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a  b  s  t  r  a  c  t

A  coupled  system  of selective  oxidation  of  aromatic  alcohols  to aromatic  aldehydes  and  reduction  of
nitrobenzene  into  aniline  was  realized  using  CdS/g-C3N4 composite  as  a photocatalyst  under  visible
light  illumination.  The  CdS/g-C3N4 composite  photocatalyst  was  prepared  by  hydrothermal  method.
The  photocatalyst  was  characterized  by x-ray  powder  diffraction  (XRD),  UV–vis  diffuse  reflection  spec-
troscopy  (DRS),  scanning  electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM),  and
Brunauer–Emmett–Teller  (BET)  specific  surface  area.  Compared  with  single  g-C3N4 and  CdS,  the  CdS/g-
C3N4 photocatalyst  exhibits  enhanced  photocatalytic  activity  and  excellent  photostability  under  visible
light  illumination.  It demonstrates  that  the  selective  oxidation  of  aromatic  alcohol  into  aromatic  alde-
hyde  is  achieved  by  direct  holes  oxidation,  and the  reduction  of  nitrobenzene  into  aniline  is  reached  by
direct  electrons  reduction.  The  optimum  percentage  of  CdS  is 10 wt.%.  Under  illumination  for  4  h,  the  con-
hotocatalysis version  of benzyl  alcohol  and  the  yield  of  benzaldehyde  are  about  48.0%  and  44.6%,  and  the  conversion
of  nitrobenzene  and  the yield  of  aniline  are  about  49.2%  and  26.0%,  respectively.  The  synergic  effect  of
g-C3N4 and  CdS,  which  can  effectively  separate  and  transfer  photoexcited  carriers,  was  proposed  to  be
responsible  for the  enhancement  of  the photocatalytic  activity.  This  study  has  a  guiding  significance  for
the  design  of a  coupled  system  which  realizes  selective  oxidation  and  reduction  of organics.
. Introduction

The photocatalysis technology has attracted much attention
ince 1972 when Fujishima and Honda found that single TiO2
lectrode can split water into hydrogen and oxygen [1–3]. At
resent, the research work for the photocatalysis mainly focuses
n the degradation of pollutants in air and water, producing hydro-
en from water splitting and selective transformation of organics
4–10]. It is worth noting that the selective oxidation and reduction
f organics for the synthesis of organic compounds using photocat-
lytic method have attracted attention in recent years [11–14].

Aromatic aldehydes and their derivatives are important fine
hemical intermediates. Traditional oxidants used in the oxida-

ion process of aromatic alcohol usually have toxicity or corrosivity,
uch as KMnO4, CrO3, ClO− and Cl2. It has been reported that semi-
onductor photocatalysts can be applied in the selective oxidation
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of −CH2OH to −CHO instead of CO2 and H2O [11,12]. For exam-
ple, the modified TiO2, M/TiO2 (M = Au, Pd, Pt) and Pd@CeO2, etc.
have been proved to be excellent photocatalysts for the selective
oxidation of aromatic alcohols to corresponding aromatic aldehy-
des [15–17]. Furthermore, Zhao and coworkers have researched
the aerobic oxidation of alcohols to corresponding aldehydes using
a special coupled system consisting of dye-sensitized TiO2 and
TEMPO (2,2,6,6-tetramethypiperdinyloxyl) under visible light illu-
mination [18]. However, the conversion of benzyl alcohol and the
yield of benzaldehyde are fairly low in the reported results. The
reason may  be that TiO2 has strong oxidation ability due to its pos-
itive valence band (VB) of 2.7 eV and wide energy gap of 3.2 eV (vs.
NHE pH 7). Furthermore, it has also been reported that mpg-C3N4
polymer is an excellent photocatalyst for the selective oxidation of
alcohols and hydrocarbons [19,20]. At the same time, many papers
have also reported a series of CdS nanomaterials for the selective
oxidation of alcohols, alkenes and toluene in a liquid phase under

ambient conditions [21–23]. Therefore, improving the performance
of photocatalysts has always been a research hot spot. Recently,
many attempts have been explored to enhance the activities of g-
C3N4 and CdS photocatalysts, such as the synthesis of quantum
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ots [24,25] and the combination with other components, including
oble metals [26–30], semiconductors [31–36], and carbon mate-
ials, etc. [37–40].

