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ABSTRACT: CdS/g-C;N, core/shell nanowires with different g-
C;N, contents were fabricated by a combined solvothermal and
chemisorption method and characterized by X-ray powder diffraction,
scanning electronic microscopy, transmission electron microscopy, and
UV—vis diffuse reflection spectroscopy. The photocatalytic hydrogen-
production activities of these samples were evaluated using Na,S and
Na,SO; as sacrificial reagents in water under visible-light illumination
(1 > 420 nm). The results show that after a spontaneous adsorption
process g-C;N, is successfully coated on CdS nanowires with intimate
contact and can significantly improve the photocatalytic hydrogen-
production rate of CdS nanowires, which reaches an optimal value of
up to 4152 pymol h™' g™' at the g-C;N, content of 2 wt %. More
importantly, g-C;N, coating can substantially reinforce the photo-
stability of CdS nanowires even in a nonsacrificial system. The synergic effect between g-C3N, and CdS, which can effectively
accelerate the charge separation and transfer corrosive holes from CdS to robust C;N,, was proposed to be responsible for the
enhancement of the photocatalytic activity and photostability. The possible conditions necessary for the synergic effect to work in
a CdS/g-C;N, core/shell configuration is also discussed.
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B INTRODUCTION

With the depletion of fossil-fuel reserves, an urgent challenge
confronting human beings is to seek a clean and sustainable
alternative-energy source." Solar fuels,”® including hydrogen
from water splitting*™® and carbon-based fuels from aqueous
CO, reduction,” " which store the energy from the incident
solar irradiation in their chemical bonds, may provide the most
viable solution. Compared with solar-photovoltaic energy, solar
fuels have the advantages of being unintermittent in supply,
easy to be stored, and in some cases compatible with the
present industrial system.”'' Inspired by natural photosyn-
thesis, various semiconductors, such as TiOz,lz_lé ZnS,' 720
and others, were extensively investigated as light absorbers and
photocatalysts in the artificial light-driving water splitting and
CO, reduction. Among them, CdS is considered to be a
fascinating visible-light photocatalyst for hydrogen evolution
because of its desired band-gap width (2.4 eV) and suitable
band-edge positions.”*> However, before CdS can become
practically useful in large-scale hydrogen production, there are
two major obstacles should be tackled. First, the photocatalytic
efficiency of CdS is severely restricted by the fast recombination
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of photoexcited charge carriers.”® Even worse, as frequently
reported, CdS seriously suffers from photocorrosion under
strong illumination. $*~ in CdS tends to be self-oxidized by
photogenerated holes before the oxidation of water."*"**
Hence, enormous efforts have been dedicated to either
reducing the recombination of photogenerated charge carriers
or inhibiting the photocorrosion of CdS. For instance, CdS was
coupled with various semiconductors (TiO,, ZnO, Ta,Os,
etc.)*>™*” or noble metals®®*” to introduce a strong interface
electric field by band-edge offset, which can effectively
accelerate the separation of photogenerated charge carriers.
However, to address the issue of photocorrosion, several
approaches were proposed. One is that CdS can be protected
by being coated with or encapsulated into amorphous carbon®
or polymeric materials, such as conducting polyaniline
(PANI)*' and polystyrene-divinylbenzene resin.*” Another is
that robust O, production materials, such as RuO, and IrO,,**
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can be loaded on CdS as hole trappers and thus alleviate the
damage to CdS by photogenerated holes. Recently, a polymeric
photocatalyst, the so-called graphitic carbon nitride (g-C;N,),
has attracted much attention because of its abundance, high
thermal and chemical stability, and visible-light response.34_37
Graphene-like ultrathin g-C;N, nanosheets were reported to
exhibit improved performance for photocatalysis or biosensin:

because of the large surface area and fast charge transfer.*®*

However, it was proposed that as a z-conjugated material,
hybridizing g-C;N, with various nanomaterials can effectively
improve their photocatalytic activities and visible-light
responses.' ** More importantly, g-C;N, is the most stable
allotrope of carbon nitrides, which exhibit good durability in
varied chemical environments.*® In addition, when examining
the band-edge position of CdS and g-C;N,, it was found that
corrosive photogenerated holes in CdS can readily transfer to
C;N, because of the lower valence band maximum of CdS
versus the HOMO level of C;N,.**™* Therefore, it can be
speculated that combining CdS with g-C;N, may provide a
teasible solution to deal with its drawbacks of low efliciency and
poor photostability simultaneously.

