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Abstract Photocatalytic water splitting for hydrogen
(H,) generation is a potential strategy to solve the problem
of energy crisis and environmental deterioration. However,
powder-like photocatalysts are difficult to recycle, and the
agglomeration of particles would affect the photocatalytic
activity. Herein, a direct Z-scheme CdS/WO; composite
photocatalyst was fabricated based on carbon cloth through
a two-step process. With the support of carbon cloth,
photocatalysts tend to grow uniformly for further applica-
tions. The experimental results showed that the H, yield of
adding one piece of CdS/WO; composite material was
17.28 pmol/h, which was 5.5 times as compared to that of
pure CdS-loaded carbon cloth material. A cycle experi-
ment was conducted to verify the stability of the as-
prepared material and the result demonstrated that the H,
generation performance of CdS/WO; decreased slightly
after 3 cycles. This work provides new ideas for the
development of recyclable photocatalysts and has a
positive significance for practical applications.
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1 Introduction

Presently, the resources and environmental issues are
becoming increasingly grave, and the search for clean
alternatives to traditional fuels receives more and more
attention [1,2]. Hydrogen, a fuel with the characteristics of
non-toxicity, high calorific value, and harmless combus-
tion product, has been considered as a potential option [3].
In 1972, Fujishima and Honda discovered for the first time
that hydrogen could be obtained by photochemical
decomposition of water by using titanium dioxide (TiO,)
[4]. Since then, the utilization of solar energy to produce
hydrogen via water splitting with semiconductor photo-
catalyst has been regarded as a simple and effective
method [5]. This method of storing solar energy in
hydrogen in the form of chemical energy is viewed as
one of the most promising ways to provide clean and
renewable energy. Encouraged by this innovative discov-
ery, photocatalytic hydrogen production has been studied
extensively and the key to achieve better applications is to
find photocatalysts with high reaction activities and
enough stability.

To date, a variety of semiconductor photocatalysts have
been prepared for hydrogen production and pollutant
degradation, including metal oxides (TiO, [6], ZnO [7]),
metal sulfides (CdS [8,9], ZnS [10], CuS [11]), carbon
nitrides (g-C3Ny4 [12]) and so on [13]. CdS is a promising
photocatalyst with a suitable band gap and an ideal
conduction band edge [14]. However, owing to the strong
recombination of photo-induced electron-hole pairs and
the frequent occurrence of photocorrosion inside CdS, pure
CdS is still far away from achieving large-scale industrial
applications [15,16]. To solve the above problems,
hybridization has been used as an efficient method to
improve the separation of photoinduced electron-hole
pairs. WOs; is another promising photocatalyst for its
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non-toxicity, high chemical stability, and moderate oxidiz-
ing ability [17]. Therefore, the rational design of WO3; and
CdS could be regarded as an effective strategy to improve
the overall photocatalytic performance due to the fact that
the formation of a Z-scheme system can be formed
between them [18]. As reported [19-22], Z-scheme
systems are designed to simulate photosynthesis in nature
with the advantages of suppressing the recombination rate
of photo-induced carriers by the combination of holes with
a weak oxidizing ability and electrons with weak reducing
abilities, thus accelerating charge transfer and separation.
Hence, the reduction and oxidation catalytic centers are
retained in two different regions, which obviously
inhibited the occurrence of side reactions [18]. Many of
the reported compound systems have chosen CdS as a
component for hydrogen production, such as CdS/BiVO,
[23], ZnO/CdS [24], CdS/CoeSg [25], and CdS/CdWO,
[26]. The effective utilization of sunlight is realized and the
photocorrosion of CdS is inhibited.

