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o-photoelectrode as a highly
efficient and visible-light-driven photocatalyst for
water-splitting†

Yansong Zhou,a Gang Chen, *a Edward H. Sargent,b Taotao Zhuang,b Cao Thang
Dinhb and Fang Hea

Solar energy conversion through artificial photosynthesis is of considerable interest. Unfortunately,

the efficiencies of current photocatalysts are limited by the rapid recombination of photogenerated

charge carriers and their failure to respond to the long-wavelength light region in sunlight. To harness

solar energy efficiently, we propose, for the first time, the concept of freestanding nano-sized

photoelectrodes as efficient photocatalysts for artificial photosynthesis applications. Through introducing

charge transporting components and incorporating photoactive narrow bandgap semiconductors, a long

wavelength responding and freestanding nano-photoelectrode composed of PEDOT:PSS/CdS/ZnO/WS2
has been fabricated. This freestanding nano-photoelectrode can serve as a highly efficient and stable

photocatalyst for hydrogen (H2) evolution with a rate of as high as 1028 mmol h�1, without loading any

noble metal containing co-catalyst, under simulated sunlight irradiation. Impressively, the designed

nano-photoelectrode shows an outstanding apparent quantum efficiency (APQ) of 0.3% for H2 evolution

at a wavelength of l ¼ 600 nm.
Introduction

Converting abundant solar energy into chemical energy through
articial photocatalytic water-splitting is one of the most prom-
ising approaches to mitigate environmental and energy issues.
The photocatalytic process on semiconductor powders in
a suspension system has long been a hot research topic, since it's
the simplest of the solar energy conversion technologies.1 To
date, numerous candidate materials such as CDots-C3N4 and
CoO have been demonstrated as efficient photocatalysts for
water-splitting.2–5 Unfortunately, the photocatalytic activities of
currently available photocatalysts are usually limited by the fast
recombination of photogenerated carriers in a single material.6,7

To overcome this problem, the structural design of photocatalytic
systems to spatially separate the photogenerated electrons and
holes has been intensively investigated recently.4,8,9 Although
numerous outstanding research has been reported,10–14 the
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current efficiency of articial photosynthesis fails to meet the
requirements for further practical applications.

A compositing strategy has been demonstrated as an effi-
cient strategy to suppress photogenerated electron and hole
recombination in photocatalysts.15–17 Unfortunately, two
component composited photocatalysts are always limited by the
wide bandgap of the semiconductor, resulting in a failure to
utilize long-wavelength light. Recently, Yu and co-workers
incorporated Cu2�xS18 or Au19 in a novel 1D colloidal hetero-
nanostructure for enhanced solar energy conversion. Local-
ized surface plasmon resonance in Cu2�xS or Au enables
effective long wavelength absorption. Although a number of
photocatalysts have been reported to be able to respond to long
wavelength light, most of them show rather low activity or are
even not active for water-splitting under long wavelength light
illumination. Currently, the rational design of semiconductor-
based hetero-structures as highly efficient photocatalysts
remains challenging.

Compared to powder photocatalysts, which are randomly
suspended in the reacting media, the photoelectrodes of pho-
toelectrochemical (PEC) cells are usually a set of combined lms
of photoactive layers, charge-transporting layers and redox
catalysts that can be designed in an ordered fashion20–22

(Fig. 1a). This rationally ordered structure makes it possible to
realize efficient charge carrier separation in the photo-
electrodes, resulting in promising solar energy conversion effi-
ciency.23,24 However, photoelectrodes are only based on
macroscopically thin lms, which limits the further
J. Mater. Chem. A, 2017, 5, 10651–10657 | 10651
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Fig. 1 (a) Structural comparison of a photovoltaic cell and the
designed nano-photoelectrode. (b) Illustration of the fabrication
process for the nano-photoelectrode.