In this article, we present a g-C;N,/CdS hybrid system
fabricated by a solvothermal and chemisorption method. CdS
nanowires were chosen as the host material for C;N, loading,
which themselves may exhibit superior photocatalytic activities
owing to the hi§h crystallinity and the fast electron transport in
a 1D structure.””*’ Considering its graphitic-like structure, g-
C;N, can easily be exfoliated into thin sheets by a simple
ultrasonic method* and then self-assembly-coated on CdS
nanowires to form a core/shell configuration with intimate
contact. The physicochemical properties as well as the
photocatalytic H,-production rate from aqueous solutions
containing Na,S and Na,SO; of these CdS/g-C;N, core/shell
nanowires were extensively characterized and investigated. The
photocorrosion behaviors of the pristine and g-C;N-coated
CdS nanowires in a nonsacrificial system were also investigated.
It can be found that after g-C3;N, coating, the photocatalytic
efficiency and photostability of the CdS nanowires were
substantially improved. The role of C;N, in the photocatalytic
hydrogen-production process and its optimum content were
discussed and illustrated. This work may provide a stepping
stone towards the practical application of CdS in photocatalytic
hydrogen production.

B EXPERIMENTAL SECTION

Chemicals. All of the chemicals (AR grade) in this work, including
Cd(NO;),-4H,0, thiourea, ethylenediamine, dicyandiamide, barbituric
acid (BA), Na,$-9H,0, and Na,SO;, were purchased from Aladdin
Reagent Co. Ltd. and were used without any further purification.

Fabrication of CdS/g-C;N, Core/Shell Nanowires. First, CdS
nanowires were synthesized by a solvothermal method.** Briefly, 0.641
g of Cd(NO;),-4H,0 and 0.474 g of thiourea were added into a dried
Teflon-lined autoclave with a capacity of 20 mL. After 10 mL of
ethylenediamine was injected, the autoclave was sealed and heated at
180 °C for 72 h and then rapidly quenched to room temperature after
the solvothermal reaction. The obtained yellow precipitates were
centrifuged, rinsed with ethanol and distilled water five times, and then
dried in a vacuum oven at 60 °C. Modified g-C3N, was prepared by
copolymerization.*® Three grams of dicyandiamide and 0.15 g of BA
were mixed in 15 mL of water and heated at 90 °C with stirring until
all water was evaporated, leaving a white solid. The white solids were
calcined at 550 °C for 4 h in air to obtain bulk g-C;N,.
Copolymerization with an appropriate amount of BA can introduce
substitutional carbon atoms into the nitrogen sites of g-C;N,, which

extended the optical absorption range of C;N, and thus improved its
photocatalytic performance.

CdS/g-C3N, core/shell nanowires were fabricated via a two-step
self-assembly procedure.” A measured amount of as-prepared bulk g-
C;N, was grounded to fine powder and then added into 25 mL of
methanol. After being ultrasonically treated for 30 min, bulk g-C;N,
was exfoliated into thin sheets and disintegrated into a homogeneous
suspension. CdS nanowires were then dispersed in the suspension and
stirred at room temperature for 24 h. The residual methanol was
removed by a stream of nitrogen. The obtained yellow solid was
collected and dried in a vacaum oven at 60 °C. The nominal weight
ratios of C;N, to CdS (Rey) were 0, 0.5, 1, 2, 3, and 4 wt %, and the
samples were labeled as CNO (pristine CdS nanowire), CNO0.5, CN1,
CN2, CN3, and CN4, respectively.