Traditional photocatalysts are often investigated in
powder form, which would cause difficulties in recycling
and limit their industrial applications. Immobilization of
photocatalysts is an effective method to deal with this
dilemma. Carbon cloth (CT) is an ideal supporting material
because of its characteristics of large specific surface area,
uniform pore structure, and high surface adsorption
reaction activity [27]. More importantly, the use of carbon
cloth as support can ensure that materials with nanos-
tructure features grow uniformly and produce hierarchical
structures [28]. Recently, several photocatalytic systems
have been constructed on the surface of carbon cloth
successfully. Li et al. [28] reported a method that calcined
in air after hydrothermal reaction, which successfully
supported porous SnO, sheets on the surface of carbon
cloth. The synthesized composites had a good stability and
realized selective reduction of CO,. Furthermore, com-
pared with rigid carriers [29], the flexibility of carbon cloth
makes it easy to use in different shape reactors and easier to
recycle.

Herein, a two-step hydrothermal method was applied to
prepare WO; and CdS onto the surface of carbon cloth, and
the combination of the two photocatalysts was successfully
achieved. A Z-scheme system composite photocatalyst
without additional electron transmission medium was
prepared, which effectively improved the separation
efficiency of photogenerated carriers. Scanning electron
microscopy (SEM) was used to visually observe the
loading on the composite photocatalyst carbon cloth. X-ray
electron diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) analysis confirmed that WO; and
CdS achieved a good combination on carbon cloth. The
experimental results of photocatalytic hydrogen produc-
tion showed that the hydrogen production rate of the WO3/
CdS composite prepared was 5.5 times as compared to the
pure CdS-loaded carbon cloth material. Moreover, the
stability of the prepared materials through cycling

experiments was verified, and the results indicated that the
photocatalytic hydrogen production activity did not
decrease significantly after 3 cycles. At the same time, it
was also found that the prepared composites had a good
degradation activity, and degradation experiments of
rhodamine B (RhB) were conducted. The design of an
effective Z-scheme structure provides a new window for
the preparation of efficient hydrogen evolution materials
and has a positive impact on the practical applications of
photocatalysts in the future.

2 Experimental
2.1 Chemical materials

All reagents were used without further purification.
Hydrochloric acid (HCl, 36%—38%), Hexamethylenete-
tramine (HMT, >98%), Sodium sulfide nonahydrate
(Na,S-9H,0, AR), and Thioacetamide (TAA,>99%)
were supplied by Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Anhydrous ethanol (EtOH, 99.5%),
Sodium chloride (NaCl, > 99%), Sodium tungstate dihy-
drate (NaWQOy,-2H,0, 99%), Cadmium chloride (CdCl,,
AR), and Anhydrous sodium sulfite (Na,SOj3, >98%)
were purchased from Aladdin (Shanghai, China). Carbon
cloth (CT, W0S1009) was purchased from Cetech Co. Ltd.
(Taiwan, China). Deionized water with a conductivity of
18.25 MQ-cm was used as solvent in all the experiments.

2.2 Sample preparation

Single-load WO; carbon cloth (W-CT): The synthesis
steps of W-CT refer to the method reported by Huang et al.
[30]. 1.056 g of NaWO, - 2H,0, 0.9 g of NaCl (as structure
directing agent) [31], and 30 mL of H,O were added into
the inner tank of the hydrothermal kettle, and dissolved by
magnetic stirring for 30 min. Then 3 mol/L of HCI was
dripped into the mixed solution under continuous stirring
to adjust the solution pH to 2. After stirring for 3 h, carbon
cloth with a size of 1 cm x 1 cm was immersed into the
solution, and the inner tank was put into the hydrothermal
kettle. Then, the reaction kettle was placed in the oven of
180°C and reacted for 24 h. After the reaction, the reaction
kettle was taken out and cooled to room temperature, and
the carbon cloth was washed with ultra-pure water and
EtOH respectively. After drying, the carbon cloth was
placed in a muffle furnace and calcined at 450°C for 1 h,
and the product W-CT was obtained.