Fig. 2 (a and b) SEM images, (c) a TEM image and (d) a HAADF image
(inset shows the EDS line scan profiles) of C(0.6)/Z/W(10). (e) A HRTEM
image of the hollow corner. (f and g) SAED patterns corresponding to
the selected area in (e). (h) A HRTEM image of the solid part of the rod
and its corresponding (i) FFT image. A HRTEM image of the edge of the
rod shows the clear interface. (j) A TEM image of the outer part of the
nanorod. (k) A TEM image of P(1.0)/C(0.6)/Z/W(10) and its (l) FT-IR
spectrum.
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enhancement of the solar energy conversion efficiency due to
a lower surface reactive area and poorer mass transfer in
comparison with suspended powders. Inspired by this, it is
expected that designing freestanding nano-sized photo-
electrodes through combining the advantages of photo-
electrodes and nanotechnology would help realize highly
efficient photocatalysts. Pioneering work on freestanding Pt/Si/
Ag photoelectric nanodevices with exceptional photocatalytic
properties was reported by Duan and coworkers,25 suggesting
the concept of constructing nano-sized photoelectric devices for
articial photosynthesis applications. So far, there are no other
reports on the construction of photoelectric nanodevices as
photocatalysts. In addition, the current synthetic approaches to
photoelectric devices are complex and costly. Thus, the rational
design and development of nano-sized photoelectrodes for
solar energy conversion through facile methods is of great
signicance.

Herein, we describe, for the rst time, a facile wet chemical
route for the synthesis of a freestanding nano-photoelectrode
for use as a highly efficient and long wavelength responding
photocatalyst. CdS sensitized ZnO nanorod arrays are chosen as
photoactive components, and are grown on a WS2 nanosheet
substrate to form multi-junction structures (Fig. 1a). WS2 is
chosen as the electron collection component, as well as the long
wavelength light photoactive absorber, because WS2 has been
demonstrated to be an efficient co-catalyst for H2 evolution26–28

and a long wavelength responding photocatalyst.29,30 Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
the most widely used hole-transporting material in polymer
solar cells,31 is coated on the CdS surface to facilitate photo-
generated hole transfer in this system, as the generated holes
are quickly transferred from CdS to the polymer surface and
they eventually react with the hole scavenger. The resulting
freestanding PEDOT:PSS/CdS/ZnO/WS2 nano-photoelectrode
shows high and stable performance for photocatalytic H2

evolution from water splitting under simulated sunlight irra-
diation. More importantly, the as-obtained nano-
10652 | J. Mater. Chem. A, 2017, 5, 10651–10657
photoelectrode is active for photocatalytic H2 evolution even
up to l ¼ 600 nm with an AQY of about 0.3%, which is
a promising performance compared to the limited numbers of
near-infrared light active photocatalysts for water splitting. In
addition, enhanced photoelectrochemical (PEC) signals are also
observed at l ¼ 700 nm, suggesting potential PEC applications
in the near-infrared light region.
Results and discussion

