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a  b  s  t  r  a  c  t

A  nanosheet  of  CdS–TiO2 with  heterojunction  was  prepared  by  a  two-step  hydrothermal  synthesis
method  and  used  as  a  photocatalyst  for reducing  CO2 in  cyclohexanol.  This  heterostructured  composite
has  been  characterized  by X-ray  diffractometer  (XRD),  transmission  electron  microscopy  (TEM),  X-ray
photoelectron  spectroscopy  (XPS)  and  ultraviolet-visible  (UV–vis)  diffuse  reflectance  spectroscopy  (DRS).
The  activity  of  the  CdS–TiO2 composite  was  tested  in  a batch  slurry  bed  reactor.  The  results  showed
that  CO2 absorbed  in cyclohexanol  was  reduced  to cyclohexyl  formate  (CF)  on  conduction  band  and  the
absorbent  cyclohexanol  was  oxidized  to cyclohexanone  (CH)  on  valance  band  of the photocatalyst.  It
eywords:
hotocatalytic reduction
O2

eterostructured photocatalyst
dS–TiO2

anosheets

was  revealed  that  the highest  formation  rates  of  20.2  �mol/(gcat h)  and  20.0  �mol/(gcat h)  for  CF  and  CH
could  be  obtained  when  TiO2/CdS  with  the  molar  ratio  of  8 was  used.  Overall,  this  work  provides  a  novel
pathway  for  photocatalytically  reducing  CO2 and  preventing  the  catalyst  from  photocorrosion.

©  2014  Elsevier  B.V.  All  rights  reserved.
yclohexanol

. Introduction

In recent years, the increasingly anthropogenic carbon emis-
ion has become a severe global environmental issue because of
ts serious impacts on climate change and energy source exhaus-
ion, such as the “greenhouse effect” [1]. On the other hand, CO2
rovides carbon resource of fossil fuel in natural photosynthesis
rocess. Therefore, seeking for renewable and recycling energies
rom CO2 not only meets the increasing energy demand, but also
s of environmental benign. Reduction of CO2 to reusable hydro-
arbons using solar light is one of the best mitigation strategies for
oth the global climate change and the energy shortage problems
2,3].

Many researchers have been devoted to mimicking the natural
hotosynthesis, at ambient temperature and pressure, photocat-
lytic conversing CO2 to CH4, CO, CH3OH, HCHO, HCOOH and so
n by using water as reductant and solar light as photon source
4–7]. But their evolution rates and selectivities were still unsa-
isfactory, because of the weak reducibility of water and the low

olubility of CO2 in water. Among the various photocatalysts used
or photocatalytic reduction of CO2, TiO2 is considered as the most
otential photocatalyst due to its various advantages including

∗ Corresponding authors at: 92 Weijing Road, Nankai District, Tianjin, China.
el.: +86 22 27409533; fax: +86 22 27892359.

E-mail addresses: xinf@tju.edu.cn (F. Xin), yinxiaohong@tjut.edu.cn (X. Yin).

926-860X/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2013.12.035
strong stability, low cost, and nontoxicity. By now, many stud-
ies reported that nanometer-scale TiO2 catalyst, such as nanorods,
nanotubes, and nanosheets exhibited promising performance as
photocatalyst. Especially, for the TiO2 nanosheets, both the high
percentage of exposed (0 0 1) facet and the large surface could
offer more effective surface in the photocatalytic reaction [8–10].
However, practical application has been limited by the wider band
gap of 3.2 eV and low quantum efficiency. In order to increase the
photocatalytic activity of TiO2, researchers have synthesized new
TiO2-based photocatalysts, involving surface modification by ion
dopants [11], photosensitizers [12], depositing noble metals [13],
and semiconductor complexes [14].

Among the complexes of semiconductors, coupling TiO2 with
narrow band gap semiconductors such as CdS, which serves as
a sensitizer, could improve the charge separation efficiency [15].
Moreover, coupling two  different semiconductors can transfer elec-
tron from an excited one with narrow band gap into another
attached one with proper choice of conduction band potentials.
So the separation of photoinduced electron and hole pair is
improved and the photocatalytic efficiency is raised dramatically
[16]. Published papers [17–19] have proved that the formation
of the interface between CdS and TiO2 was crucial for improving
the separation and restraining the recombination of photoexcited

electron–hole pairs, which enhanced the photocatalytic activity.

However, CdS–TiO2 heterostructured photocatalyst was still
scarcely employed for the photocatalytic reduction of CO2. Since
CdS has a suitable band gap energy of 2.4 eV and sufficiently

dx.doi.org/10.1016/j.apcata.2013.12.035
http://www.sciencedirect.com/science/journal/0926860X
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Scheme 1. Schematic plot for fabrication route of CdS–TiO2 composite.

egative potential on conduction band of −1.0 V vs. NHE at pH = 7,
e deposited CdS particles on the surface of TiO2 nanosheets via

 two-step hydrothermal method. Scheme 1 illustrated the proce-
ure of preparing CdS–TiO2 heterojunction photocatalyst.