Single-load CdS carbon cloth (Cd-CT): 20 mL of H,O,
20 mL of EtOH, and 0.1464 g of CdCl, were added
respectively into the tank of the hydrothermal kettle. After
stirring uniformly, 0.448 g of HMT and 0.015 g of TAA
were added to continue stirring for 30 min. Then, the
carbon cloth was added to the solution, and the reaction
kettle was placed in the oven at 180°C for 16 h. After the
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reaction, the reaction kettle was taken out and cooled to
room temperature, and the carbon cloth was washed with
ultra-pure water and EtOH respectively. After drying, the
product Cd-CT was obtained.

Dual-load WO3; and CdS carbon cloth (WCd-CT): The
as-prepared W-CT was immersed into a hydrothermal
reactor containing the same mixed solution of CdCl,,
HMT, and TAA as above for hydrothermal growth, and
CdS could be grown around WO;. The product obtained
was named WCd-CT.

2.3 Characterization

The loading of the catalyst on the carbon cloth surface was
observed by scanning electron microscope. The crystal
structure of the as-prepared samples was verified by an X-
ray diffraction (Rigaku D/MAX 2550) with Cu Ka (40 kV,
100 mA). The chemical states around the surface elements
were analyzed by an X-ray photoelectron spectroscopy
(XPS, PHI 5000G ESGA). The UV-vis absorbance spectra
were obtained for the dry-pressed disk samples using a
Scan UV-vis spectrophotometer (Varian, Cary 500)
equipped with an integrating sphere assembly, using
BaSO, as the reflectance sample.

2.4 Photocatalytic hydrogen evolution

To assess the photocatalytic performance of the as-
prepared materials, a photocatalytic H, evolution reaction
was conducted in a top-irradiation Pyrex reaction vessel
connected to a closed gas circulation and evacuation
system. The system was vacuumized for 30 min to remove
any residual air in the solution prior to light irradiation. For
H, evolution, one piece of sample (or 30 mg of powder
sample) was added in 100 mL of aqueous solution
containing 0.1 mol/L of Na,S and Na,SOj; as sacrificial
reagent. After the system was degassed completely, the
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reaction solution was irradiated by a 300 W Xe lamp
equipped with an AM 1.5 air mass filter. The evolved gases
were analyzed by a gas chromatography equipped with a
thermal conductive detector (TCD) and a 5 A molecular
sieve column, using Argon as the carrier gas.

2.5 Photocatalytic degradation

In a typical experiment, 50 mL of RhB aqueous solution
(20 mg/L) was poured into a 50 mL photocatalytic tube,
followed by the addition of the prepared sample (one
piece). During the reaction, the solution was irradiated with
a 300 W Xenon lamp equipped with an AM 1.5 air mass
filter. Besides, the supernatant was withdrawn using a
dropper at predetermined time intervals (every 10 min, 4
mL). The concentration of RhB was analyzed by using a
UV-vis spectrophotometer (Varian, Cary 500).

3 Results and discussion

As illustrated in Fig. 1, the WCd-CT composite material
was prepared through a two-step process. First, WO;
particles were grown on CT by utilizing the hydrothermal
method. SEM was used to observe the loading of WO3; on
the carbon cloth. As shown in Fig. 2(a), the surface of pure
CT before the reaction was smooth and free of impurities.
The growth of WOj; particles on carbon fibers is
demonstrated in Fig. 2(b), WO5; powders grew well on
the surface of the carbon cloth, and the catalyst on each
rod-shaped fiber was fully loaded and uniformly distrib-
uted. The absence of excess powder in the gap between the
fibers proved that the washing was adequate, and there was
a strong interaction between the WO; powder and the fiber
surface. Hence, the immobilization of catalyst was
successful. The SEM image of Cd-CT is exhibited in
Fig. 2(c). It can be observed that the powder adhesion