In this work, PEDOT:PSS(x)/CdS(y)/ZnO/WS2(z) is abbreviated as
P(x)/C(y)/Z/W(z), in which x, y and z correspond to the molar or
mass ratio of each component (detailed information can be
found in the Experimental section). The carrier dynamics
among semiconductor interfaces (or junctions) represent a key
determining factor in PEC cell performance.32 To achieve well-
connected interfaces among the components, a PEDOT:PSS/
CdS/ZnO/WS2 nano-photoelectrode was synthesized through
a wet chemical synthesis method, combining seed-mediated
growth and ion-exchange (Fig. 1b). ZnO nanoarrays were
grown on a WS2 nanosheet substrate via a seed-mediated
growth method from ZnO nanoseeds/WS2 (Fig. S1†). Aer
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) The photocatalytic H2 evolution performance of the free-
standing photoelectrode catalyst and controlled samples under
simulated sunlight irradiation (100 mW cm�2). (b) The time course of
photocatalytic H2 evolution over P(1.0)/C(0.6)/Z/W(10). (c) PL spectra,
(d) time-resolved photo-luminescence (TRPL) spectra, (e) photocur-
rents and (f) EIS plots for ZnO, C(0.6)/Z, C(0.6)/Z/W(10) (inset: the
corresponding equivalent circuit), and P(1.0)/C(0.6)/Z/W(10).
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surface suldation and ion-exchange processes, ZnO nano-
arrays on WS2 nanosheets were covered in CdS to form a pho-
toelectrode-like structure (Fig. 2a, b and S2†). X-ray diffraction
(XRD) results further conrm the existence of CdS, ZnO and
WS2 phases in the sample (Fig. S3†). Nanoarrays with a uniform
diameter of around 50 nm are observed in the transmission
electron microscopy (TEM) images (Fig. 2c). In addition, energy
dispersive X-ray spectroscopy (EDX) analysis implies the exis-
tence of WS2, further suggesting that the nanoarrays are grown
on the WS2 nanosheet substrate (Fig. S4†). All the nanorods
exhibit a hollow structure with rough surfaces (Fig. 2c). The
detailed structures of the nanorods are further conrmed via
high magnication high-angle annular dark-eld (HAADF)
analysis (Fig. 2d and S5†). The hollow structure of the nanorod
is found to be composed of nanocrystals (Fig. 2e). Selected area
electron diffraction (SAED) patterns of the outer and inner parts
reveal that the outer part is a mixture of CdS and ZnO (Fig. 2f),
while the inner part is mainly a ZnO phase (Fig. 2g), which is in
good agreement with the EDX line scan results (Fig. S6†). A
high-resolution transmission electron microscopy (HRTEM)
image of the solid part is also shown in Fig. 2h, in which
a single-crystal core covered in a nanocrystalline shell is
observed. The corresponding SAED pattern displays two sets of
diffraction spots (Fig. 2f), belonging to wurtzite-structured CdS
(JCPDS no. 77-2306) and wurtzite-structured ZnO (JCPDS no. 36-
1451). The results of the EDX line scan reveal that the core is
mainly composed of Zn and O, while the outer part is Cd and S
(Fig. 2d), suggesting that the core is ZnO and the shell is CdS.
Lattice fringes corresponding to the (001) plane of ZnO, with
a measured d-spacing of 0.52 nm, were observed for the ZnO
core, indicating a crystalline ZnO nanorod growing along the
ZnO [001] direction (Fig. S7†). Furthermore, a tightly contacting
interface with a clear crystal lattice between CdS and ZnO is
clearly observed in Fig. 2j, which would lead to strong interac-
tions and consequently facilitate effective interband charge
transfer from CdS to ZnO in the photoelectrode. When further
coated with the PEDOT:PSS component, an amorphous phase
covering the rods is clearly distinguishable in the TEM image
(Fig. 2k). Particularly, the hollow side tends to adsorb much
more PEDOT:PSS than the solid part, which is possibly due to
the stronger adsorption capability of the hollow structure.
Characteristic peaks at 941 cm�1, 1030 cm�1 and 1269 cm�1

attributed to PEDOT:PSS in the FT-IR spectrum of P(1.0)/C(0.6)/
Z/W(10) conrm the existence of a PEDOT:PSS component in
the architectural structure (Fig. 2i),33,34 which is further
demonstrated in the Raman results (Fig. S8†). Therefore,
a freestanding nano-photoelectrode composed of PEDOT:PSS/
CdS/ZnO/WS2, has been fabricated.