Aniline is one of the most important chemicals and inter-
ediates in the production of pharmaceuticals, dyes, pigments

nd pesticides [41,42]. In general, catalytic hydrogenation method
as been commonly used to reduce nitrobenzene (NB) to aniline
41–43]. But, the reaction needs to be performed at high tempera-
ure, high pressure of H2, and a long time in order to reach a satisfied
electivity of aniline [43,44]. In recent years, photocatalytic reduc-
ion of nitrobenzene into aniline using photocatalytic technology
as been reported in some literatures [45–47]. However, the reduc-
ion process of nitrobenzene needs to use organic compounds
uch as methanol ethanol as a hole scavenger. Furthermore, the
eactant conversion and product selectivity are also unsatisfactory
45,47]. Theoretically, when the conduction band (CB) potential
f a photocatalyst is lower than −0.486 V, nitrobenzene can be
hotocatalytically reduced into aniline (E� (C6H5NO2/C6H5NH2) =
0.486 V, vs. NHE) [45].

Based on the reported results, designing new narrow band gap
emiconductor photocatalysts that have high CB negative values
nd appropriate VB position may  be an effective method for selec-
ive oxidation of aromatic alcohols to aldehydes and reduction of
itrobenzene into aniline in a reaction system. It is known that the
B potentials of g-C3N4 and CdS are about 1.57 and 1.88 eV, and CB
otentials of g-C3N4 and CdS are −1.13 and −0.5 eV, respectively
48,49]. According to the reported results, it is proposed that g-
3N4 and CdS have ability for the selective oxidation of alcohols to
ldehydes and the reduction of nitrobenzene to aniline. It has been
eported that designing composite photocatalysts were considered
s the most effective way to overcome the defects of single-phase
hotocatalysts because the photoexcited carriers are transferred

nto VB and CB of opposite semiconductor, respectively [50–52].
ence, when g-C3N4 and CdS are combined, a composite photocat-
lyst CdS/g-C3N4 may  be formed, and the photocatalytic activity
ay  be improved greatly. However, to the best of our knowledge,

here is no report on the investigation of the related issues.
In the paper, the CdS/g-C3N4 composite photocatalyst was pre-

ared by hydrothermal method. A coupled system for the selective
xidation of aromatic alcohols to aldehydes and the reduction of
itrobenzene into aniline was realized using CdS/g-C3N4 photo-
atalyst under visible light illumination with N2 purge condition.
he obtained CdS/g-C3N4 composites show significantly improved
hotocatalytic performance in contrast to pure g-C3N4 and CdS.
eanwhile, the CdS/g-C3N4 photocatalyst exhibits high stability.

t is proposed that the selective oxidation of aromatic alcohol into
romatic aldehyde is realized by direct holes oxidation, and the
eduction of nitrobenzene into aniline is achieved by direct elec-
rons reduction. The work strongly substantiates the feasibility for
he selective oxidation and reduction of organics in a coupled sys-
em. The CdS/g-C3N4 composite photocatalyst is a promising and
fficient photocatalyst for the selective oxidation of aromatic alco-
ols to aldehydes and the reduction of nitrobenzene into aniline.

. Experimental

.1. Materials

All reagents are of analytical purity and were used without fur-
her purification. Melamine (C3H3N6) powder, cadmium acetate

Cd(CH3COO)2·2H2O), thioacetamide (TAA), ethanol (C2H5OH) and
ther reagents used in the experiments were obtained from
inopharm Chemical Reagent Co., Ltd. Deionized water was  used
hroughout this study.
mental 158–159 (2014) 382–390 383

2.2. Preparation of photocatalysts

The g-C3N4 powder was  synthesized via calcination method in
air atmosphere. A certain amount of melamine was  put into an alu-
mina crucible which was firstly heated at 500 ◦C for 2 h and further
heated at 520 ◦C for 2 h with a temperature rise rate of 10 ◦C/min.
Then the sample was cooled naturally to room temperature after
the reaction. The synthesis of CdS/g-C3N4 composite was  carried
out as follows: after adding 2 mmol  of Cd(CH3COO)2·2H2O and
4 mmol  TAA into 50 ml  deionized water and stirring for 30 min, the
solution A was obtained. A measured amount of g-C3N4 sample was
added to the solution A, and was  stirred for 1 h. The obtained sus-
pension was transferred into a 100 mL  teflon-lined stainless steel
autoclave, and then was heated to 180 ◦C and kept at this tem-
perature for 24 h. With the above method, a series of CdS/g-C3N4
composites with various amounts of CdS were prepared. After being
cooled naturally to room temperature, the product was collected
and washed using water and ethanol for 3 times, repeatedly. The
pure CdS photocatalyst was obtained by the same conditions with-
out adding g-C3N4 powder.