Characterization. X-ray powder diffraction was used to identify
the crystal structures and phase compositions of the samples.
Diffraction data were collected on a PANalytical X'Pert PRO
diffractometer with an X'Celerator detector using Cu Ka radiation
(40 kV X 40 mA). The 26 scanning range was from 5° to 85° with a
scanning speed of 4°/min in the continuous mode. Scanning
electronic microscopy (SEM, JEOL, JSM-6700F equipped with an
Oxford energy-dispersive X-ray spectrometer (EDS)) was used to
determine the size and morphology of the samples. Further
morphological and structural characterizations were based on
transmission electron microscopy (TEM), high-resolution trans-
mission microscopy (HRTEM) observation, and selected area electron
diffraction (SAED). TEM/HRTEM imaging and SAED were
conducted on a FEI Tecnai G2 F20 field-emission transmitting
electron microscope at an acceleration voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) measurements were done on a
Thermo Scientific ESCALAB 250 instrument with Al Ka source. The
nitrogen adsorption and desorption isotherms at 77 K were measured
using a Micrometrics ASAP 2020 system after the samples were
degassed in vacuum at 120 °C overnight. The Brunauer—Emmett—
Teller (BET) surface area was determined by a multipoint BET
method using adsorption data in the relative pressure (P/P,) range of
0.05—0.25. Diffuse reflectance UV—vis spectra of the samples were
collected using a Shimadzu UV-2550 UV-—vis spectrophotometer
equipped with an integrating sphere. BaSO, was the reference sample.
The absorption spectra can be further calculated from the reflectance
spectra using the Kubelka—Munk function, K/S = (1 — R)*/2R, where
K is the absorption coeflicient, R is the diffused reflectance, and S is
the scattering coefficient.

Photocatalytic H,-Production Activity and Photocorrosion
Behavior. The photocatalytic hydrogen-production experiments were
performed in a 100 mL three-necked Pyrex flask at ambient
temperature and atmospheric pressure, and the outlets of the flask
were sealed with a silicone rubber septum. A 350 W xenon arc lamp
with a UV cutoff filter (4 > 420 nm), which was positioned 20 cm
away from the reactor, served as the irradiation light source to trigger
the photocatalytic reaction. The focused intensity on the flask was
about 180 mW cm ™ In a typical photocatalytic experiment, 50 mg of
catalyst was dispersed in 80 mL of a mixed aqueous solution
containing 0.35 M Na,S and 0.25 M Na,SO;, and the system was then
bubbled with nitrogen for 40 min to remove the dissolved oxygen and
create an anaerobic condition. Pt cocatalyst (0.6 wt %) was
photodeposited on the catalysts by directly dissolving H,PtClg into
the reactant suspension. During irradiation, continuous stirring was
applied to keep the photocatalyst particles in suspension. Gas (0.4
mL) was intermittently sampled through the septum, and hydrogen
was analyzed by a gas chromatograph (Shimadzu GC-14C, with
nitrogen as a carrier gas) equipped with a 5 A molecular-sieve column
and a thermal-conductivity detector. All glassware was carefully rinsed
with distilled water prior to use. The apparent quantum efliciency
(QE) was measured under the same photocatalytic reaction condition.
Four low-power 420 nm LEDs (3 W) (Shenzhen Lamplic Science Co.
Ltd.) were used as the irradiation light sources. The LEDs were
positioned 1 cm away from the reactor in four different directions, and
the focused intensity for each LED was ca. 6 mW cm ™2 The QE was
calculated according to eq 1:
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number of reacted electrons
X 100

QE (%)

number of incident photons

_ number of evolved H, molecules X 2 % 100
number of incident photons (1)

The photocorrosion behaviors of the selected samples in a
nonsacrificial system were investigated in a gas-closed reactor with
water cooling. An assembling quartz window (60 mm in diameter) on
the top of the reactor was used for light entrance. Fifty milligrams of
the sample was dispersed in 100 mL of distilled water, and the system
was bubbled with nitrogen for 40 min to create an anaerobic
condition. The suspension was irradiated by a 350 W xenon arc lamp
with continuous stirring. At certain time intervals, 2 mL aliquots were
sampled and centrifuged at 13000 rpm for S min to separate the
solutions and catalysts. The concentration of released Cd** in the
reaction solution was determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES, Jobin Yvon Ultima2). The
separated catalysts were also characterized by TEM observation. No Pt
cocatalysts were used in the photocorrosion tests.