The effects of each component on the photocatalytic H
evolution performance were investigated (Fig. S9†). CdS(0.6)/
ZnO (C(0.6)/Z) was chosen as the base material for construct-
ing the CdS/ZnO/WS2 systems since the C(0.6)/Z sample showed
the highest photocatalytic H2 evolution rate, 124 mmol h�1 g�1,
of the CdS(x)/ZnO (x ¼ 0, 0.2, 0.4, 0.6, 0.8 and 1.0) (C(x)/Z)
samples. When coupled with WS2, the H2 evolution rate was
increased to 506 mmol h�1 over the CdS(0.6)/ZnO/WS2(10)
(C(0.6)/Z/W(10)) sample with an optimized amount of WS2
This journal is © The Royal Society of Chemistry 2017
among the CdS(0.6)/ZnO/W(y) (y ¼ 0, 5, 10, 15 and 20) samples.
Surprisingly, the C(0.6)/Z/W(10) sample shows a much higher
H2 evolution rate than the noble metal Pt (1 wt%) loaded on the
C(0.6)/Z sample, suggesting that WS2 is an efficient H2 evolution
co-catalyst in this system. When an optimized amount of
PEDOT:PSS is coated on C(0.6)/Z/W(10), the H2 evolution rate is
dramatically increased to 1028 mmol h�1 (P(1.0)/CdS(0.6)/ZnO/
W(10)), which is comparable to the H2 evolution rate from
PdS (1 wt%), showing that this is an efficient co-catalyst for the
oxidation reaction with a metal sulde photocatalyst35 loaded
CdS(0.6)/ZnO/W(10) sample. Fig. 3a presents a direct compar-
ison of the H2 evolution performance over pristine ZnO, ZnO/
WS2(10), C(0.6)/Z, C(0.6)/Z/W(10) and P(1.0)/C(0.6)/Z/W(10).
Pristine WS2 shows no detectable performance under the
same experimental conditions. Pristine ZnO and CdS show
relatively low performances. Interestingly, the P(1.0)/C(0.6)/Z/
W(10) sample shows the highest photocatalytic performance,
which is about 150 and 31 times higher respectively than that of
ZnO or CdS without loading with any noblemetal containing co-
catalyst. Otherwise, the photocatalytic performance of CdS/
ZnO/WS2 and PEDOT:PSS/CdS/ZnO/WS2 is better than the re-
ported results based on CdS/ZnO hetero-nanostructured pho-
tocatalysts (Table S1†), indicating the advantages of the selected
components and constructed structure shown in this work.
CdS/WS2(10) and P(1.0)/C(0.6)/Z were also investigated as
J. Mater. Chem. A, 2017, 5, 10651–10657 | 10653
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Fig. 4 (a) UV-vis spectra of ZnO, C(0.6)/Z, C(0.6)/Z/W(10) and P(1.0)/
C(0.6)/Z, C(0.6)/Z/W(10). (b) Photocatalytic H2 evolution over P(1.0)/
C(0.6)/Z/W(10) and C(0.6)/Z as a function of incident light wavelength
and (c) the corresponding photocurrent density over P(1.0)/C(0.6)/Z/
W(10). (d) A schematic illustration of the photocatalytic mechanism
over the PEDOT:PSS/CdS/ZnO/WS2 nano-photoelectrode.
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references, whose performances are also far below that of the
P(1.0)/C(0.6)/Z/W(10) sample. These results suggest that the
rational construction and assembly of each component in the
PEDOT:PSS/CdS/ZnO/WS2 sample play a key role in achieving
high photocatalytic performance. Signicantly, the P(1.0)/
C(0.6)/Z/W(10) sample also shows highly stable and efficient
photocatalytic performance over a period of 60 h (Fig. 3b). It is
widely accepted that CdS-based photocatalysts or photoanodes
always suffer from photocorrosion reactions, which lead to
a dramatically decrease in performance. To protect CdS from
photocorrosion, different kinds of protective layers have been
developed.36–38 In this work, PEDOT:PSS acts as an efficient
protective layer for CdS, resulting in the high stability of the as-
prepared nano-photoelectrode. Aer testing for a long time, the
characteristic peaks of PEDOT:PSS at 941 cm�1, 1030 cm�1 and
1269 cm�1 remain in the FTIR spectrum of the sample
(Fig. S10†), suggesting that PEDOT:PSS is stable during the
photocatalytic process. All these outcomes indicate the excellent
performance and stability of this freestanding PEDOT:PSS/CdS/
ZnO/WS2 nano-photoelectrode for H2 generation.

In order to investigate the charge carrier separation behavior
in the freestanding nano-photoelectrode, photoluminescence
(PL) and time-resolved photo-luminescence (TRPL) (Fig. 3c,
d and S11†) spectroscopy were carried out. Charge carriers are
easily transferred from CdS to ZnO due to their compatible
lattice structures and proper band alignment. This is also
conrmed from the decreased PL intensity and the prolonged
lifetime of the charge carriers. When further composited with
the electron collecting component WS2, and the hole trans-
porting component PEDOT:PSS, the photogenerated charge
carriers are further efficiently separated. Such charge separation
behaviour is also veried from the photocurrent measurements,
which exhibit a similar trend to the PL data (Fig. 3e and S12†).
The kinetics of interfacial charge migration in this freestanding
nano-photoelectrode were further investigated using electro-
chemical impedance spectroscopy (EIS) (Fig. 3f). A smaller arc
radius corresponds to more effective separation of photo-
generated electron–hole pairs and a higher efficiency of charge
migration across the electrode/electrolyte interface. The arc
radius of P(1.0)/C(0.6)/Z/W(10) is the smallest among these
samples (Table S2†), indicating that the rationally assembled
nano-electrode structure induces charge separation and
migration more efficiently, which is in good agreement with the
results from the PL and photocurrent measurements.

