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Improving the efficiency of charge separation is an important aspect in photocatalysis. With NiWO,4 modu-
lation, the results of the Mott-Schottky test, short fluorescence lifetime (1.87 ns), faster electron transfer
rate constant (Ker = 2.82 x 108 s73), larger efficiency of electron injection (niry = 52.7%), high photocurrent
response, smaller transfer resistance (Rqm = 2785 Q cm?) and reaction resistance (R = 1.74 Q cm?)
showed that a new interface electric field was established and a more effective thermodynamic charge
transfer path was formed. This evidence greatly supported the fact that the separation and transfer of space
charges over CdS p-n were accelerated via NiWO, modulation. The [CdS/NiWO, (30%)] sample had the
best H, production performance, namely, the maximum H, production in 5 hours was 757 umol, which
was 7.35 times higher than that of pure CdS nanorods. Moreover, a series of characterization results also
showed that the NiIWO, decorated CdS p-n heterojunction improved the efficiency of photo-generated
charge separation and the SEM, XRD, TEM, EDX, XPS, UV-vis DRS, transient fluorescence, electro-chemistry
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1. Introduction

The continuous depletion of fossil energy has caused man-
kind to face two major problems: energy shortage and envi-
ronmental pollution.' These two issues have posed tremen-
dous threats to the survival and development of human
beings. Solar energy is a kind of sustainable clean energy.*
Therefore, how to make good use of solar energy and improve
the efficiency of energy conversion are the key to solving the
energy crisis and environmental pollution problems. At pres-
ent, photocatalytic technology is considered as an effective
countermeasure, which can continuously convert low-density
solar energy into chemical energy through photochemical re-
actions and has the advantages of low cost and environmental
friendliness. It exhibits a very wide range of applications,
such as in dye-sensitized solar cells,” photocatalytic degrada-
tion of pollutants,® photocatalytic cleavage of water to H,,”
photoelectrochemical cathodic protection® and photocatalytic
reduction of CO,.>*°
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etc. results were in good agreement with each other.

In 1972, Fujishima and Honda discovered that TiO, can
decompose water into H, and O, under ultraviolet light,"!
and since then a large number of scientists have focused
their attention on semiconductor photocatalysts such as
Zn0,"* Cds,"*'* BivO,,"'® and Ag;PO,."” In addition to hav-
ing an appropriate band gap energy level, an ideal semicon-
ductor should have low cost, readily available materials, high
stability, and be non-toxic, as well as exhibit efficient use of
solar energy. However, few materials can satisfy the above
conditions at the same time. For example, GaAs,'® PbS,"® and
CdS are toxic, and they are prone to photo-corrosion and
poor stability in aqueous solutions. ZnO is unstable in aque-
ous solution because it easily dissolves in water and can form
Zn(OH), on the surface of ZnO, thereby passivating the
photocatalyst. The conduction band (CB) of Fe,03,>° SnO,
(ref. 21) and WO; (ref. 22 and 23) is located in the lower part
of the reversible hydrogen potential, which means that these
materials need to be subjected to external bias to complete
the hydrolysis reaction. However, photocatalytic technology
faces many problems in practical applications, for example,
how to increase the light absorption range of the photoelec-
tric conversion material, the separation ability of the photo-
electron-hole, and the stability of the photocatalytic catalytic
performance.>* Through extensive research, scientists have
found that constructing an interface heterojunction system is
an effective method to improve the separation efficiency of
photogenerated electrons and holes.>® The existence of these
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electric fields can increase the efficiency of separation of
photogenerated electrons and holes and improve the photo-
catalytic properties.®

CdS has become a research hotspot in the field of photo-
catalysis in recent years due to its characteristics of visible light
response and high cost performance. It has also become a
hotspot in the field of photoelectrocatalysis. It is the ideal
bandgap of CdS and the suitable conduction band (CB) posi-
tion that satisfy the thermodynamic and kinetic requirements
of photocatalytic water splitting.”” However, the lifetime of car-
riers generated by CdS itself is short and the redox reaction
cannot be completed well. When the photogenerated holes are
generated on the surface of CdS, if they cannot react with the
surrounding sacrificial reagents or rapidly transfer to other
substances, they will quickly oxidize CdS, resulting in rapid
photo-corrosion®® and rapid crystal structure collapse. The
photocatalytic performance also deteriorates.

Therefore, in order to improve the stability and photocata-
lytic performance of the CdS photocatalyst, many researchers
have extensively applied various nano-morphologies of CdS
semiconductor-based materials to the field of photocatalysis:
(1) CdS hollow spheres: Zhang J. L. and Xing M. Y. et al.
reported the MnO,@CdS/CoP hollow sphere photocatalyst,
which was loaded with two cocatalysts (inside MnO, and out-
side CoP) for enhancing photocatalytic H, evolution activi-
ties.>” Han J. and Wang M. G. et al. prepared CdS/TiO, hol-
low sphere heterojunction photocatalysts to improve the
photocatalytic activity.*® (2) CdS nanorods: Li Z. Y. and Liang
Q. et al. synthesized highly stable CdS@UIO-66-NH, core-
shell nanorods for enhancing photocatalytic activity.>’ Zeng
R. C. and Feng C. et al. prepared MoS, cluster modified CdS
nanorods through a one-pot solvothermal method at lower
temperature.®” (3) CdS nanowires: Yu J. G. and Zhang J. Y.
et al. prepared a CdS/g-C;N, core/shell nanowire hybrid sys-
tem by solvothermal and chemisorption methods.*® (4) Cds
quantum dots: Shi J. W. and Zou Y. J. et al. reported the
study on CdS QD decorated WS,/CN 2D/2D nanosheets for
water splitting.>® Wang X. C. and Zheng D. D. reported the
integration of CdS quantum dots on hollow graphitic carbon
nitride nanospheres for hydrogen evolution.** (5) CdS nano-
particles: Fang P. F. and Wang H. M. et al. reported the study
on WO;&WS, nanorods coupled with CdS nanoparticles for
hydrogen evolution.*® There are also some researchers who
constructed a p-n type heterojunction®® by forming a built-in
electric field from the n-type semiconductor to the p-type CdS
between the two semiconductors, thereby accelerating the
separation of electrons and holes and effectively suppressing
the recombination of the charges.