Photoelectrochemical Measurements. Photocurrent measure-
ments were performed on a CHI 660D electrochemical workstation
(Chenhua Instrument, Shanghai, China) in a conventional three-
electrode configuration with a Pt foil as the counter electrode and a
Ag/AgCl (saturated KCl) reference electrode. A 300 W Xe arc lamp
severed as a light source. A 0.5 M Na,SO, aqueous solution was used
as the electrolyte. The working electrodes were prepared as follows: 10
mg of the prepared photocatalyst was ground with 20 yL of a PEDOT-
PSS (Sigma-Aldrich, 1.3—1.7%) aqueous solution and 100 uL of
distilled water to make a slurry. The slurry was then spread on a 2 X
0.5 cm? ITO glass substrate with an active area of about 0.5 cm? by the
doctor-blade method, using adhesive tape as the space. The film was
dried in air and annealed at 150 °C for 30 min in a flowing N,
atmosphere. The photoresponses of the samples as light on and off
were measured at 0.0 V.

B RESULTS AND DISCUSSION

Phase Structure and Morphology. The crystal structure
and phase composition of the samples were characterized by
XRD. Figure la shows the XRD patterns of CdS/C;N, samples
with different C3N, contents together with those of the pure
CdS (CNO) and C;N,. XRD data of CNO indicate that the as-
prepared pure CdS is crystallized in hexagonal wurtzite
structure with the space group P63mc and lattice parameters
a = 4132 A and ¢ = 6734 A (JCPDS no. 65-3414).
Interestingly, the relative intensity of the (002) peak of the
CdS sample is remarkably low compared with the standard
diffraction data, indicating that the material is growing
preferentially along the direction of the ¢ axis, which lies
mostly parallel to the experimental plane during XRD
measurements. Pure C;N, shows two distinct diffraction
peaks at 13.2° and 27.4°, corresponding to the (100) and
(002) peaks of the graphitic phase, respectively.*” After C;N,
loading, no notable difference was found in the XRD patterns
of the CdS materials because of the low content (< 4 %) and
the low X-ray diffraction intensity of C;N,. Nevertheless, the
presence of g-C;N, could be confirmed by EDS and XPS
analyses when its content was increased to 8 wt % (see the
Supporting Information, Figures S2 and S3, and the discussions
therein).

The detailed characterization of the morphologies and crystal
structures of the samples was based on SEM, TEM/HRTEM,
and SAED. Figure 1b presents the SEM image of the pristine
CdS sample, and the inset is the corresponding TEM image. It
can be seen that the morphology of pristine CdS is well-
crystallized nanowires with lengths of 2—4 ym and diameters of

Intensity (arb. unit)

SEI 100KV X5000 1gm  WD87mm

Figure 1. (a) XRD patterns of CNX (X = 0, 0.5, 1, 2, 3, and 4)
together with that of the pure g-C;N,. (b) SEM image of CNO (the
inset is the corresponding TEM image). (c) HRTEM image of a
typical CdS nanowire (the inset is the SAED pattern). (d) TEM image
of g-C;N, sheets after ultrasonic treatment.

about 50 nm. The HRTEM image in Figure lc reveals that the
distances between the adjacent lattice fringes in the growth
direction are about 0.336 nm, in agreement with the (002) d
spacing for bulk CdS. The SAED pattern (the inset in Figure
1c) can be indexed as the [220] zone axis of a hexagonal
wurtzite structure. It can be inferred that the CdS nanowires
were single crystalline and predominantly growing along the ¢
axis, which is consistent with the results of XRD. Figure 1d
displays the TEM image of the thin C;N, sheet after ultrasonic
exfoliation in methanol (see also Figure S1 in the Supporting
Information).

The morphological and structural features of the CdS/g-
C;N, samples were further examined by TEM/HRTEM. From
Figure 2a,b, it can be seen that after a spontaneous adsorption
process C;N, is successfully coated on CdS nanowires with
intimate contact, and the core/shell structures can be clearly
observed in the TEM image because of the different electron
penetrability between the cores and shells. In the HRTEM
image (Figure 2c), besides the lattice fringes with d spacing of
0.67 nm belonging to CdS,* a different kind of lattice fringes
with d spacing of 0.326 nm can be found in the shell region,
which corresponds to the typical (002) interlayer-stacking
distance of g-C;N,.** Through TEM observation, it can be
inferred that the exfoliated C;N, sheets are preferentially coated
on the lateral surface of the nanowires to achieve a minimum
surface energy. Therefore, at low Rey (Figure 2a), g-C;N,
forms a thin and unclosed shell, leaving the tips and some areas
of the CdS nanowire uncovered. With Rcy increasing, the
coated C;N, gets thicker and gradually forms a completely
closed shell (Figure 2b). The thickness of the C;N, layer is
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Figure 2. TEM images of (a) CN2 and (b) CN4, and (c¢) HRTEM
image of CN4.