Fig. 1 Growth of WO; and CdS nanoparticles on CT.
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amount was small in the entire range, manifesting that
there was a weak interaction force between the CdS
powder and the carbon fiber. Then, CdS was grown around
WOj; through the next hydrothermal reaction. The growth
of CdS particles is displayed in Fig. 2(d). It can be clearly
seen that the carbon fiber surface was covered with a thick
layer of powder particles. Compared with the above-
mentioned case where CdS loads alone on the fiber, it can
indirectly explain the strong interaction between WO5 and
CdS. This good contact environment also provided
advantages for the construction of suitable heterostructure
between CdS and WO;, and provided the possibility for
the improvement of hydrogen production performance.
The XRD patterns of the prepared samples are depicted
in Fig. 3. The characteristic diffraction peaks of CdS are
marked by spheres, and the characteristic diffraction peaks
of WOj; are marked by triangles. The XRD pattern of CT
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Fig. 2 SEM images of each sample.
(a) CT; (b) W-CT;, (¢) Cd-CT; (d) WCd-CT.
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Fig. 3 X-ray diffraction patterns.

shows a broad peak at around 25°, corresponding to the
(002) plane of the graphite structure [32]. It is obviously
observed that after the loading of WO;, its characteristic
diffraction peaks appear. The diffraction peaks at 13.957°,
22.718°, and 28.172° can be observed, which can be
corresponded to (100), (001), and (200) crystal planes of
hexagonal WOj3; (JCPDS card No. 33-1387), respectively.
This indicates that WO5 has been successfully loaded on
the carbon cloth. Three characteristic peaks at 43.681°,
47.839°, 50.882° are observed in the XRD patterns,
corresponding to (110), (103), (200) crystal planes of
hexagonal CdS (JCPDS card No. 41-1049), respectively.
As shown in Fig. 3(d), both the characteristic diffraction
peaks of WOj3 and the characteristic peaks of CdS can be
observed in the XRD patterns of the composite WCd-CT,
confirming the existence of both CdS and WO;. Combin-
ing the investigations above, CdS nanoparticles were
successfully loaded around WO; on carbon cloth.

X-ray electron spectroscopy was used to detect the
chemical states of W, O, Cd, and S on the surface of WCd-
CT samples. The C 1s XPS peaks obtained from the test are
displayed in Fig. 4(a), and the three peaks at 289.4, 286.2,
and 284.5 eV imply that there are three different carbon
chemical environments in the product. The two weak
peaks at 286.2 eV and 289.4 eV can be assigned to C-O
and C(O)OH, and the strong peak at 284.5 eV can be
ascribed to the C—C band [33—-35]. After loading different
materials, the main peak of C remained basically
unchanged, proving that the carbon cloth of the base
material was very stable under various conditions.
Figure 4(b) shows the analysis and comparison of the W
element state on the single-load WO; carbon cloth, and the
dual-load WO; and CdS carbon cloth. The peaks at
38.0 eV and 36.0 eV can be assigned to W 4fs5, and
W 4f,,, respectively, indicating the presence of W in the
sample, and therefore verifying the fact that WO; is
successfully loaded on the carbon cloth. After the loading
of CdS, the peak of W shifted to a lower field, suggesting
that the chemical state around W had changed. This also
provides some evidence for the formation of the Z-scheme
system between WOj3 and CdS, which is also consistent
with some previous reports [36]. The Cd 3d XPS spectra
are manifested in Fig. 4(c), in which the two peaks at
411.8 eV (Cd 3d;5) and 405.0 eV (Cd 3ds;) can be
considered as Cd*". The Cd peaks of the double-loaded
sample are basically the same as the peak position of the
CdS-loaded sample, which further proves that CdS is well
loaded on W-CT and the methods of directly growing CdS
on carbon cloth and loading CdS after WO; growth are
valid. As for S 2p XPS spectra (Fig. 4(d)), the peaks at
162.8 eV and 161.8 eV can be ascribed to S 2p;,, and S
2pa3s, which further proves the existence of divalent S.
This also demonstrates the successful synthesis of CdS. In
addition, the high-resolution peak from WCd-CT shows a
positive shift compared to those of Cd-CT, which shows
that the electronic environment around S has changed,
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Fig. 4 XPS of W-CT, Cd-CT, and WCd-CT.
(a) C 1s; (b) W 4f; (c) Cd 3d; (d) S 2p.

further indicating that there is electron transfer between
WO; and CdS. The successful loading of WO; and CdS on
carbon cloth can be confirmed by the above results, and
there is also an interaction effect between them.