NiWO, has a characteristic wolframite structure with a
monoclinic unit cell and space group,*” suitable band gap en-
ergy (2.20 eV),*® sufficient chemical and thermal stability,
good quantum size effect, and excellent catalytic perfor-
mance.*® It is these properties that have attracted extensive
attention and research in the field of photocatalysis, making
it an ideal catalyst for photocatalytic decomposition of water
to produce H,. However, there are few reports on the use of
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the NiWO, photocatalyst for H, production from water
splitting.

In this paper, we succeeded in constructing an efficient
photocatalytic H, production system of CdS/NiWO,. The first
step is to synthesize CdS nanorods, and then load NiwO, to
the surface of the CdS nanorods through a simple hydrother-
mal reaction. In the meantime, the p-n junction is formed
between the p-type NiWO, (ref. 40) and n-type CdS, which ac-
celerates the transfer of electrons and holes. As a result, the
photocatalytic H, production rate is greatly improved.

2. Experimental section
2.1 Photocatalyst preparation

2.1.1 Preparation of CdS nanorods. A certain amount of
Cd(NO3),-6H,0 and NH,CSNH, are dissolved in 50 ml of
ethylenediamine, and magnetically stirred for 30 minutes.
Subsequently, the solution is transferred to an 80 ml poly-
tetrafluoroethylene autoclave and heated to 160 °C for 48 h.
After the reaction is completed and cooled to room tempera-
ture, the sample is obtained by centrifugation. Then, the pre-
cipitate is washed with distilled water and ethanol three
times and dried at 60 °C for 10 hours.

2.1.2 Preparation of CdS/NiWO, photocatalysts. CdS/
NiwO, with different contents of NiwO, [m(NiwO,)/m(CdS)
% 100% = 5, 10, 30, 50 and 70] are prepared by a solvothermal
method. Taking the preparation of the [CdS/NiWO, (50%)]
catalyst as an example, in a typical synthesis of the composite
catalysts, firstly, 200 mg of the above-prepared CdS nanorods
are added to a 100 ml beaker containing 60 ml of DI water
and sonicated for 20 minutes. Soon afterwards, 77.46 mg of
NiClL,:6H,O and 107.5 mg Na,WO,-6H,0 are added to the
above solution. After magnetic stirring for 30 minutes, the
above solution is transferred to a 100 mL autoclave and
heated to 130 °C for 12 h. Finally, after cooling down to room
temperature, the sample is obtained by centrifugation, wash-
ing and drying. The other catalysts with different percentages
NiWO, are also prepared in the same way. We use [CdS/NiWO,
(x%)] (x = 5, 10, 30, 50, 70) to represent these samples.

2.2 Photocatalytic H, measurements

We use 62 ml reaction bottles and a PCX50A Discover
(Perfectlight, Beijing) for photocatalytic H, production mea-
surements. The specific steps are as follows: first of all, 20
mg of the sample, 30 ml of 10 vol% lactic acid and a mag-
netic stir bar are added to the reaction bottle. Then, after stir-
ring for 5 minutes, we put the reaction bottle into the ultra-
sonic cleaner for sonication for 10 minutes. Subsequently,
the system is ventilated with N, for about 30 min to remove
0,. Ultimately, we place the reactor on the multi-channel re-
action system and extract 0.5 ml of gas to analyze through
gas chromatography (Tianmei GC7900, TCD, 13x column, N,
as the carrier). We use the external standard method to calcu-
late the amount of H, produced.

Next, we test the apparent quantum efficiency (AQE) of
the [CdS/NiWO, (30%)] composite catalyst. The specific steps
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are as follows: 20 mg of the [CAS/NiWO, (30%)] catalyst is
placed in a 62 ml quartz reaction flask containing 30 ml of
10% lactic acid solution, then the oxygen in the bottle is re-
placed with N, for 10 minutes and ultrasonic treatment is
conducted for 10 minutes. A 300 W Xe lamp light source
(CEL-HXF300) with 400, 420, 450, 475, 500, 520, 550 and 600
nm band pass filters is used as the light source to irradiate
the reaction solution for 1 h separately. A PL-MW200 photo-
radiometer (Perfect Light) is used to measure the photon flux
of the incident light. Based on eqn (1), the AQE at different
wavelengths is calculated.

AQE = 2 x the number of evolved hydrogen molecules

s x100% (1)
the number of incident photos

2.3 Photoelectrochemical measurements

Photoelectrochemistry experiments are conducted on an
electrochemical workstation (VersaSTAT4-400, AMETEK)
using a homemade standard three-electrode cell, whose refer-
ence electrode, counter electrode and working electrode are
respectively a saturated calomel electrode (SCE), Pt electrode
and FTO (1 x 2 cm?) drop-coating homogeneous catalyst. The
electrolyte is a Na,SO, aqueous solution (0.2 mol L™"). A 300
W xenon lamp with a cut-off filter of 420 nm is used as the
light source. The Mott-Schottky plot is recorded at 5 kHz fre-
quency in the dark. The potential ranges from -1.5 to 2.0 V
(vs. SCE).