about 5 nm for CN2, whereas for CN4, it is about 15 nm. The
formation of the C;N, shell may involve an initial adsorption of
fractional g-C;N, sheets and the following reassembly process
(see the Supporting Information, Figure S4). During the
process, CdS nanorods can be considered as templates for the
self-assembly of g-C;N, nanosheets. First, g-C;N, nanosheets
adsorb on the surface of CdS nanorods to minimize the total
interfacial energy. It was reported that in methanol, g-C;N,
nanosheets tend to undergo a rolling mechanism and a
regrowth process.”® Therefore, in our reaction system, g-C;N,
nanosheets could curl up and wrap around the CdS nanorods.
Then, as the reaction in methanol solution continues, the
adsorbed g-C;N, nanosheets will reassemble into a smooth and
homogeneous layer.

UV-Vis Absorption Properties. Figure 3 depicts the
UV—vis diffuse absorption spectra for samples CNO, CNO.S,
CN1, CN2, CN3, CN4, and g-C;N,. As shown in Figure 3, the
as-prepared g-C;N, shows a much broader absorption range
compared with those in the literature.*® In this work, g-CsN,

Absorbance(a. u.)

525 550 575
Wavelength (nm)

Absorbance(a. u.)

——CNO0.5
CNO

350 400 450 500 S50 600 630 700 750
Wavelength (nm)

Figure 3. Comparison of UV—vis absorbance spectra of the prepared
g-C;N,, pristine CdS nanowires (CNO), and g-C;N, coated CdS
nanowires (CNO.5, CN1, CN2, CN3, and CN4).

was synthesized by a reported copolymerization method.*
During the copolymerization process, BA could introduce
carbon atoms into the melon-based carbon nitride structures by
replacing one of the ring nitrogen atoms, which changes the
electronic structure of g-C;N, and thus extends its optical
absorption range. However, g-C3;N, coating does not
significantly change the optical absorption feature of CdS
nanowires. The band gaps of the samples were further
determined by fitting the optical transition at the absorption
edges using the Tauc/David—Mott model®" described by the
equation (hva)'" = A(hv — Eg), where h is the Planck’s
constant, v is the frequency of vibration, a is the absorption
coefficient, E, is the band gap, and A is a proportional constant.
The value of the exponent n denotes the nature of the sample
transition and is defined to be 0.5 for a directly allowed
transition. The fitting results indicate that the band gap of the
prepared modified g-C;N, is about 2.6 eV, which is consistent
with the existing results.>® Meanwhile, the band gap of CdS
remains unchanged after g-C;N, coating and was determined to
be about 2.4 eV for all of the CdS/g-C;N, samples.
Nevertheless, because of the relatively high optical absorption
coefficient of g-C;N, in the wavelength range of 520—800 nm,
the absorbances of CdS/g-C;N, are slightly enhanced with the
increasing g-C;N, contents in such a wavelength region (inset
in Figure 3).

BET Surface Areas and Pore Size Distributions. Figure
4 shows the nitrogen adsorption—desorption isotherms at 77 K

——CNO
——CNO0.5

g

th
it

Pore Volume

[o9]
w

Volume adsorbed (cm3/g STP)

0.0 0.2 0.4 0.6 08 1.0
Relative pressure (p/p,)

Figure 4. Nitrogen adsorption—desorption isotherms and the
corresponding pore size distributions (the inset) calculated by the
BJH method for CNO, CNO.5, and CN4.