2.3. Characterization

XRD measurements were carried out at room temperature
on a BRUKER D8 ADVANCE X-ray powder diffractometer with
Cu K� radiation (k = 1.5406 Å) and a scanning speed of 3◦/min.
The accelerating voltage and emission current were 40 kV and
30 mA,  respectively. UV–vis diffuse reflectance spectra (DRS) were
carried out using a UV-3600 (SHIMA-DZU, Japan) UV–vis–NIR spec-
trophotometer equipped with an integrating sphere attachment.
BaSO4 was used as a reflectance standard. The microcrystalline
structure and surface characteristics of photocatalysts were mea-
sured using a JEOL JSM-6610LV scanning electron microscope with
30 kV scanning voltages. Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HR-TEM)
images were performed with a JEM-2100 electron microscope,
using an accelerating voltage of 200 kV. The nitrogen adsorption
and desorption isotherms at 77 K were measured using a Micromet-
rics ASAP 2020 system after the samples were degassed in vacuum
at 120 ◦C for 8 h. The Brunauer–Emmett–Teller (BET) specific sur-
face area was  determined by a multipoint BET method using the
adsorption data in the relative pressure (P/P0) range of 0.05–0.25.

2.4. Evaluation of photocatalytic activity

The photocatalytic activities of photocatalysts for the selective
oxidation of aromatic alcohols to corresponding aromatic aldehy-
des and the reduction of nitrobenzene into aniline were performed
in a self-designed photochemical reactor equipped with a pres-
sure gage which is convenient for monitoring the pressure in the
autoclave. The reaction apparatus is shown in Fig. 1. The initial con-
centrations of aromatic alcohol and NB were 2.55 × 10−2 mol/L and
8.5 × 10−3 mol/L, respectively. 15 ml  reaction solution (benzotri-
fluoride as solvent) containing reactants and 0.1 g photocatalyst
were put into a 100 ml  reactor of Teflon-lined stainless steel auto-
clave. The illumination window on the top of the reactor is made of
high strength quartz glass. Before illumination, nitrogen was passed
through the solution for 0.5 h to remove the dissolved oxygen, and
maintained in the reactor at a pressure of 0.5 MPa. A 300 W Xe arc
lamp (PLS-SXE 300, Beijing Perfect light Co., Ltd.) with a UV–CUT
filter to cut off light of wavelength � < 420 nm was  used as the
irradiation source. Owing to continuous cooling with the refrig-

eration circulating water, the temperature of the reaction solution
was maintained at approximately 60 ◦C. The mixture was stirred
in the dark for 1 h to ensure the adsorption–desorption equilib-
rium between the photocatalyst and reactant. After illumination for
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a distance d = 0.676 nm,  is related to an in-plane structural pack-
ing motif; the latter which corresponds to the interlayer distance
of 0.325 nm,  is attributed to the long-range interplanar stacking of
aromatic systems. The two peak intensities decrease quickly with
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Fig. 1. The apparatus of photocatalytic reaction. 

 h, the reaction solution was collected from the reactor and cen-
rifuged to remove the catalyst completely at 4000 rmp  for 20 min,
nd finally filtered through a 0.2-�m millipore filter to remove any
esidual particles.