2.4 Characterization

The crystalline structure, element composition and UV-vis
diffuse reflectance spectra are respectively measured using an
X-ray diffractometer (XRD, Rigaku RINT-2000), X-ray photo-
electron spectroscope (XPS, ESCALAB 250Xi) and UV-2550
(Shimadzu) spectrometer (BaSO, as the reference). The im-
ages of sample morphology are obtained using a field-
emission scanning electron microscope (FESEM, JSM-6701F)
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and a transmission electron microscope (TEM, Tecnai G2-
TF30). The nitrogen adsorption-desorption isotherms are
measured at 77 K with an ASAP 2020 M instrument and ana-
lyzed using the Brunauer-Emmett-Teller (BET) equation. The
pore size distribution plots are obtained by the Barrett-
Joyner-Halenda (BJH) model. The photoluminescence (PL)
emission spectra and time-resolved PL (TRPL) spectra are
detected using a FluoroMAX-4 spectrometer (Horiba, France).

3. Results and discussion
3.1 XRD, SEM, and TEM analysis

3.1.1 XRD analysis. Fig. 1 shows the XRD patterns of the
samples. In Fig. 1(A), in order to more intuitively observe and
analyze the phase and crystallinity of the samples, we select
the [CdS/NiWO, (70%)] sample for analysis. It can be seen
that in the characteristic peaks of the [CdS/NiWO, (70%)]
sample, not only the characteristic peaks of CdS but also the
characteristic peaks of NiWO, can be indexed. Through fur-
ther observation, it can be observed that there are seven main
sharp peaks at 20 = 24.85, 26.48, 28.24, 36.58, 43.78, 47.77
and 51.88°, matching well with the corresponding lattice
faces of (100), (330), (101), (102), (110), (103) and (112), re-
spectively (CdS with a space group of P63mc (no. 186), JCPDS
no. 65-3414),"»** and that there are four peaks located at
19.29, 31.11, 36.58 and 54.60°, which are consistent with the
monoclinic NiWO, phase (JCPDS no. 15-0755) with a space
group of P2/c (no. 13) and correspond to the (100), (-111),
(002) and (-202) planes, respectively. The three strong peaks
of CdS and NiWO, are obvious, and there are basically no
other impurity peaks. Fig. 1(B) shows the XRD patterns of
[CdS/NiWO, (x%)] (x = 5, 10, 30, 50, 70). When the content of
NiWO, is gradually increased, the intensity of the characteris-
tic peak of NiWO, in the XRD pattern is also gradually en-
hanced, especially that of the 31.11° characteristic peak, dem-
onstrating that the content of NiWO, loaded on the CdS/
NiWO; is also gradually increasing.

(A) NiWO, JCPDS#15-0755 (B) ab] . CdS/NiWO, (70%)
| 1 || [ T | | " s 2
Ly
s+ CdS CdS/NiWO, (50%)
5 ¢+ NiWO,[ ~ AM I Ao .
< =
~ < .
> £ CAS/NiWO, (30%
'é 3? M A 0 o A
D wn
=
= 2 CdS/NiWO, (10%)
5 ML o Jdoem
lll CdS/NiWO, (5%)
CdS JCPDS#65-3414 4
J_Ll TR B BN SR N TR A
10 2I0 3I0 I I 6I0 7I0 80 10 2I0 3I0 5I0 6IO 7I0 80
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2-Theta(degree)
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2-Theta(degree)

Fig. 1 The XRD patterns of (A) CdS/NiWO, (70%) and JCPDS of CdS and NiWO,; (B) the XRD patterns of [CdS/NiWO, (x%)] (x = 5, 10, 30, 50, 70).
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3.1.2 SEM analysis. The morphology of CdS nanorods and
[CdS/NiWO, (30%)] is examined by SEM, the results of which
are utilized to offer more intuitive information about the
space shape, size, sample distribution of samples and so on.
Fig. 2(A) and (B) show the SEM photographs of CdS nanorods
at low magnification and high magnification, respectively. It
can be clearly seen that the CdS nanorods are uniformly dis-
persed, with a size distribution of approximately 1 um and a
relatively smooth surface. Fig. 2(C) and (D) show the SEM im-
ages of [CAS/NiWO, (30%)] at low magnification and high
magnification, respectively. It can be found that the compara-
tively smooth surface of CdS nanorods becomes rough, and
that there are many plate-like structures adhering to the sur-
face of the CdS nanorods, manifesting that NiWO, success-
fully attached to the surface of CdS nanorods, which can be
verified by further TEM characterization.

3.1.3 TEM analysis. TEM and HRTEM characterizations of
the samples are of great importance in increasing the under-
standing of the internal structure and the morphology after
the loading of NiWO,. In Fig. 3(A), we can further see that
the CdS nanorods are uniformly dispersed, and the surface is
relatively smooth, which is consistent with the XRD and the
SEM results. On further observation of the HRTEM image in
Fig. 3(B), the lattice spacing in the middle of two adjacent lat-
tice planes is about 0.336 nm,”” which matches with the
(002) lattice plane of CdS. Fig. 3(C and D) show the TEM im-
ages of [CAS/NiWO, (30%)] at different magnifications from

50kv  X10,000 WD 8.0mm 1um

Fig. 2 SEM images: (A and B) CdS nanorods; (C and D) CdS/NiWO, (30%).
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low to high. It is very clear that there is a sheet-like structure
attached to the surface of the CdS nanorod. This is in agree-
ment with the SEM image in Fig. 2(D). Further analysis of the
HRTEM image in Fig. 3(E) shows that the lattice spacings in
the middle of two adjacent lattice planes are about 0.336 and
0.245 nm,>® which matched the (002) lattice plane of CdS
(ref. 27) and the (002) lattice plane of the monoclinic
NiWO,4,** respectively. Fig. 3(F) shows the energy dispersive
X-ray spectroscopy (EDX) spectrum of [CdS/NiWO, (30%)]
and the results demonstrate the presence of S, Cd, Ni, W and
O elements.

