used to
study the chemical composition and surface electron state of
elements in CdS, Z-CT, and 4CdS-6ZnS samples. Figure 6
displays the full XPS spectrum and high-resolution spectra
of the 6Z-CT sample. The XPS survey spectrum in Fig. 6a
shows the presence of Ta, O, N, Cd, Zn, and S elements,
which is consistent with the result of its EDX (Fig. 3d) and
STEM–EDX (Fig. S4). Figure S5 shows the comparison of
high-resolution spectra in CdS, 4CdS-6ZnS, and 6Z-CT
samples. As can be seen from Fig. S5a, the two peaks at

404.5 eV and 411.2 eV are assigned to Cd 3d5/2 and
Cd 3d3/2 for CdS sample, showing good agreement with
literature data [45, 46]. In comparison with the pure CdS,
the typical peaks of Cd 3d for the 4CdS-6ZnS and 6Z-CT
samples shifted to lower energies of 404.1 eV and 410.9 eV.
The lowered binding energy is because of the interaction
between CdS and ZnS. Previous XPS studies of CdS also
observed a lower binding energy component [47, 48]. There
are no obvious changes of the binding energy of Zn 2p. The
high-resolution XPS spectrum of Zn 2p shows two peaks at
1021.0 eV and 1044.0 eV, which correspond to Zn 2p1/2 and
Zn 2p3/2 in ZnS (Figs 6c and S5b) [49, 50]. The peaks of S
2p3/2 (160.7 eV) and S 2p1/2 (161.8 eV) at Fig. 6d

Fig. 3 TEM (a), HRTEM (b),
SEM (c) images and EDS
spectra (d) of 6Z-CT sample

Fig. 4 UV–vis diffuse reflectance spectra and hν versus (αhν)1/2 graph
(inset) of the as-prepared samples Fig. 5 N2 adsorption–desorption isotherms of Ta2O5, γ-TaON, 0Z-CT,

and 6Z-CT samples
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demonstrate the existence of S2−. All the results indicate the
formation of both ZnS and CdS.

Photocatalytic H2 production activities of the Z-CT com-
posites with different contents of ZnS/CdS were investigated
under irradiation using Na2S–Na2SO3 as sacrificial agents
without loading any noble metal cocatalyst, as shown in
Fig. 7. A 2wt% Pt-loaded TaON sample (Pt/T) was also
tested as the control group under the same experimental
condition (catalyst, 100mg; reactant solution, 100ml mixed
aqueous solution containing 0.35M Na2S and 0.25M
Na2SO3; light source, xenon lamp (300W) with an AM 1.5
filter; reaction vessel, top-irradiation type). In Fig. 7a, it is
shown that after illumination for 5 h, the Pt/T sample shows

relatively low-photocatalytic activity (18 μmol h−1 g−1) com-
paring with Z-CT samples, which may be due to the rapid
recombination of photon-generated carriers in composites and
the large overpotential for hydrogen production. It is note-
worthy that only pure CdS loaded sample (0Z-CT) shows
obviously improved photocatalytic H2 evolution activity
(60 μmol h−1 g−1), which is almost 3.3 times higher than that
of the Pt/T sample. In addition, with increasing ZnS content,
the Z-CT photocatalysts exhibit higher photocatalytic activity.
6Z-CT sample exhibits the highest photocatalytic activity with
the H2 evolution rate of 839.6 μmol h−1 g−1, which is about
14 times higher than that of 0Z-CT and 47 times higher than
that of the Pt/T sample. The present ZnS/CdS/γ-TaON system

Fig. 6 XPS survey spectrum (a)
and high-resolution spectra of b
Cd 3d, c Zn 2p, d S 2p of 6Z-
CT sample

Fig. 7 Hydrogen production rates (a) of as-prepared samples and long-term photocatalytic H2 production (b) of the Z-CT photocatalysts after
storage in natural ambient environment for 24 months

88 Journal of Sol-Gel Science and Technology (2019) 91:82–91



has higher H2 evolution rate than other TaON-based systems,
such as TaON/Bi2O3 and TaON/Ni(OH)2 [30, 51]. However,
further increases in the ZnS content leads to a gradual
decrease of the photocatalytic activity. It is most likely that the
increase amount of ZnS decreased the active sites for H2

evolution on the γ-TaON surface. Similar study has also been
reported in the ZnS/CdS system [39]. Compared with Z-CT,
Pt-loaded TaON catalyst shows a lower activity which means
the heterostructure of Z-CT plays an important role in
enhancing the photocatalytic activity promoting the separation
of photogenerated electron and hole pairs. As shown in Fig.
S6, the photocatalytic H2 production activity of the 6Z-CT
composite was also evaluated under visible light irradiation (λ
> 420 nm), by using 0.35M Na2S and 0.25M Na2SO3 aqu-
eous solution as sacrificial agent, where the average hydrogen
generation rate of the 6Z-CT sample is 163 μmol h−1 g−1.
Furthermore, the 6Z-CT photocatalyst exhibited a stable
photocatalytic activity even after 9 h without renewing the
sacrificial agent, suggesting its good stability for H2 produc-
tion. Overall, ZnS and CdS play a vital role in photocatalytic
H2 production activity.