.5. Analysis of main products

The main product of selective oxidation of aromatic alcohols is
romatic aldehydes, and the reduction product of NB is aniline. The
olution was analyzed by Gas-Chromatography (Fuli 9790, China)
ith FID detector using a SE-30 0.53 mm × 30 m capillary column

GC conditions: chromatographic column: AC20; carrier gas: N2;
ow rate: 30 ml/min; sample injection volume: 0.2 �l). Conver-
ion of alcohol, yield of aldehyde, and selectivity for aldehyde were
efined as follows [17]:

onversion(%) = [(C0 − Calcohol)/C0] × 100 (1)

ield(%) = Caldehyde/C0 × 100 (2)

electivity(%) = [Caldehyd/(C0 − Calcohol)] × 100 (3)

Where C0 is the whole amount of alcohols in the solution before
llumination; Calcohol is the amount of alcohols in the solution after
llumination for 4 h; C aldehyde is the amount of aldehyde in the
olution after illumination for 4 h.

The reduction of nitrobenzene was calculated as follows:

onversion(%) = [(C0 − CNB)/C0] × 100 (4)

ield(%) = Caniline/C0 × 100 (5)

electivity(%) = [Caniline/(C0 − CNB)] × 100 (6)
Where C0 is the whole amount of NB in the solution before
llumination; C NB is the amount of NB in the solution after illu-

ination for 4 h; C aniline is the amount of aniline in the solution
fter illumination for 4 h.
(a) apparatus; (b) reactor; (c) light source

3. Results and discussion

3.1. Characterization of photocatalysts

3.1.1. XRD analysis
In order to determine the crystal phase composition and the

crystallite size of the photocatalyst, XRD study was  carried out.
Fig. 2 shows the XRD patterns of CdS/g-C3N4 composites with dif-
ferent amounts of CdS. The XRD patterns of pure CdS and g-C3N4 are
also given for comparison. It is clear that the pure g-C3N4 sample
has two distinct peaks at 13.1◦and 27.4◦, which can be indexed as
(1 0 0) and (0 0 2) diffraction planes for graphitic materials [53,54].
The former with a much weaker intensity, which corresponds to
2  (degree )

Fig. 2. XRD patterns of the different samples.
(a) g-C3N4, (b) CdS(1.0 wt.%)/g-C3N4, (c) CdS(5.0 wt.%)/g-C3N4,  (d) CdS(10.0 wt.%)/g-
C3N4, (e) CdS (15.0 wt.%)/g-C3N4, (f) CdS(20.0 wt.%)/g-C3N4, (g) CdS
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ig. 3. UV–vis diffuse reflectance spectra of the different samples.
a) g-C3N4, (b) CdS (1.0 wt.%)/g-C3N4, (c) CdS (5.0 wt.%)/g-C3N4, (d) CdS (10.0 wt.%)/g-
3N4, (e) CdS (15.0 wt.%)/g-C3N4, (f) CdS (20.0 wt.%)/g-C3N4, (g) CdS

he increase of introduced CdS. Furthermore, the (0 0 2) diffrac-
ion peak shifts to high angle from 27.4◦ to 28.3◦, and this may
e attributed to the strong interreaction between g-C3N4 and CdS
esulting in the increase of the interlayer spacing of g-C3N4. When
he amount of CdS is higher than 5%, there is no obvious diffrac-
ion peak of g-C3N4, suggesting that CdS nanoparticles have been
uccessfully deposited onto the surface of C3N4. And with the
ncrease in the amount of CdS, the diffraction peaks of CdS gradually
trengthen. On the basis of Scherrer formula, the calculated aver-
ge crystallite size of CdS particle is about 13.5 nm. Furthermore,
he as-prepared CdS is a mixture of hexagonal and cubic phases
y comparing with the JCPDS card files no. 41-1049 and 10-0454.
he (1 0 0), (0 0 2), (1 0 1) diffraction peaks belong to hexagonal
hase and the (2 0 0) diffraction peak is attributed to cubic phase.
ther diffraction peaks are also attributed to the two  phases. The
dS/g-C3N4 samples exhibit diffraction peaks corresponding to
oth g-C3N4 and CdS, and no other impure peaks can be observed,
uggesting that the samples are composed of g-C3N4 and CdS.