3.2 XPS, BET, and UV-vis DRS analysis

3.2.1 XPS analysis. In order to further understand the ele-
ment composition of the sample and the valence of each ele-
ment, XPS studies on as-prepared [CdS/NiWO, (30%)] are car-
ried out so that we can obtain deeper insights. From the
survey spectrum (Fig. 4(A)), we can find that the composite
catalyst mainly consists of S, Cd, Ni, W and O elements. It
can be seen that the S 2p spectrum (Fig. 4(B)) can be
deconvoluted into two peaks including 161.76 eV for S 2p;/,
and 162.94 eV for S 2p;,** and that the Cd 3d spectrum
(Fig. 4(C)) can be resolved into two peaks located at 412.05
and 405.26 eV, which are ascribed to Cd 3ds,, and Cd 3d;,,
respectively.”” In the Ni 2p spectrum in Fig. 4(D), it can be
seen that there are six distinct characteristic peaks in the Ni

7

/e
.,ﬁ'// { 1 k‘;

30,000 WD 80mm  100nm

50kV  X45000 WD8.1mm 100nm
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Fig. 3 (A and B) TEM and HRTEM images of CdS nanorods, (C-E) TEM and HRTEM images of [CdS/NiWO, (30%)] and (F) EDX spectrum of [CdS/
NiWO, (30%)1.

spectrum, which belong to the Ni 2p;/, and Ni 2p,,, area, re-
spectively. Further observation of the Ni 2p spectrum reveals
that there are three distinct characteristic binding energy
peaks located in the Ni 2pj;/, region. The three peaks are lo-
cated at 852.3, 855.9 and 861.3 eV, which matched the Ni’" in
NiWO,, the Ni** species oxidation state and the satellite
peak, respectively. Similarly, in the Ni 2p,,, region, three
peaks are located at 869.2, 874.2 and 880.1 eV, which origi-
nated from the Ni’" in NiWO,, the Ni*" species oxidation
state and the satellite peak.’® In Fig. 4(E), the W 4f spectrum
can be deconvoluted into well-resolved spin orbit split dou-
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blet peaks at 35.7 and 37.8 €V,*”*” which correspond to W
4f;,, at 35.7 eV and W 4f;5,, at 37.8 eV, with a spin energy sep-
aration of 2.1 eV which is consistent with the previous report
for W°*.?” Besides, both the W 4f,,, peak at 35.7 eV and the
Ni 2p3/, peak at 855.9 eV demonstrate the formation of a Ni
tungstate binary metal oxide. From the O 1s spectrum in
Fig. 4(F), we can see that there is a major peak located at
531.9 eV," which is ascribed to the lattice oxygen in the
NiWO, phase indicating the presence of Niw0,."”

3.2.2 BET analysis. The physical adsorption properties of
the samples are of great importance not only for the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 XPS patterns of the [CdS/NiWO, (30%)] sample. (A) Survey, (B) S 2p, (C) Cd 3d, (D) Ni 2p, (E) W 4f and (F) O 1s scan spectra.

realization of improved sample performance, but also for af-
fecting the catalytic reaction. The adsorption and desorption
properties of the samples rely on their specific surface area,
pore volume and pore size. In order to obtain the nitrogen
adsorption and desorption isothermal curves, pore size distri-

This journal is © The Royal Society of Chemistry 2019

bution curves and physical adsorption desorption perfor-
mance parameters of the samples, we utilize the ASAP 2020
M instrument at 77 K to carry out the experiment, whose re-
sults are shown in Fig. 5(A and B) and Table 1. From
Fig. 5(A), we can observe that the adsorption/desorption
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Fig. 5 (A) The N, adsorption-desorption isotherms and (B) corresponding pore size distribution curves.

Table 1 The physical adsorption performance parameters

Samples Sper” (m* g ™) Pore volume” (cm® g ™) Average pore size” (nm)
Cds 27 0.20 24.0
NiWwO, 190 0.18 4.1
CdS/NiWO, (30%) 66 0.18 11.1

“ Obtained from the BET method. ” Relative pressure (P/P,) was 0.99.

curves of CdS nanorods, NiWO, and [CdS/NiWO, (30%)] be-
long to the type IV isotherm, whose hysteresis loop is of the
H3 type. We can draw a conclusion from Fig. 5(B) that the
three materials are mesoporous materials on the basis of the
pore size distribution curve and the average pore size.

On further analysis of Table 1, we can see that the specific
surface area of pure CdS nanorods and NiWO, is 27 and 190
m?> g, respectively. At the same time, we can see that the
pure CdS nanorods have a larger average pore size, reaching
24.0 nm, and that NiWO, has a minimum average pore size

(A) W (240_360 — CdS Nanorods
N/ \ » NiWO,
\ —— CdS/NiWO, (5%)
~
e —— CdS/NiWO, (10%)
<
‘8-’ —— CdS/NiWO, (30%)
g —— CAS/NiWO, (50%)
= CdS/NiWO 4 (70%)
650-750
200 300 400 500 600 700 800

Wavelength(nm)

of 4.1 nm. When 30% of NiWO, is loaded onto the surface of
CdS nanorods, the specific surface area of the composite cat-
alyst [CdS/NiWO, (30%)] is between those of CdS nanorods
and NiWO,, which indicates that NiWO, has been success-
fully loaded onto the surface of CdS nanorods, which is bene-
ficial to the photocatalytic reactions.