Fig. 4a presents the UV-vis spectra of ZnO, C(0.6)/Z, C(0.6)/Z/
W(10) and P(1.0)/C(0.6)/Z/W(10). ZnO alone can only respond to
ultra-violet light. When sensitized with CdS, its optical
absorption edge is extended to the visible light region
(Fig. S13†). A similar trend is also observed when changing the
CdS content in CdS/ZnO/WS2, indicating that the existence of
WS2 has little effect on the content of CdS. The CdS(0.6)/ZnO/
W(y) samples show the capability to absorb the whole visible
light region, which originates from WS2, whose optical
absorption edge is up to the near-infrared light region
(Fig. S14†). In addition, the optical absorption edge of
PEDOT:PSS is around 350 nm (Fig. S15†), indicating the weak
light shielding effects of PEDOT:PSS on other components. The
10654 | J. Mater. Chem. A, 2017, 5, 10651–10657
conversion of long wavelength light to chemical energy is highly
desirable for articial photocatalytic processes. In this work, the
photocatalytic H2 activity was evaluated under light with wave-
lengths of 500, 550, 600 and 700 nm (Fig. 4b). It's found that the
P(1.0)/C(0.6)/Z/W(10) sample is active for H2 evolution even
under 600 nm illumination, with a APQ of about 0.3%. However,
no H2 was detected for C(0.6)/Z when the light wavelength was
longer than 550 nm. Long wavelength PEC measurements were
also carried out to further conrm the activity of the catalyst
(Fig. 4c). A very weak photocurrent for C(0.6)/Z is detected up to
550 nm, while dramatically enhanced photocurrent signals are
observed for the P(1.0)/C(0.6)/Z/W(10) sample under the same
conditions (Fig. S16†). A signicantly enhanced photocurrent
signal is also observed for P(1.0)/C(0.6)/Z/W(10), even under l ¼
700 nm light irradiation. In addition, WS2 is photoactive and
can generate a weak photocurrent under all these light illumi-
nation wavelengths (Fig. S17†). Since PEDOT:PSS is not photo-
active for the photocatalytic and photoelectric chemical
processes, the signal at l ¼ 700 nm is mainly attributed to
photogenerated charges from WS2, indicating that WS2 in the
PEDOT:PSS/CdS/ZnO/WS2 nano-photoelectrode not only works
as an efficient co-catalyst for H2 evolution, but also as a long
wavelength photoactive component. All these results suggest
that a freestanding nano-photoelectrode with highly efficient
and long wavelength responding H2 evolution performance has
been constructed.

Based on the above results, the photocatalytic mechanism
and charge transfer processes in the PEDOT:PSS/CdS/ZnO/WS2
photocatalytic systems are illustrated in Fig. 4d. Upon photo-
excitation, photogenerated electrons in the conduction band of
CdS and ZnO transfer to WS2 and reduce the proton to
hydrogen. Photogenerated holes transferred in the valence
bands of ZnO and CdS will transfer step by step and be trapped
by PEDOT:PSS. As a result, the photogenerated holes and
This journal is © The Royal Society of Chemistry 2017
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electrons in the freestanding nano-photoelectrodes are effi-
ciently separated, which leads to the eventually enhanced
photocatalytic performance.
Conclusions

In summary, we have constructed freestanding nano-
photoelectrodes as highly efficient photocatalysts for articial
photosynthesis applications. By rationally designing and
assembling photoactive and charge transporting components,
a freestanding nano-photoelectrode, PEDOT:PSS/CdS/ZnO/WS2,
for photocatalytic H2 evolution has been constructed via a facile
wet chemical method. More importantly, the freestanding
nano-photoelectrode can drive H2 evolution at wavelengths up
to l ¼ 600 nm. We believe that the concept and design of
a freestanding nano-photoelectrode described here open up
a new avenue for developing efficient photocatalysts in the eld
of renewable solar fuel production.
Experimental section
Chemicals

Chemical reagents including Zn(OAc)2$2H2O (Sinopharm
Chemical Reagent Co., Ltd), LiOH (Aladdin Chemistry Co.
Ltd), hexamethylenetetramine (Aladdin Chemistry Co. Ltd),
Zn(NO3)2$6H2O (Sinopharm Chemical Reagent Co., Ltd), WS2
(Aladdin Chemistry Co. Ltd), thioacetamide (Sinopharm
Chemical Reagent Co., Ltd), Cd(OAc)2$2H2O (Sinopharm
Chemical Reagent Co., Ltd), PEDOT:PSS (OE Chemicals),
Na2S$9H2O (West Long Chemical Co. Ltd), and Na2SO3 (Sino-
pharm Chemical Reagent Co., Ltd) were used without further
treatment.
Sample preparation

Preparation of ZnO nanorods, CdS/ZnO nanorod composites
and CdS. For ZnO seed preparation, 10 mg of ZnZn(OAc)2$2H2O
and 10 of mg LiOH were added into 50 mL of ethanol under
stirring for 10min. Aer that, themixture was put into a sonic bath
(200 W) for 2 h. The ZnO seeds were collected via centrifugation.