.1.2. UV–vis analysis
The optical property of CdS/g-C3N4 was determined by UV–vis

iffuse reflectance spectroscopy. Fig. 3 depicts UV–vis absorption
pectra of the prepared CdS/g-C3N4, pure g-C3N4 and CdS. The
ristine g-C3N4 shows its fundamental absorption edge rising at
60 nm,  which can be assigned to its intrinsic band gap of 2.7 eV.
he pure CdS sample has an absorption edge at about 528 nm, which
an be attributed to the CdS band gap of 2.35 eV. However, the spec-
ra of CdS/g-C3N4 samples show two absorption edges, suggesting
hat the samples contain two semiconductors of CdS and g-C3N4.
he absorption edges at about 460 nm and 528 nm are ascribed to
-C3N4 and CdS, respectively. Compared with the pure C3N4, it is
lear that the absorption wavelength range of CdS/g-C3N4 sample
ppears red shift. It may  be favorable for the use of the visible light
nd the enhancement of the photocatalytic activity of the sam-
les. For a crystalline semiconductor, the optical absorption near
he band edge follows the formula [55]:

hv = A(hv − Eg)n/2 (7)

here a, v, A, and Eg are the absorption coefficient, light frequency,
roportionality coefficient, and band gap energy, respectively. n

eys the properties of the transition in a semiconductor (n = 1 for
irect transition, and n = 4 for indirect transition). The values of n for
-C3N4 and CdS are 4 and 1, respectively. The Eg of g-C3N4 and CdS
hotocatalysts can thus be obtained from the plots of (ah�)1/2 and
mental 158–159 (2014) 382–390 385

(ah�)2 versus photon energy (h�), as shown in the inset of Fig. 3. The
Eg of g-C3N4 and CdS are about 2.7 eV and 2.35 eV, respectively. The
band positions of the photocatalysts can be calculated by the fol-
lowing empirical formulas ECB = X-0.5Eg-4.5; EVB = X + 0.5Eg − 4.5.
From the calculation, it is known that the CB and VB of C3N4 are
−1.13 eV and 1.57 eV, and the CB and VB of CdS are −0.49 eV and
1.86 eV, respectively.

3.1.3. SEM analysis
The morphology of the samples were investigated by SEM.

Fig. 4 illustrates the respective SEM photographs of g-C3N4, CdS
(10.0 wt.%)/g-C3N4 and CdS photocatalysts. From Fig. 4 (a), it is clear
that the pure g-C3N4 displays aggregated morphologies, which are
composed of block-based flakiness and particles. From Fig. 4 (b), it
is clear that pure CdS sample shows significant aggregation with a
diameter less than 0.5 �m.  The morphology of CdS is similar to the
spherical uniform particles. It is easy to see from Fig. 4(c) that the
much smaller CdS nanoparticles spread uniformly on the surface of
g-C3N4 samples and form the composite structures. Compared with
the pure CdS particles, the CdS particles on the surface of g-C3N4
were smaller than those of pure CdS particles. It is proposed that
g-C3N4 sample prevents the growth and development of CdS parti-
cles in the hydrothermal process. The EDS of CdS (10.0 wt.%)/g-C3N4
sample shown in Fig. 4 (d) demonstrates that the sample contains
the signals of C, N, Cd and S elements.

3.1.4. TEM analysis
In order to investigate the interface of CdS (10.0 wt.%)/g-

C3N4 sample, which showed the best photocatalytic activity, TEM
and HRTEM characterization were performed. Fig. 5(a) gives an
overview of the typical TEM image of the composite photocata-
lyst CdS/g-C3N4. It can be seen that the big block surface of g-C3N4
is covered by small particles of CdS, which is in accordance with the
result of SEM image. The mean size of the CdS particles is approx-
imately 50 nm.  It is suggested that the charge transfer between
the two semiconductors would be spatially smooth, leading to the
improvement of photocatalytic activity. Fig. 5(b) shows HRTEM
image of CdS (10.0 wt.%)/g-C3N4 sample. It is clear that the lattice
plane with spacing of 0.325 nm matches the (0 0 2) crystallographic
plane of hexagonal C3N4 (JCPDS card files no. 87-1526). The lat-
tice fringes of 0.290 nm,  0.207 nm and 0.336 nm are attributed to
the (2 0 0) plane of cubic CdS (JCPDS card files no. 10-0454), (1 1 0)
and (0 0 2) planes of hexagonal CdS (JCPDS card files no. 41-1049),
respectively. It is in accordance with the polycrystalline structure
reflected by XRD patterns of CdS/g-C3N4 samples.