3.2.3 UV-vis DRS analysis. Light absorption performance is
of great importance in influencing the H, production activity.
Therefore, we use a diffuse reflectance spectrometer to test
the photoresponse behavior of the samples. Fig. 6(A) shows

(B)
= CdS Nanorods
& Niwoy,
T | CdS/NiWO, (5%)
N‘.‘ —— CdS/NiWO, (10%)
= | casmNiwo, 30%)
% — CdS/NiWO, (50%) -
= CAS/NIWO,, (70% 236 eV
g W0, (0Ze 232V
= 230 eV
i - o €
— 2.28 eV
227 eV
2.25 eV
15 2.0 3.0 35

2.5
hy (eV)

Fig. 6 (A) The UV-vis diffuse reflectance spectra; (B) the plot of transformed Kubelka-Munk function vs. the energy.
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that the pure CdS nanorods have prominent optical absorp-
tion in the UV and visible light regions exhibiting an absorp-
tion edge located at 525 nm, and that NiwWO, has outstand-
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ing optical absorption in the UV and visible light regions. In
addition, three absorption bands (240-360 nm, 400-460 nm
and 650-750 nm) of NiWO, can be clearly seen,*® which are
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Fig. 7 (A-C) The H; production activity curves of CdS nanorods, NiWO,4 and [CdS/NiWO, (x%)] (x = 5, 10, 30, 50, 70) in 30 ml 10% lactic acid

solution; (D) stability test on the [CdS/NiWO, (30%)] sample; (E) the AQE of the [CdS/NiWO, (30%)] sample in 30 ml 10% lactic acid solution.
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caused by the oxidation state of the cations, in agreement with
those reported in the literature by M. M. Mohamed and
assigned to the NiWO, formation.*® For [CAS/NiWO, (x%)] (x =
5, 10, 30, 50, 70), on the one hand, the absorption edge becomes
larger, that is to say, their absorption edge has a tendency to
red shift;"> on the other hand, the light absorption intensity
is enhanced in the wavelength range from 600 to 800 nm.

In order to obtain the energy band gap (E,) of the sam-
ples, we draw the Tauc graph from the UV-vis diffuse reflec-
tance spectra. The E, is estimated by the function (eqn (2)):

(ahv)” = A(hv-E,)

o — theabsorption coefficient;

h—Plank’ constant (incident photon energy ); (2)
v —the frequency of radiation;

A —aconstant;

From CdS nanorods to [CdS/NiWO, (70%)], the E, values
are estimated to be 2.32, 2.26, 2.30, 2.28, 2.27, 2.25 and 2.36
eV, respectively. It may be the different colors of the samples
and different percentages of NiWO, that lead to different
light absorption intensities. The light absorption intensity of
the photocatalyst increases with the increase of the percent-
age of NiWO,. Nevertheless, excessive loading of NiWO, on
the surface of CdS nanorods will prevent CdS from absorbing
visible light,** thereby reducing the photocatalytic H, produc-
tion activity.

3.3 Photocatalytic H, evolution performance

In order to test the photocatalytic H, production performance
and the stability of the samples, they are tested in a 10% lac-
tic acid solution, and the results are shown in Fig. 7. We
break down Fig. 7(A) into Fig. 7(B) and (C) so that we can
study the H, production performance of CdS nanorods and
NiWO, and the effect of different percentages of NiWO, on
the H, production performance. From Fig. 7(B), we can see
that pure NiWO, did not produce H, within 5 h, which
means that pure NiWO, has no photocatalytic H, production
activity. The H, production of CdS nanorods for 5 hours is
the smallest, reaching 103 pmol, due to the rapid recombina-
tion of photogenerated electrons and holes. When 30%
NiWO, is deposited on the surface of CdS nanorods, by test-
ing, the H, production amount reaches the maximum of 757
umol, which is 7.35 times higher than that of CdS nanorods.
In order to study the effect of the content of NiwWO, on
the H, production activity, we test the H, production perfor-
mance of the different percentages of the composite catalyst
[CdS/NiWO, (x%)] (x = 5, 10, 30, 50, 70) prepared above, and
the results are shown in Fig. 7(C). The hydrogen yield of the
composite catalysts exhibits the shape of an arch bridge, that
is, as the percentage content of NiWO, increases, the amount
of H, production also increases. The amount of H, produc-
tion reaches the maximum (757 umol, 5 h) when the percent-
age content of NiWO, is 30%. Subsequently, when the per-
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centage of NiWO, is continuously increased, the amount of
hydrogen production begins to decrease gradually. This may
be attributed to the phenomenon that superfluous NiwO,
not only can absorb more visible light by itself, but also can
occupy some active sites of CdS nanorods, thus inhibiting
the H, production activity.*!

Further, in order to evaluate the stability of catalyst activ-
ity, the [CdS/NiWO, (30%)] sample is selected to be tested in
a 10 vol% lactic acid solution. We perform a total of 5 cycles
of 5 hours each. When the end of each cycle is ended, the re-
action system is replaced with N, to remove hydrogen from
the last cycle. In Fig. 7(D), we can see that the total amount
of H, in each cycle is almost equal and the slight decrease in
hydrogen production in the fifth cycle may be due to lactic
acid consumption, which indicates that the catalyst activity is
relatively stable. Further, we test the AQE of the [CdS/NiWO,
(30%)] composite catalyst at different wavelengths. The re-
sults are shown in Fig. 7(E): it can be seen that as the mono-
chromatic wavelength increases, the AQE also increases, and
the AQE reaches 15.5% when the monochromatic wavelength
is 475 nm. When a larger monochromatic wavelength is used,
the AQE begins to decrease; when the monochromatic wave-
length is up to 550 nm, the AQE is only 0.4%, indicating that
the catalyst produces little H, at this wavelength. When the
wavelength of monochromatic light is 600 nm, the AQE is 0,
indicating that the wavelength cannot excite the [CdS/NiWO,
(30%)] composite catalyst.