More importantly, the catalytic activity of the samples
was evaluated after storing 2 years under natural ambient
environment, it was found that no obvious activity decrease
was observed after 24 h continuous illumination (Fig. 7b),
which indicates the excellent stability of Z-CT samples. The
hydrogen evolution rate of 4Z-CT and 6Z-CT sample
decreases to 207.6 and 305.7 μmol h−1 g−1, which may be
resulted from the instability of CdS. For comparison, Fig-
ures S7 and S8 show the long-term photocatalytic H2 pro-
duction activity of freshly prepared CdS and 4CdS-6ZnS
samples under the same conditions. The hydrogen evolution
rate of fresh pure CdS sample decreases from 24.5 to
11.8 μmol h−1 g−1. A rapid decline of H2 production rate is
also detected when 4CdS-6ZnS sample working as the
photocatalyst, which is shown in Fig. S8. All the results
revealed that the heterostructure of ZnS/CdS/γ-TaON plays
an important role in improving the working stability. The
photocorrosion of CdS can be significantly reduced by
coupling of γ-TaON and ZnS. All the results demonstrate
that the heterogeneous junction between ZnS, CdS, and γ-
TaON can effectively promote the separation of photo-
generated electrons and holes.

The transient photocurrent responses of the γ-TaON, 0Z-
CT, and 6Z-CT electrodes were also tested to research the
behavior of photogenerated electron–hole pairs with eight
on–off cycles of intermittent illumination. As shown in
Fig. 8, the three electrodes exhibit sensitive photocurrent
responses and similar shapes of photocurrent curves. The
electrodes present a low dark current, while when the light
is switched on, the photocurrent rapidly increases to a
constant value for all samples. And the transient photo-
currents of 0Z-CT and 6Z-CT samples with heterostructures

exhibit much higher values than that of γ-TaON attribute to
their efficient separation of carriers, which is consistent with
their photocatalytic H2 production activities. Furthermore,
no apparent photocurrent decrease was observed during the
eight on–off cycles, which revealed that the photocatalysts
have good stability.

Figure 9 shows the band structures and the possible
transfer mechanism of charge carriers of the ZnS/CdS/γ-
TaON system. There have been a number of studies showed
that ZnS crystal has many intrinsic defects, like interstitial
sulfur (IS) and zinc vacancies (VZn) [38–40], as well as the
vacancies localized above the VB of both ZnS and CdS
[52]. Under irradiation, the photogenerated electrons are
excited from the VB to the conduction band (CB) of ZnS,
CdS, and γ-TaON, creating positive holes in the VB. Then
the photo-excited electrons can transfer from ZnS and CdS
to γ-TaON to generate hydrogen, while the holes migrate to
CdS. Furthermore, VZn and Is can act as acceptors for holes
in CdS, as a result of effective transformation of
electron–hole pairs. Moreover, the presence of both

Fig. 8 Transient photocurrent responses of γ-TaON, 0Z-CT, and 6Z-
CT electrodes in 0.5M Na2SO4 aqueous solution under chopped
300W xenon lamp light irradiation at 0.9 V versus Ag/AgCl

Fig. 9 Schematic illustration of photocatalytic mechanism of Z-CT
samples
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γ-TaON and ZnS can prevent CdS from photocorrosion,
thus facilitating the improvement of stability.

4 Conclusion

In summary, the ZnS/CdS/γ-TaON nanocomposite photo-
catalysts were synthesized by loading ZnS/CdS quantum dots
on the surfaces of γ-TaON via a two-step solution-phase
method. The CdS and ZnS/CdS significantly improve the
photocatalytic activity for hydrogen production of γ-TaON,
and the optimal content of ZnS was 6 wt%. The corre-
sponding H2 production rate was 839.6 μmol h−1 g−1 which
was 14 times higher than that of CdS loaded alone under the
same reaction conditions. This high photocatalytic H2 pro-
duction activity is mainly ascribed to the ZnS/CdS hetero-
structures, which can promote the charge transfer and
suppress the photoelectron–hole recombination. This work
shows that the oxynitrides photocatalysts have a relatively
high-hydrogen production activity when it combines with also
visible light-responded CdS, even without the noble metal
cocatalysts. The investigation offers new facilities for TaON-
based photocatalysts to make use of more visible light.
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