3.1.5. BET surface areas and pore size distributions
It can be seen from Fig. 6 that the nitrogen adsorption and des-

orption isotherms of the three samples are similar and all of them
are type IV with hysteresis loops according to the IUPAC classifica-
tion [56], indicating the presence of mesopores. All of the hysteresis
loops can be categorized as type H3. It is known that the type H3
loop is observed with aggregates of plate like particles giving rise to
slit-shaped pores. The BET specific surface area (SBET) of the pristine
g-C3N4 is about 4.0 m2 g−1. After 10 wt.% CdS is coated, the SBET of
CdS (10.0 wt.%)/g-C3N4 increases to 7.1 m2 g−1. The change in SBET
may  be related to the small particle of CdS and different pore size
distribution. As can be seen in the inset of Fig. 6, the pristine g-C3N4
contains mesopore range of 6–46 nm.  The presence of small amount
of CdS (10.0 wt%) can produce a lot of small mesopores (<6 nm).

3.2. Photocatalytic properties of CdS/g-C3N4 photocatalysts
The photocatalytic activity of the as-prepared photocatalyst is
initially examined by the selective oxidation of benzyl alcohol to
benzaldehyde and the reduction of nitrobenzene into aniline under
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Fig. 4. SEM images of (a) g- C3N4, (b) CdS, (c) CdS (10.0 wt.%

he irradiation of visible light (� > 420 nm)  for 4 h under N2 purge
ondition. As shown in Fig. 7(A), pure g-C3N4, CdS and CdS/g-C3N4
amples all can realize the selective oxidation of benzyl alcohol to
he corresponding benzaldehyde and the reduction of nitrobenzene
nto aniline. For the selective oxidation of benzyl alcohol to the ben-
aldehyde, it is clear that the conversion and yield increase with the
ncrease in the amount of CdS from 1 to 10%. When the amount of
dS is higher than 10%, the conversion and yield decrease gradu-
lly. For pure g-C N , the conversion and yield are 9.3% and 7.7%,
3 4
nd for blank-CdS, the conversion and yield are 16.3% and 15.1%,
espectively. Meanwhile, it also can be seen that the selectivity of
ure CdS is higher than that of pure g-C3N4. When the amount of

Fig. 5. TEM and HRTEM images of C
3N4 samples and (d) EDS of CdS (10.0 wt.%)/g-C3N4 sample.

CdS is 1%, the conversion and yield of the sample is higher than
those of the pure g-C3N4 and CdS. When the weight ratio of CdS is
10%, the conversion, yield and selectivity are higher than those of
all the other photocatalysts. The conversion of benzyl alcohol and
yield of benzaldehyde are about 48.0% and 44.6%, respectively. And
the selectivity is higher than 90%.

For the reduction of nitrobenzene into aniline (Fig. 7(B)), the
same trend as the selective oxidation of benzyl alcohol is occurred.
Namely, the conversion and yield increase with the increase in the

amount of CdS from 1 to 10%. When the amount of CdS is 10%, the
conversion and yield are the highest. The conversion of nitroben-
zene and yield of aniline are about 49.2% and 26.0%, respectively,

dS (10.0 wt.%)/g-C3N4 sample.
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ig. 6. Nitrogen adsorption–desorption isotherms and the corresponding pore
ize  distribution curves (the inset) obtained from the desorption branches of the
sotherms (a) C3N4, (b) CdS and (c) CdS (10.0 wt.%)/g-C3N4 samples.

hich are higher than the values obtained from pure g-C3N4 (10.5%
f conversion and 3.2% of yield) and blank-CdS (16.4% of conversion
nd 6.0% of yield). Further increase in the amount of CdS higher than
0.0 wt.% leads to a deterioration for the reduction of nitrobenzene

nto aniline.
When the amount of CdS in CdS/g-C3N4 samples is relatively

igh, the target product aldehyde may  not be easily desorbed on
he surface of photocatalysts due to the adsorption ability of sulfur
pecies [57]. It is logical that the relatively high weight ratio of CdS
n CdS/g-C3N4 samples would unavoidably reduce the contact sur-
ace of semiconductor g-C3N4 with the light illumination and lower
he light intensity through the depth of reaction solution, which
esults in a decreased photocatalytic activity [58]. Considering the
bove two cases, further deep oxidation of aldehyde may  occur,
hich leads to the decrease of selectivity, as reflected in the case

f CdS (15.0 wt.%)/g-C3N4 and CdS (20.0 wt.%)/g-C3N4 samples. In
ccordance with the above results, the CdS (10.0 wt.%)/g-C3N4 pho-

ocatalysts is chosen to evaluate the photocatalytic activity for the
elective oxidation of other benzylic and allylic alcohols.