We can draw conclusions from the above analysis results:
the p-n type heterojunction between CdS nanorods and
NiWO, is successfully formed; under the internal electric
field and potential difference, the electron and hole migra-
tion speeds are accelerated, thus improving the H, produc-
tion performance of the composite catalyst.

3.4 Separation mechanism of charge transfer

3.4.1 PL spectra and TRPL spectra. The separation and
transfer of charge and the lifetime of electrons and holes are
of great importance in elucidating the possible charge separa-
tion and transfer mechanisms. Therefore, photoluminescence
experiments and fluorescence lifetime decay experiments are
carried out. The results are shown in Fig. 8 and Table 2.
Fig. 8(A and C) show the photoluminescence (PL) spectra of
CdS nanorods, [CdS/NiWO, (5%)], [CdS/NiWO, (30%)], [CdS/
NiWO, (70%)] and NiWO,. In Fig. 8(A), the PL spectra of all
the samples present a parabolic shape with different intensi-
ties. Their emission wavelength center is approximately 520
nm while the excitation wavelength is 380 nm. In Fig. 8(C),
when the excitation wavelength is 290 nm, the emission wave-
length of NiWO, nanoparticles ranges from 300 to 550 nm,
which is similar to other wolframite compounds.®* It is the
WO®™ anion along with some defects in the crystal structure
that determines the fluorescence emission peak of NiwO,.*>
The emission peak at 350 nm is from the band gap transition.
The doublet peaks appear at 382 and 395 nm, which are due
to either the quantum size*® or to the interference between

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (A and C) The PL spectra and (B) the time-resolved photoluminescence (TRPL) spectra.
Table 2 The exponential curve fitted parameters of emission decay for the samples
Samples T, [ns] Ay [%)] T, [ns] A, [%)] T; [ns] A; [%)] ba Tave [DS] Kgr [10° s7'] H(ing) [%)]
Cds 5.60 22.11 0.69 17.58 160.4 60.31 1.89 3.96 — —
CdS/NiwO, (70%) 5.32 22.67 0.59 17.75 150.8 59.58 1.90 2.90 0.092 26.7
CdS/NiwO, (5%] 5.24 22.96 0.55 18.56 149.5 58.48 1.91 2.58 0.135 34.8
CdS/NiwO, (30%) 4.44 25.90 0.41 19.54 101.7 54.65 2.02 1.87 0.282 52.7

the luminescence band of the WO, groups and the absorption
band of the NiOg groups.’® The other obvious emission peaks
appear at 435, 466 and 480 nm, which are related to the inten-
sive transition from the ground state *A,, to the excited state
3T, of Ni** (3d®) ions in a distorted octahedral coordination®?
or due to recombination of e-h pairs localized at oxygen-
atom-deficient tungstate ions.”® Compared with that of CdS
nanorods, the emission peak fluorescence intensity of NiWO,
is the strongest, which indicates that it has the highest degree
of combination of electrons and holes. When different
amounts of NiWO, are adhered to the surface of CdS nano-
rods, the fluorescence intensity of the emission peaks is
quenched to varying degrees. As the percentage of NiWO, in-
creases, the emission peak intensity first decreases and then
increases, and the emission peak of [CdS/NiWO, (30%)] is the

This journal is © The Royal Society of Chemistry 2019

weakest and quenched to the maximum extent. Based on the
above results, we can further draw the conclusion: the p-n
junction and an internal electric field between NiWO, and
CdS are formed. It is the internal electric field that accelerates
the rapid separation and transfer of electrons and holes,
thereby effectively enhancing the photocatalytic activity of H,
production.

What's more, time-resolved photoluminescence (TRPL) is
a promising approach to observe the kinetics of electron
transfer and further study the separation and transfer of
photogenerated electrons and holes. In Fig. 8(B), the decay
curves of the samples are fitted by a triexponential decay
function (eqn (3)).>” The composite catalysts demonstrate a
faster TRPL decay compared with CdS nanorods, which indi-
cates efficient charge separation.
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I(t)="Y. Bexp(-t/r,)

i=1,2,3
1 — thenormalised emission intensity;
t — the timeafter the pulsed laser excitation; ®)
B, —theamplitude (pre-exponential factor) ;
7, —the TPRL decay time;

From the fitting parameters in Table 2, it can be seen that
the short lifetime (73, T») and long lifetime (73) gradually re-
duce. We use eqn (4)*” to calculate the average lifetime (7aye)
so that we can better understand the effect of NiWO, content
on the decay life of the composite catalysts.

(r)=2 Biriz/ > Br,

i=1,2,3 i=1,2,3
(t) - theaveragelifetime; (4)
B, —theamplitude (pre-exponential factor) ;
7, —the TPRL decay time;

The average lifetime of CdS nanorods, [CdS/NiWO, (70%)],
[CAS/NiWO, (5%)] and [CAS/NiWO, (30%)] is 3.96, 2.90, 2.58
and 1.87 ns, respectively. Generally speaking, the shorter the
electron lifetime, the faster the electron transfer rate. The
above results reflect the transfer of electrons from CdS nano-
rods to NiWO, in a relatively short period of time. Using the
average lifetime of the samples, we further calculate the
electron transfer rate constant (Kgr)®> and the electron injec-
tion efficiency (1i,;)>** using eqn (5) and (6) respectively:

1 1
Ko = _
ot (sample) 7, (CdS) (5)
1 Tue(sample)
Tlinj - T (CdS) (6)

Based on the above formula, from [CdS/NiWO, (5%)] to
[CdS/NiWO, (30%)], the electron transfer rate constant
(Kgr) and electron injection efficiency () are calculated
to be 0.092 x 10°, 0.135 x 10°, 0.282 x 10° s' and 31.4,
36.9 and 44.7%, respectively. Therefore, the above results
further prove that the p-n type heterojunction between
NiwO, and CdS is successfully formed. It's the p-n
heterojunction that makes the electrons rapidly transfer
from the conduction band (CB) of NiWO, to that of CdS
in a relatively short time, further participating in the pro-
cess of H, production.