ZnO nanorods were prepared through a seeding growth
method, using ZnO seeds in a solution (100 mL) of Zn(NO3)2-
$6H2O (10 mM) and hexamethylenetetramine (HTMA) (10 mM).
The suspension was then heated to 90 �C for 6 h in an oil bath.

ZnO nanorods were dispersed into a thioacetamide solution
(100 mL) and put into an oil bath at 60 �C for 6 h for the sul-
dation of ZnO nanorods into ZnS/ZnO composites. The ob-
tained ZnS/ZnO nanorods were washed and re-dispersed into
Cd(OAc)2$2H2O at 60 �C for 6 h for the formation of CdS/ZnO
nanorod composites. The Zn content in a pristine ZnO nano-
rod was set as 1 mmol. Then the ratio of Cd(OAc)2$2H2O was set
as 0, 0.1, 0.2, 0.3, 0.4 or 0.5 mmol, corresponding to the x values
in the P(z)/C(x)/Z/W(y) samples being 0, 0.2, 0.4, 0.6, 0.8 or 1.0.
CdS was prepared via heating a solution of Cd(OAc)2$2H2O (10
mM) and thioacetamide (10 mM) at 60 �C for 6 h.

Preparation of ZnO seed/WS2 composites. In a typical
process, 10 mg of Zn(OAc)2$2H2O, 10 mg of LiOH and a certain
This journal is © The Royal Society of Chemistry 2017
amount of WS2 were added into 50 mL of ethanol under stirring
for 10 min. Aer that, the mixture was put into a sonic bath (200
W) for 2 h. Then, the solids were washed with 75 mL of deion-
ized water three times, and collected for the next step. The
weight of WS2 was 0, 5, 10, 15 or 20 mg, corresponding to the y
values in the P(z)/C(x)/Z/W(y) samples being 0, 5, 10, 15, 20.

Preparation of ZnO nanorod/WS2 composites. The obtained
ZnO seed/WS2 composite from the previous step was dispersed
into a solution (100 mL) of Zn(NO3)2$6H2O (10 mM) and hexa-
methylenetetramine (10 mM). Then, the suspension was put
into an oil bath at 90 �C for 6 h. The product was washed and
collected for the next step.

Preparation of ZnS/ZnO nanorod/WS2 and CdS/ZnO nano-
rod/WS2 composites, and CdS/WS2 composites. The ZnO
nanorod/WS2 composite was dispersed into a certain concen-
tration of thioacetamide solution (100 mL) and put into an oil
bath at 60 �C for 6 h for the suldation of ZnO nanorods into ZnS/
ZnO nanorod/WS2 composites. The as-obtained ZnS/ZnO nano-
rod/WS2 was washed and re-dispersed into a certain concentra-
tion of Cd(OAc)2$2H2O at 60 �C for 6 h for the formation of CdS/
ZnO nanorod/WS2 composites. The procedure for the prepara-
tion of CdS/WS2 composites is similar to that for the preparation
of CdS/ZnO nanorod/WS2 composites with the concentrations of
both thioacetamide and Cd(OAc)2$2H2O being 15 mM.

Preparation of PEDOT:PSS/CdS/ZnO/WS2. 50 mg of the as-
prepared CdS/ZnO nanorod/WS2 composite was rst sonically
suspended in 5 mL of water for 10 min. Then a certain volume
of PEDOT:PSS solution (1.6 wt%) was added into the suspension
and stirred for 30 min to maintain the full adsorption of
PEDOT:PSS. The weight ratios of PEDOT:PSS were set as 0, 0.5,
1.0, 1.5 or 2.0 in the CdS/ZnO nanorod/WS2 composite, corre-
sponding to the z value in the P(z)/C(x)/Z/W(y) samples being 0,
0.5, 1.0, 1.5 or 2.0. Finally, the suspension was ltered, washed
with water and ethanol, and dried at 60 �C.
Characterization