Fig. 8 shows the photocatalytic performance of the selec-
ive oxidation of a range of alcohols (including benzylic alcohols
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and allylic alcohols) and the reduction of nitrobenzene into ani-
line over the CdS(10.0 wt.%)/g-C3N4 photocatalyst. It can be seen
from Fig. 8(A) that the conversion and yield decrease as fol-
lows: p-methoxybenzyl alcohol > benzyl alcohol > p-chlorobenzyl
alcohol > p-fluorobenzyl alcohol > cinnamyl alcohol. With the illu-
mination for 4 h, the conversions of p-methoxybenzyl alcohol,
benzyl alcohol, p-chlorobenzyl alcohol, p-fluorobenzyl alcohol and
cinnamyl alcohol are 55.1, 48.0, 36.0, 32.0, 28.6, and the yields
are 52.4, 44.6, 32.7, 23.0 and 14.5, respectively. However, the
selectivity of p-methoxybenzyl alcohol, benzyl alcohol and p-
chlorobenzyl alcohol are almost the same, and are higher than
that of p-fluorobenzyl alcohol and cinnamyl alcohol. From Fig. 8,
it is clear that the presence of a benzene ring seems to improve
the selectivity. In general, the stronger the electronegativity, the
easier the oxidation. It is known that the electronic effect of
the functional group is as follows: −OCH3 > −H > −Cl > −F. So the
conversion, yield and selectivity of the reaction should be as fol-
lows: p-methoxybenzyl alcohol > benzyl alcohol > p-chlorobenzyl
alcohol > p-fluorobenzyl alcohol. In the study, the results prove
the above analysis. However, for allylic alcohol, such as cin-
namyl alcohol, the selectivity is relatively low. This may  result
from �–� conjugated effect, which is caused by the formation
of benzene ring and C C double bond, and then the �–� conju-
gated effect influences the oxidation process of cinnamyl alcohol
[21,22].

For the reduction of nitrobenzene, the conversion, yield and
selectivity are the same as the trend of selective oxidation of a
range of alcohols (Fig. 8 B). It seems that there should exist a certain
relation between the selective oxidation and reduction. Namely,
high conversion, yield and selectivity for the selective oxidation
of alcohols should have high conversion, yield and selectivity for
the reduction of nitrobenzene. For example, for the coupled sys-
tem of p-methoxybenzyl alcohol and nitrobenzene, the conversion,
yield and selectivity of reduction are 70.0, 40.0 and 57.1, respec-
tively. They are higher than those of other coupled systems of
alcohols and nitrobenzene. This may  be attributed to the equilib-
rium relationship between selective oxidation and reduction due to
dehydrogenation for the selective oxidation of alcohols and hydro-
genation for the reduction of nitrobenzene.

In order to compare the photocatalytic performance between
pared by mechanical mixing, the photocatalytic activity of CdS
(1.0 wt.%)/g-C3N4, CdS (10 wt.%)/g-C3N4 and CdS (20 wt.%)/g-C3N4
photocatalysts prepared by ball milling method were investigated
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Fig. 8. Performance of CdS (10.0 wt.%)/g-C3N4 for selective oxidation of aromatic alcohols to aldehydes (A) and reduction of nitrobenzene into aniline (B) under visible light
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59,60]. The result showed that the photocatalytic performance
f the samples is slightly lower than that of the samples pre-
ared by hydrothermal method for selective oxidation of benzyl
lcohol into benzaldehyde and reduction of nitrobenzene into
niline.