3.4.2 Photoelectrochemical (i-t and EIS) analysis. It is well
known that the photoelectric properties of catalysts are also
important factors affecting the separation and transfer of
electrons and holes. Photocurrent density-time experiments
(i-t) and AC impedance experiments (EIS) were conducted to

1954 | Catal. Sci. Technol., 2019, 9, 1944-1960

View Article Online

Catalysis Science & Technology

determine the photoelectric properties of the samples. To
this end, we carry out the above experiments in 0.2 M Na,SO,
aqueous solution.

Fig. 9(A) shows the photocurrent density-time curve of
CdS nanorods, NiWO, and [CdS/NiWO, (x%)] (x = 5, 10,
30, 50, 70). In order to observe the photocurrent response
of NiWO, clearly and intuitively, we deconvolute the
photocurrent response of NiWO, in Fig. 9(A), and the re-
sult is shown in Fig. 9(B). It can be seen that NiWO,
nanoparticles have the lowest photocurrent density, and
that the photocurrent density of pure CdS nanorods is im-
proved to some extent compared to that of NiWO, nano-
particles. Further, considering Fig. 9(A and B), it can be
concluded that the photocurrent density of the pure CdS
nanorods is 16.24 times higher than that of the NiwO,
nanoparticles. When NiWO, is loaded onto the CdS nano-
rods, the photocurrent density of the composite catalyst is
improved. After 5 cycles of light on/off, the photocurrent
density of the composite catalyst showed a downward
trend, which may be due to the existence of certain
photo-corrosion of CdS under light conditions in 0.2 M
Na,SO, aqueous solution. On further observation, it can
be found that with the increase of NiWO, content, the
photocurrent density of the composite catalyst also in-
creases; when the loading of NiwWO, reaches 30%, the
photocurrent density is the largest; when the content of
NiWO, continues to increase, the photocurrent density be-
gins to decrease. The photocurrent density results of the
above samples correspond to the photocatalytic hydrogen
production activity shown in Fig. 7(A).

The AC impedance spectroscopy (EIS) technique can be
used to qualitatively study the migration ability of electrons
in a photoanode film and the electron exchange capability
between the photoanode and the electrolyte interface.
Fig. 9(C) shows the AC impedance spectrum of CdS nano-
rod, NiWO, and [CdS/NiWO, (x%)] (x = 5, 10, 30, 50, 70)
photoelectrodes in dark state. The smaller the arc radius,
the smaller the interface charge transfer resistance. The arc
radius of [CdS/NiWO, (30%)] is the smallest, which means
that the conductivity of the [CdS/NiWO, (30%)] photo-
electrode is outstanding. The illustration shows the equiva-
lent circuit diagram. The solution resistance (Ryo), the
transfer resistance of photogenerated electrons in the photo-
electrode material (Rp,) and the interfacial reaction resis-
tance (R.) together constitute the AC impedance value of
the photoelectrode. In addition, Q represents the original
phase angle; C represents the interface capacitance. The
fitted EIS data of CdS and [CdS/NiWO, (30%)] are shown in
Table 3. It can be seen from the fitting results in Table 3
that the Rg, of the CdS nanorods modified by NiwWO, de-
creased from 2.77 x 10* Q cm? to 2785 Q cm?, which is
about 10 times lower; the R, decreased from 11.43 Q cm?
to 1.74 Q cm?; C is increased from 9.43 x 10 pF cm 2 to
3.2 x 10~° uF em™>, indicating that the surface state density
of the NiWO, modified CdS nanorods has increased signifi-
cantly. The above results indicate that the interface electric

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 (A) Transient photocurrent responses; (B) transient photocurrent response of NiWQO,; (C) electrochemical impedance spectroscopy (EIS)

(0.2 M NapSOy, 4 = 420 nm).

Table 3 The parameters of potentiostatic EIS fitted by ZsimpWin

Samples Ryo1 [Q cm?] Q™" em®s"] n Riim [Q em?] Wes [Q em?] C [uF em™] R [Q em?]
CdS nanorods 25.86 2.36 X107 0.927 2.77 x 10* 1.53 x107° 9.43x107° 11.43
CdS/NiWO, (30%) 23.99 8.24 x107° 0.854 2785 1.01x 107 3.2%x107° 1.74
field formed between NiWO, and CdS nanorods enhances
the sepa'ratioil1 of electrolr)l.s afld holes, thereby effectively 1/c? = 2( NDeggo)".( E-E, -«T/e)
suppressing charge recombination. . .
pp & & C — thecapacitance of thespace chargeregion;
N, — charge carrier concentration;
3.5 Potential reaction mechanism e —electron charge;
. . . . N £, — vacuum permittivity;
When NiWO, is combined with CdS nanorods, it will cause 0 P 4 (7)

the change of the energy level potential, thereby establishing
a new interface electric field. The Mott-Schottky method test
is based on the function of capacitance and scanning poten-
tial. Fig. 10 shows the Mott-Schottky curves of CdS nanorods
and NiWO, photoelectrodes. Their flat band potential can be
determined by eqn (7):

This journal is © The Royal Society of Chemistry 2019

& —dielectric constant of CdSand NiWO,;
E —electrodeapplied potential;

E, —flatband potential;

T — absolute temperature;

Kk — Boltzmann constant;
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Fig. 10 Mott-Schottky plots of (A) n-type CdS nanorods and (B) p-type NiWO, at a frequency of 5.0 kHz.