The UV-vis diffuse spectra of CdS, WO;, and CdS/WO;
samples are presented in Fig. 5. The absorption edge of
WOs; is around 450 nm, attributing to its wide bandgap.
After the loading of CdS, the CdS/WO; composite sample
has a wider absorption in the visible light region, and its
absorption edge is broadened to near 570 nm, which is very
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Fig. 5 UV-vis diffuse absorption spectra of CdS, WO;, and CdS/
WO; composites.

close to CdS. The photocatalytic hydrogen production
activities of the as-prepared W-CT, Cd-CT, and WCd-CT
were evaluated under the illumination of simulated
sunlight, using Na,S:-9H,0 and Na,SO; as sacrificial
reagents to quench photoinduced holes. The hydrogen
yield of as-prepared samples is displayed in Figs. 6(a) and
6(b). For CT and W-CT, no obvious H, production was
detected during the whole experiment. The reason for this
is that the conduction band potential of a pure WO;
material does not meet the thermodynamic requirements
for H, evolution. Pure CdS exhibited a non-ideal H,-
evolution rate due to the rapid recombination of photo-
induced charge carriers. Under the experimental condition
of adding one piece of Cd-CT (loaded with 1.5 mg of
CdS), only 7.88 umol H, was produced within 150 min
(3.15 pmol/h). In contrast, the photocatalytic hydrogen
production rate of WCd-CT composite (loaded with 4.0 mg
of WO3/CdS) had been significantly improved, reaching
17.28 pmol/h (about 4.32 mmol/(g-h) under the same
condition. It is believed that one main factor for improving
the photocatalytic performance is the combination and
intimate contact of WO3 and CdS, which greatly promotes
the separation of photo-induced electrons and holes, thus
more electrons could migrate to the surface to participate in
the photocatalytic water splitting to produce hydrogen. The
reason for supporting photocatalyst on carbon cloth is to
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achieve better recovery and reuse. Therefore, the stability
of the prepared photocatalyst needs to meet the require-
ment of multiple cycles. To this end, a photocatalytic
hydrogen production cycle experiment was conducted. As
shown in Fig. 6(c), the activity of the composite material
does not decrease significantly after 3 cycles, indicating
that the WCd-CT composite material has an excellent
stability and could initially meet the requirements of
recycling. In addition, the structure of WCd-CT after
reaction was investigated. As shown in Fig. 3(b), the
characteristic diffraction peaks of WO and CdS can still
be observed in the XRD patterns of recycled WCd-CT,
indicating that WO; and CdS still exist on the carbon cloth.
Moreover, it is also found that the carbon fiber surface of
the recycled WCd-CT sample is still coated with a
relatively complete catalyst layer, which is not significantly
different from that before the reaction (Fig. S2, Electronic
Supplementary Material).

To further understand the enhanced charge separation
inside the prepared samples, the photocatalytic degradation
activity of the prepared samples was evaluated by
degrading RhB under simulated solar light irradiation.
As shown in Fig. 6(d), the light source was not turned on
during the period of —30-0 min, and a dark adsorption
experiment was conducted for 30 min. The concentration
of the solution was basically unchanged during this period,
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showing that the adsorption effect of the experimental
system on RhB was negligible. Cd-CT displayed a poor
photocatalytic activity, and only 8% of RhB was removed
within 60 min. As for W-CT, 15% of RhB was removed
under the same conditions, attributing to its relatively more
positive VB (valence band) position. Moreover, the more
loading of WO; on the same piece of carbon cloth than
CdS which could be seen from SEM image might also be
one of the reasons. Of the three as-prepared materials,
WCdA-CT had the best activity, which could be explained
by the effective transfer and separation of photogenerated
carriers.