and the obtained pore size distributions by BJH method (the
inset) for CNO, CNO.5, and CN4. It can be seen that the
nitrogen adsorption—desorption isotherms of these three
samples are similar and all of them are type IV with hysteresis
loops according to the TUPAC classification,®” indicating the
presence of mesopores. In addition, the adsorption branches of
these isotherms increase rapidly at relative pressures close to
unity, which bear some resemblance to type II isotherms.
Therefore, the samples also possess large macropores. All of the
hysteresis loops can be categorized as type H3, suggesting the
existence of slit-like pores. The BET specific surface areas, pore
volumes, and average pore sizes of all of the samples are
summarized in Table 1. As listed in Table 1, the BET specific
surface area (Sgpr) of the pristine CdS nanowires is about 20.5
m* g~'. After 0.5 wt % g-C;N, is coated, the Sy of CNO.S
increased to 25.5 m* g~'. However, when the C;N, content is
further increased, the Sgpy of the samples become smaller. The
variations in Sppr may relate to the changes in pore size
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Table 1. Effects of Ry on the Physical Properties and
Photocatalytic Activities of the Samples

pore average

Ren SZBET_ . volBurn_e1 pore size activ_il;y ., QE
samples (%) (m°g™") (cm’g™)  (nm)  (umolh™"g™") (%)
CNO 0 20.5 0.13 38.7 2001 2.1
CNO.5 0.5 25.5 0.11 20.5 1982 2.0
CN1 1 23.6 0.10 222 2659 2.7
CN2 2 22.9 0.11 25.7 4152 43
CN3 3 22.7 0.11 27.6 1030 1.1
CN4 4 21.8 0.11 29.8 470 0.5

distribution. As can be seen in the inset of Figure 4, the pristine
CdS nanowires contain both mesopores (6—50 nm) and
macropores (50—110 nm). The presence of small amount of g-
C3N, (0.5 wt %) can introduce a lot of small mesopores (2—10
nm) and thus decrease the average pore size from 38.7 (for
CNO) to 20.5 nm (for CNO.5). By considering that the pore
volumes of all of the samples do not change appreciably, the
Sger of CNO.5 will increase accordingly. However, a further
increase of the C;N, content may lead to the adhesion and
aggregation of the CdS nanowires, which in turn reduces the
small mesopores (see the pore size distribution for CN4) and
then increases the average pore size. Consequently, the Sgpy of
the samples will decrease.

Photocatalytic Activity and Photostability. Photo-
catalytic H,-production activities of the CdS/g-C;N, core/
shell nanowires were evaluated under visible-light (1 > 420
nm) irradiation using mixed 0.35 M Na,S and 0.25 M Na,SO,
aqueous solutions as scavenger. Pt (0.6 wt %) was added as a
cocatalyst to reduce the overpotential for hydrogen evolution.
The results are shown in Figure 5 and Table 1. As can be seen,

<4500
o0
= 4000

1A

CN4

CNO CNO05S CN1 CN2 CN3

Figure S. Comparison of photoatalytic H,-production activities of
pristine CdS nanowires (CNO) and g-C;N,-coated CdS nanowires
(CNO0.5, CN1, CN2, CN3, and CN4) from mixed 0.35 M Na,S and
0.25 M Na,SO; aqueous solutions.

the pristine CdS nanowires exhibit a relatively high H,-
production activity up to 2001 gmol h™" g™, which may be
credited to their high crystallinity and the fast electron
transport in 1D structures. Coating the CdS nanowires with a
small amount of g-C;N, can substantially improve the
hydrogen-production activity. The optimal photocatalytic
activity was achieved at 2 wt % g-C3N, content, and the
hydrogen-production rate reached 4152 ymol h™"' g™' with an
apparent quantum efficiency (QE) of up to 4.3% at 420 nm
(for CN2). However, further increasing of Rcy to 4 wt % leads
to a reduction of the photocatalytic activity, which is less than
one-fourth of that for the pristine CdS nanowires.

10321

To evaluate the stability of the CdS/g-C;N, core/shell
nanowires, recycling rest was performed on the hydrogen-
production activity of the sample CN2. Figure 6 displays the

ybubble y bubble yYbubble

1/

_A
“en1 00001

H, production (pmol

4 5 6 7 8 0 11 12

Irradiation time (h)

0o 1 2 3 9

Figure 6. Time course of photocatalytic H, production for sample
CN2. The reaction system was bubbled with N, for 30 min every 3 h
to remove the H, inside.