.3. Stability of catalyst

The stability of CdS (10.0 wt.%)/g-C3N4 was investigated by XRD
atterns of fresh and used samples and five successive cycles of
xperiments. As shown in Fig. 9, the XRD patterns of fresh and
sed 5 times samples have no obvious change. The cyclic exper-

ments were carried out under the same conditions using CdS
10.0 wt.%)/g-C3N4 photocatalyst in order to determine the stability
f the photocatalyst. After the reaction, the suspension was taken
rom the reaction kettle and centrifuged at 8000 rpm for 40 min  to
ollect the catalyst. And then, the catalyst was washed with deion-
zed water for three times. The results are shown in Fig. 10. It is
lear that in the 5-cycle experiments, the conversion of benzyl
lcohol and yield of benzaldehyde do not change obviously. Fur-

hermore, no obvious decrease in the conversion and yield for the
eduction of nitrobenzene into aniline were observed after the five-
un test. Therefore, it can be concluded that the photocatalyst has
ood stability in the experimental conditions.
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3.4. Proposed reaction mechanism
A possible mechanism for the photocatalytic selective oxidation
of alcohols and the reduction of nitrobenzene by CdS/g-C3N4 photo-
catalyst is illustrated in Fig. 11. Under the visible light illumination,
both C3N4 and CdS can be excited and produce photogenerated
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ig. 11. Proposed mechanism of the selective oxidation alcohol and the reduction
f  nitrobenzene under N2 purge condition.

lectrons and holes. On account of the well-matched overlap-
ing band structures and closely contacted interfaces, photoexcited
lectrons in the CB of C3N4 can directly transfer to the CB of CdS.
eanwhile, photoexcited holes in the VB of CdS spontaneously
ove to the VB of C3N4. In addition, the N2 purge condition provides

n anaerobic atmosphere for the reaction. Thus, the nitroben-
ene has no opportunity to undergo the oxidation reaction. For
he reduction of nitrobenzene, a photoinduced six-electron reduc-
ion process is involved [61]. Meanwhile, the photogenerated holes
re quenched by the alcohols, which results in the aromatic alco-
ols removing hydrogen atoms, and then oxidized to the aldehyde
62]. At the same time, nitrobenzene obtains hydrogen atoms and
oses the oxygen atoms, and consequently aniline is formed. In
his process, the system will generate a small amount of H2O. The
hole process is shown in equations 8–11. It is clear that the pho-

ogenerated holes and photogenerated electrons should play the
ame crucial roles in the oxidation–reduction coupling process. Evi-
ently, complete reduction of 1 mol  nitrobenzene should require
ix mol  electrons. Meanwhile, the same numbers of holes (six mols)
re produced. According to the equation 11, it is known that the
mount of aldehyde generated in this reaction system must be 3
imes the amount of aniline. But in fact, due to the lag effect in
his system, the generated amount of aldehyde and aniline are not
trictly consistent with the above theoretical value.

R−CH2OH + 2 h+ → R−CH2O • + R−CHOH • + 2H+ (8)

−CH2O • + R−CHOH • + 2 h+ → 2R−CHO + 2H+ (9)

In order to prove the effective separation of the photogener-
ted charges, the photoluminescence (PL) spectra of the samples
ere carried out [59,60]. The result is shown in Fig. 12. It is clear

hat the PL spectra of the samples have a strong emission peak at
round 450 nm,  which could be related to the recombination of the
hotoexcited electron–hole of g-C3N4. From Fig. 12, it can be seen
hat the PL intensity of CdS (10.0 wt.%)/g-C3N4 is lower than that
f g-C3N4. It means that the recombination rate of the photoex-
ited electron-hole for CdS (10.0 wt.%)/g-C3N4 is lower than that of
-C3N4.
(10)

[

[
[

Fig. 12. Photoluminescence spectra of g-C3N4 (a) and CdS (10.0 wt.%)/g-C3N4 (b)
samples.

CH2OH

R

+

NO2

3

CHO

R

+

NH2

+ 2 H2O3

(11)

4. Conclusion

In summary, a coupled system for the selective oxidation of
aromatic alcohols to aromatic aldehydes and the reduction of
nitrobenzene into aniline was  realized using CdS/g-C3N4 photo-
catalyst under visible light illumination. The selective oxidation
of aromatic alcohol into aromatic aldehyde and the reduction of
nitrobenzene into aniline are achieved by direct holes oxidation
and direct electrons reduction, respectively. The CdS/g-C3N4 pho-
tocatalyst exhibits enhanced photocatalytic activity and excellent
photostability under visible light illumination. This study has a
guiding significance for the design of a coupled system which real-
izes selective oxidation and reduction of organics.
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