To estimate the band gap of the semiconductors, the
correlation curve of (ahv)”? and hv as well as its tangent
line was drawn, where a, A, and v corresponded to the
absorption index, Planck’s constant and, the optical
frequency, respectively. Moreover, the value of n depends
on the type of semiconductor. For indirect band gap
semiconductors, the value of n is 1, while for direct band
gap semiconductors, the value of n is 4. According to
Fig. 7, the band gaps of WO3; and CdS were estimated to be
about 2.65 eV and 2.25 eV, respectively, which is
consistent with the previous reports [37]. The photocurrent
transient diagrams of W-CT, Cd-CT, and WCd-CT samples
are shown in Fig. 8(a). It can be seen that the photocurrent
response is enhanced after the combination of CdS over
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Fig. 6 Diagrams of photocatalytic performance of prepared samples.
(a) Time course hydrogen evolution of W-CT, Cd-CT, and WCd-CT; (b) comparison of hydrogen production rate of different samples; (c) cycling
performance of WCd-CT in hydrogen production; (d) photocatalytic degradation performance under simulated solar light irradiation.
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WO;, indicating the enhanced charge separation efficiency
inside the prepared WCd-CT sample. Besides, a smaller
semicircle in EIS Nyquist plot can be observed (Fig. 8(b)),
indicating the faster migration of charge and lower charge-
transfer resistance in WCd-CT. The enhancement of charge
separation and migration significantly plays a great role in
improving the photocatalytic performance of WCd-CT.
Based on the above experimental results and the related
reports [18], a hydrogen production mechanism (Fig. 9) of
WO3/CdS composite photocatalyst was proposed. After
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the excitation of incident light, photogenerated electrons
and holes were produced in WO; and CdS, respectively.
The holes generated in WOj3; remain in the VB of WO;,
while electrons tend to transfer to the VB of CdS and
recombine with the holes in CdS, so that the electrons and
holes in CdS can be effectively separated. The holes stored
in the VB of WOj3 would eventually be captured by the
hole traps added in the solution, while the electrons in the
CB of CdS would migrate to the surface and participate in
water reduction. In addition, the improvement of hydrogen
production activity is mainly attributed to the effective
separation of photogenerated electron-hole pairs. At the
same time, the composite photocatalyst retains a strong
redox ability.

4 Conclusions

In summary, WO;-CdS composite material was success-
fully loaded on the surface of carbon cloth using the
hydrothermal methods. Profits from the construction of the
Z-scheme system and the separation of photogenerated
electron-hole pairs in the composite material had been
significantly improved. Therefore, compared with pure W-
CT and Cd-CT, the composite WCdA-CT exhibited out-

—— W-CT
——Cd-CT

25 30 35 40 45
Z'Q
(b)

Fig. 8 Electrochemical analysis of prepared samples.
(a) Transient photocurrent of W-CT, Cd-CT, and WCd-CT; (b) electrochemical impedance spectra (EIS) of W-CT, Cd-CT, and WCd-CT.
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Fig. 9 Charge separation and transfer in CdS/WO; system under irradiation.
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standing simulated sunlight driven photocatalytic activ-
ities. In the hydrogen production experiment, a superior H,
generation rate of 17.28 pumol/h (about 4.5 times higher
than that of Cd-CT) was reached when adding one piece of
WCdA-CT. At the same time, in the degradation test, the
composite material also showed a better photodegradation
activity. This study provides an idea for the immobilization
of powder materials and creates conditions for better
industrial applications of photocatalysts.
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