H,-production performance in a cycling photocatalytic run.
After four recycles, there is no decrease observed in the H,-
production rate, indicating the good stability of the catalyst
during the photocatalytic reaction. In addition, it can be found
that after the first cycle, the average H,-production rate is
slightly inceased because the hydrogen-production reaction is
an activated process, and the photons absorbed on the surface
of the photocatalyst increase with increasing irradiation time.>®
However, for future practical applications, the photostability of
the g-C;N,-coated nanowires in a nonsacrificial system should
be more important. Therefore, we compared the photo-
corrosion behaviors of the pristine (CNO) and 2 wt % g-
C;N,-coated (CN2) CdS nanowires in anaerobic distilled water
under the irradiation of a 350 W xenon arc lamp. It is reported
that the photocorrosion reaction of CdS in an anaerobic
aqueous system can be presented as follows:”!

CdS + 2t - Ccd*t + S (2)

Thus, photogenerated holes destroy the crystal structure of
CdS, and Cd*" ions were released in water. The concentrations
of Cd*" in the solution of the pristine (CNO) and 2 wt % g-
C;N,-coated (CN2) CdS nanowires after irradiation for
different time intervals are listed in Table 2. As shown in

Table 2. Concentrations of Cd** (mg L™") in the Solutions of
Pristine (CNO) and 2 wt % g-C;N,-Coated (CN2) CdS
Nanowires in Anaerobic Water Before (0 h) and after
Irradiation

irradiation time (h)

sample 0 1 4 8
CNO 0.40 18.16 232.76 329.23
CN2 0.88 2.26 7.33 29.04

Table 2, the pristine CdS exhibits a greater dissolution rate
under light irradiation. After 8 h of irradiation, most of the CdS
was decomposited, and the concentration of released Cd*" in
solution reached 329.23 mg L™". The residual solids in the
reacted solution were collected and characterized by TEM
imaging. As displayed in Figure 7a, the morphology and crystal
structure of the nanowires are obviously destroyed, leaving a
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Figure 7. Comparison of the TEM images for (a) pristine CdS
nanowires and (b) 2 wt % g-C;N,-coated CdS nanowires after 8 h of
light irradiation in anaerobic distilled water.

porous aggregation. In contrast, for g-C;N,-coated CdS
nanowires (CN2), the dissolution trend is significantly
retarded. The concentration of released Cd** in the reaction
solution is only about 29.04 mg L™" after 8 h of light irradiation.
TEM observation (Figure 7b) further indicates that the
morphology and crystal structure of the g-C;N,-hybridized
nanowires were essentially unchanged during the photo-
corrosion test. Evidently, coating g-C;N, on the surface of
CdS could greatly inhibit the damage of photocorrosion and
enhance the stability of the CdS photocatalyst.

Mechanism of Enhancement of Photocatalytic Activ-
ity and Suppression of Photocorrosion. It is generally
accepted that photocatalytic activity is mainly governed by
light-absorption ability, surface properties (including adsorption
property, specific surface area, etc.), and photogenerated
charge-separation efficiency." For CdS nanowires, the photo-
catalytic hydrogen-production rate can be improved by over 2-
fold via 2 wt % g-C;N, coating. However, as discussed above,
the g-C;N, coating did not substantially influence the light-
absorption property and specific surface area (20.5 m* g~" for
CNO and 22.9 m* g”' for CN2) of the nanowires, indicating
that these two factors are not crucial to the photocatalytic
activity for CdS/g-C3N, core/shell nanowires. Therefore, the
enhanced photocatalytic activities of g-C;N,-coated CdS
nanowires may be mainly attributed to the synergic effect
between g-C;N, and CdS, which can greatly accelerate the
separation of photogenerated carriers. The schematic repre-
sentation of the energy-level configuration and the photo-
generated charge-transfer process in g-C;N,/CdS composites is
illustrated in Figure 8a. It is reported that the lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) levels of g-C;N, are higher than
the corresponding conduction band minimun (CBM) and
valence band maximum (VBM) of CdS, respectively.* Under
the excitation of visible light, the photogenerated electrons on
the LUMO level of g-C;N, can be readily injected in the
conduction band of CdS, whereas the photogenerated holes on
VBM of CdS can directly transfer to the HOMO of g-C;N,.
Therefore, when a small amount (Rey < 2 wt %) of g-C3N, is
coated on the CdS nanowires, the excited energetic electrons
on g-C;N, can be injected to CdS and then participate in the
photocatalytic hydrogen-evolution reaction on the uncovered
tips and areas of CdS together with the photogenerated
electrons on CdS (Figure 8b). Meanwhile, the photogenerated
holes on CdS can rapidly migrate to the coated g-C3N, and
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Figure 8. Schematic illustration of (a) the energy-level configuration
and the photogenerated charge-transfer process between g-C;N, and
CdS, (b) the photocatalytic process on a CdS nanowire with a thin and
unclosed g-C;N, shell, and (c) a CdS nanowire with a dense and
closed g-C;N, shell.