The crystal structures of the samples were characterized with
a powder X-ray diffractometer (XRD, Rigaku D/max-2000) using
Cu-Ka radiation (l¼ 0.15406 nm, 45 kV, 50 mA). A transmission
electron microscope equipped with an EDX system (TEM, FEI
Tecnai G2) working at 300 kV was employed to observe the
morphologies and characterize the chemical compositions of
the samples. UV-vis diffuse reectance spectra were recorded on
a spectrophotometer (UH-4150, HITACHI) using Ba2SO4 as
a reference. The UV-vis absorption spectra of PEDOT:PSS were
collected on a UH5300 (HITACHI) spectrophotometer. The
photoluminescence (PL) measurements were carried out at
room temperature with a luminescence spectrometer (Perki-
nElmer, LS-55) using 325 nm as the excitation wavelength.
Time-resolved PL spectra were recorded on a FluoroMax®-4
Fluorescence Spectrophotometer fromHORIBA Scientic under
301 nm excitation at room temperature. The Raman spectra
were obtained with a MODEL BX41TF Raman system, using an
excitation source of 532 nm. Infrared (IR) spectra were recorded
with a FTIR spectrometer (Shi-madzu) over the range of 400–
4000 cm�1 in the form of KBr pellets.
J. Mater. Chem. A, 2017, 5, 10651–10657 | 10655
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Photocatalytic reactions

Photocatalytic H2 evolution. The photocatalytic reaction was
performed in a closed gas-circulation system with a side
window. The photocatalyst powder (15 mg) was dispersed
ultrasonically in an aqueous solution (300 mL) containing Na2S
(0.2 M) and Na2SO3 (0.3 M) for 10 min. The reaction was carried
out by irradiating the suspension with light from a 300 W Xe
lamp (PLS-SXE300/300UV) equipped with an AM 1.5G lter (100
mW cm�2). The amount of produced H2 was measured using
gas chromatography (Agilent 7890A) with a thermal conduc-
tivity detector (TCD). Photocatalytic reactions at 500, 550, 600
and 700 nm were carried out using the light from a l > 400 nm
cut-off and the corresponding band-pass lters (Dl ¼ �15 nm)
(Fig. S18†).

The apparent quantum yields (AQY) for hydrogen evolution
were measured under the similar experimental conditions,
except for the addition of band-pass lters. The apparent
quantum yields are dened via the following equations:

AQYð%Þ ¼ number of reacted electrons

number of incident photons
� 100

¼ 2� number of H2 molecules evolved

number of incident photons
� 100

The number of incident photons was measured using
a radiometer (Photoelectric Instrument Factory, Beijing Normal
University).

Pt and PdS deposition experiments

The Pt loaded C(0.6)/Z sample was prepared through a similar
procedure to that used for the photocatalytic H2 evolution, with
the addition of 0.1 mL of H2PtCl6 (Pt content 1.5 mg mL�1) into
the reaction suspensions. Then the suspension was irradiated
with light from a 300 W Xe lamp (PLS-SXE300/300UV) for 0.5 h
before the photocatalytic H2 evolution test.

The loading of PdS on C(0.6)/Z/W(10) was realized via in situ
deposition. 0.072 mL of PdCl2 aqueous solution (Pd content
1.5 mgmL�1) was added dropwise into a suspension of C(0.6)/Z/
W(10) powder (15 mg) dispersed in Na2S aqueous solution (0.2
M) just before the photocatalytic reaction.

Photoelectrochemical characterization

The photoelectrochemical measurements were carried out
using a standard three-electrode cell with an Ag/AgCl (3.0 M
KCl) reference electrode and platinum foil as a counter elec-
trode on an Autolab PGSTAT302N (ECO-Chemie) electro-
chemical workstation. Na2S (0.2 mol L�1) and Na2SO3 (0.3 mol
L�1) were used as the electrolyte. The working electrodes were
prepared via the spin coating method with 10 mg of sample on
20 mm � 20 mm uorine doped tin oxide (FTO) glass. All linear
sweep voltammograms were measured at a scan rate of 10 mV
s�1. Photocurrent curves were measured using a 0.0 V bias (vs.
Ag/AgCl) under simulated sunlight irradiation. Photocurrent
curves at 500, 550, 600 and 700 nm were measured using a l >
400 nm cut-off and the corresponding band-pass lters (Dl ¼
�15 nm). AC impedance measurements were carried out using
10656 | J. Mater. Chem. A, 2017, 5, 10651–10657
a 5.0 mV AC voltage signal over the 100 kHz to 1 Hz frequency
range.
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