Along the linear portion of the Mott-Schottky curves of
CdS nanorods and NiWO,, the tangent is extended to the ab-
scissa. We can not only see that the flat-band potential of
CdS nanorods and NiWOQ, is —0.61 and 2.44 V versus SCE, re-
spectively, but also see that CdS nanorods and NiWO, are an
n-type semiconductor with a positive slope and a p-type semi-
conductor with a negative slope, respectively.>® Generally
speaking, for an n-type semiconductor, the Ecp is more nega-
tive by about -0.1 or —0.2 V than the Eg,; for a p-type semi-
conductor, the Eyy is more positive by approximately 0.1 or
0.2V than the Ep,.>*”°® Therefore, the Ecg of CdS nanorods
and Eyp of NiWO, are sketchily calculated to be -0.81 and
2.64 V vs. SCE. Based on the formula: Exyg = Escg + 0.241,
the Ecp of CdS nanorods and Eyp of NiWO, are calculated to
be -0.569 and 2.881 V vs. NHE.

The p-n heterojunction formed between NiWO, and CdS
nanorods is of great importance in promoting the separation
of electrons and holes. The Mulliken electronegativity theory
(eqn (8) and (9))***” is used to estimate the VB and CB band
positions of NiWO, and CdS nanorods so that we can thor-
oughly understand the formation of the p-NiwO,/n-CdS
heterojunction and the energy band structure.

Byp =y - E° + 0.5E, (8)
ECB = EVB - Eg (9)

where y is the absolute electronegativity of the semiconduc-
tor, which is the geometric mean of the electronegativity of
the constituent atoms. The E, of NiWO, and CdS is given in
Fig. 6(B), and is 2.26 and 2.32 eV, respectively. The y values
of NiWO, and CdS are determined to be 6.301 (ref. 58) and

5.075 eV,*® respectively. E€ is the energy of free electrons on
the hydrogen scale (4.5 eV vs. NHE). Table 4 lists the calcu-
lated band positions according to the above formula and rele-
vant data. Through comparison and analysis, the band posi-
tions obtained from the Mott-Schottky plot results are close
to the calculated ones in Table 4.

Through the above analysis results, we have drawn the en-
ergy band position diagram. Fig. 11 shows the band positions
of p-NiWO, and n-CdS before and after contact. At the same
time, Fig. 11 and Scheme 1 describe the charge migration pro-
cess and the photocatalytic reaction process. As a p-type semi-
conductor, NiWO,'s VB position is more positive and its
Fermi level is close to the VB position. However, CdS nano-
rods are an n-type semiconductor; CdS nanorods' CB position
is more negative and its Fermi level is close to the CB posi-
tion. When NiWO; is loaded on CdS nanorods, the Fermi level
potential of CdS is more negative than the negative potential
of NiWO,, which provides a thermodynamic path to promote
charge transfer, making the electrons diffuse from the CB of
CdS to the CB of NiWOQ,, resulting in negative charge accumu-
lation in NiWO,. At the same time, holes migrate from the VB
of NiWO, to the VB of CdS nanorods, resulting in the accumu-
lation of positive charges in the CdS nanorods until their
Fermi levels are equal. During the Fermi level shifting, the en-
ergy bands of the NiWO, and CdS nanorods move up and
down as the Fermi level moves until the two Fermi levels
reach equilibrium. Finally, at equilibrium, an internal electric
field from the CdS to NiWO, direction is established at the
interface between NiWO, and CdS nanorods. Under visible
light irradiation, CdS and NiWO, can be excited to generate
electrons and holes. Subsequently, under the action of the po-
tential difference and the internal electric field, electrons can

Table 4 The absolute electronegativity, band gap energy, and valence and conduction band edge potential of CdS and NiWO,

Semiconductor Absolute electronegativity (y) Band energy E, (eV) Valence band Eyg (eV) Conduction band Ecg (eV)
Cds (n-type) 5.075 2.32 1.74 -0.58
NiWO, (p-type) 6.301 2.26 2.93 0.67
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Scheme 1 Photocatalytic mechanism of the CdS/NiWO, system.

be rapidly transferred from the CB of NiWO, to the CB of the
CdS nanorods, and further migrated to the surface of the CdS
nanorods to participate in the reduction of protons to pro-
duce H,. At the same time, photogenerated holes migrate
from the VB of CdS nanorods to the VB of NiWQ,, further mi-
grate to the surface of NiWO,, and then oxidize lactic acid to
produce CO, and H;0", thereby effectively promoting the sep-
aration of electrons and holes, and improving the photocata-
Iytic H, production efficiency of the composite catalyst.

4. Conclusions

In conclusion, a highly-efficient CdS/NiwO, p-n hetero-
junction composite catalyst is successfully constructed. In
the composite catalyst, the introduction of NiWO, simulta-
neously improves the photocatalytic H, production perfor-
mance of CdS nanorods and the stability of photocatalytic
H, production. The photocatalytic H, production properties
of the CdS/NiWO, composite catalyst are closely related to
the loading capacity of NiwO,. The [CdS/NiWO, (30%)]
sample has the best H, production performance. Under visi-

This journal is © The Royal Society of Chemistry 2019

ble light irradiation, the maximum H, production in 5
hours is 757 pmol, which is 7.35 times higher than that of
pure CdS nanorods. Further studies of photoluminescence
spectra, photoelectrochemistry experimental results and
Mott-Schottky curves show that the modification of NiwO,
enhances the electron mobility and charge transfer ability
of the composite catalyst. However, excessive NiWO, will re-
duce the light absorption intensity of CdS nanorods, thereby
reducing the hydrogen production activity. It is the built-in
electric field formed between NiWO, and CdS nanorods that
accelerates the separation of photogenerated electrons and
holes. At the same time, the photogenerated holes on the
VB of CdS nanorods can be quickly transferred to the sur-
face of NiwO,, which slows down the photo-corrosion of
Cds.
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