thus substantially alleviate the photocorrosion of CdS. In this
case, an effective charge separation can be achieved, resulting in
enhancement of photocatalytic activity and inhibition of
photocorrosion. However, as the content of g-C3N, increases,
a dense and closed shell around the CdS nanowire is gradually
formed (Figure 8c). In such a situation, the closed shell
prevents CdS from contacting the reaction solution. Thus,
electrons in CdS cannot participate in the hydrogen-evolution
reaction and will accumulate on the interface of g-C;N, and
CdS, which may lead to a serious recombination of photo-
generated electron-hole pairs. Consequently, the synergic effect
between g-C3;N, and CdS diminishes drastically and the
photocatalytic activity will decrease rapidly with further
increasing of the g-C;N, content.

Photoelectrochemical measurements are often used to
qualitatively study the excitation and transfer of photogenerated
charge carriers in photocatalysts. The transient photocurrent
responses of the pristine, 2 wt % g-C;N,-coated, and 4 wt % g-
C;N,-coated CdS nanowires were recorded for several on—off
cycles under visible-light irradiation and are plotted in Figure 9.
As expected, 2 wt % g-C3N,-coated CdS nanowires show the
highest photocurrent intensity of the three samples, whereas
pristine CdS and 4 wt % g-C;N,-coated CdS have the middle
and lowest values, respectively. Thus, the sample with 2 wt % g-
C;N, may achieve the most effective charge separation, which is
consistent with the photocatalytic-activity measurements and
our above discussions.

B CONCLUSIONS

We have successfully synthesized CdS/g-C;N, core/shell
nanowires by a combined solvothermal and chemisorption
method. The photocatalytic hydrogen-production rates of the
CdS nanowires are significantly enhanced in the presence of the
g-C;N, shell and reach the maximum value at Roy = 2 wt %. At
the optimal loading content (2 wt %), g-C;N, formed thin and
unclosed shells on CdS nanowires, and the hydrogen-

dx.doi.org/10.1021/am403327g | ACS Appl. Mater. Interfaces 2013, 5, 10317—10324



ACS Applied Materials & Interfaces

Research Article

on

ol
=
&

off

N .

Current density (mA/cmz)
f=
1=
il
=

0.00

0 20 40 60 80, 100 120 140 160
irradiation time (s)
Figure 9. Transient photocurrent responses of CN2 (a), CNO (b), and
CN4 (c) in a 0.5 M Na,SO, aqueous solution under visible-light
irradiation at 0.0 V using Ag/AgCl as a reference electrode.

production rate is up to 4152 umol h™'g™" with an apparent
quantum efficiency (QE) up to 4.3% at 420 nm. More
importantly, the CdS/g-C;N, core/shell nanowires exhibit
excellent photostability even though they were irradiated in a
nonsacrifical system. According to our discussion, the enhanced
photocatalytic activity and intensified photostability may be
ascribed to the synergic effect between g-C;N, and CdS
originating from their well-matched overlapping band struc-
tures, which can effectively accelerate the charge separation and
transfer corrosive holes from CdS to robust C;N,. It should be
noted that in such a CdS/g-C;N, core/shell configuration the
exposure of CdS to the reaction solution is a necessary
condition for the synergic effect to be effective. For CdS
nanowires with dense and closed C;N, shells, the photo-
catalytic activity is seriously depressed. The CdS/g-C;N, core/
shell nanowires introduced in this work, with high photo-
catalytic activity and excellent photostability, are a very
promising candidate for possible practical application in high-
performance H, production. Furthermore, the proposed
mechanisms for the photocatalytic hydrogen-evolution process
may also provide some ideas for the future design of new
photocatalysts with similar core/shell structures.
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