In order to improve carbon dioxide solubility in the liquid
hase and reducibility of the sacrificial reagent, cyclohexanol was
elected as solvent and reductant because the saturated mole frac-
ion of CO2 in cyclohexanol is 4.43 × 10−3 [20], which is 7.5 times of
hat in water [21] at room temperature and normal pressure. CO2
ould be photocatalytically reduced to valuable chemicals by using
yclohexanol as reductant. Photocatalytic oxidation of cyclohex-
nol to CH and photocatalytic reduction of CO2 to formic acid were
ccurred simultaneously, and then esterification of cyclohexanol
nd formic acid in bulk phase to produce CF.

CH, as one of the intermediates, is mainly used to manufacture
ylon 6, and CF is a normal solvent and synthetic perfume to be
idely used in soft drinks, ice cream, frozen foods, candy, and baked

ood.

. Experimental

.1. Materials

Tetrabutyl titanate (TBOT, Ti (OC4H9)4), hydrofluoric acid
HF, 40 wt%), isopropyl alcohol (PrOH), cadmium chloride (CdCl2
.5H2O) and sulfourea ((NH2)2CS) used in synthesis of catalyst
ere purchased from Tianjin Guangfu Chemical Reagent Company.
ll reagents were analytical grade and used without any further
urification. GC grade cyclohexanol (C6H12O) used for photocat-
lytic reduction of CO2 was bought from Tianjin Xiensi Biochemical
echnology Company.

.2. Catalyst preparation
.2.1. Preparation of TiO2 nanosheets
Yang and co-workers [9] found synergistic functions of 2-

ropanol and HF on the growth of anatase TiO2 single-crystal
anosheets. Similar to previously described work, in this paper
 General 473 (2014) 90–95 91

tetrabutyl titanate was  used as a titanium source instead of
titanium tetrafluoride, HF and isopropyl alcohol were used as syn-
ergistic capping agent and reaction medium for preparing TiO2
nanosheets, respectively. In a typical preparation process, 8 mL
tetrabutyl titanate was added dropwise into a mixture of 1 mL
hydrofluoric acid and 5 mL  isopropyl alcohol with magnetic stir-
ring for 20 min  at room temperature. Then, the obtained precursor
solution was transferred into a 100 mL  Teflon-lined stainless steel
autoclave, followed by a hydrothermal treatment at 180 ◦C for 24 h.
After cooling down to room temperature, the collected precipitates
were washed with deionized water and ethanol for three times, and
dried in a vacuum oven at 80 ◦C for 10 h. At last, the particles were
calcined at 600 ◦C for 2 h and pure TiO2 nanosheets were formed.

2.2.2. Preparation of CdS–TiO2 composite
CdS–TiO2 composite was synthesized by hydrothermal method.

Typically, 0.4 g of above TiO2 nanosheets were added into 30 mL of
deionized water and ultrasonically dispersed. Subsequently, 10 mL
aqueous solution of CdCl2·2.5H2O and (NH2)2CS with determined
concentration were dropped into the as prepared suspension of
TiO2 nanosheets under vigorous stirring, the molar ratio of cad-
mium to sulfur was kept at 1:1. The final mixture was stirred for
20 min  and then hydrothermally treated at 140 ◦C for 18 h. After
centrifugal separation, the obtained precipitates were washed with
ethanol and deionized water for three times, and then dried in a
vacuum oven at 80 ◦C for 8 h.

For comparison, a series of CdS–TiO2 photocatalysts with dif-
ferent molar ratios were synthesized through the same procedure
by adjusting amounts of CdCl2·2.5H2O and (NH2)2CS, which were
denoted as CdS–TiO2-X, where X represented different molar ratios
of TiO2/CdS. Similarly, pristine CdS was also synthesized following
the same procedure as mentioned above.

2.3. Catalyst characterization

The crystal structure and phase identification of the samples
were analyzed with a Bruker D8 Avance XRD using Cu K� radiation
(� = 1.54178 nm)  at 40 kV and 40 mA in the 2� range between 20◦

and 80◦. The morphologies of the samples were observed using Tec-
nai G2 F20a TEM, with accelerating voltage of 200 kV. The elemental
compositions and oxidation state were analyzed by XPS (PHA-5400,
SPECS, America) with Mg  K� ADES (h�  = 1253.6 eV) source at a
residual gas pressure of below 10−8 Pa. UV–vis DRS of Shimadzu
UV-2550 spectrometer were recorded in the range of 200–800 nm
using BaSO4 as a reference.

2.4. Photocatalytic conversion of CO2

The photocatalytic reduction of carbon dioxide was  performed
in a batch slurry bed reactor with inner capacity of 50 mL in which
0.02 g of photocatalyst was  dispersed in 10 mL  cyclohexanol. The
reactor was tightly closed during the reaction and stirred continu-
ously by a magnetic stirrer to prevent catalyst from sedimentation.
Before irradiation, ultrapure CO2 was  bubbled through the reactor
for at least 30 min  to purge all of dissolved oxygen and saturate
absorbed CO2. A cooling jacket with cycling water maintained the
reaction at room temperature. A 250 W high pressure mercury lamp
placed over the reactor to provide light irradiation. A typical run
was 10 h.

After a batch, the suspension in the reactor was  centrifuged to
separate solid catalyst from liquid, and the supernatant solution
was analyzed by an Agilent 7890A GC with a flame ionization detec-

tor (FID) and a 60 m column of HP Wax. HP1800C GC–MS was used
to qualify the products and then CF and CH were found. Blank exper-
iments were also carried out to ensure the reaction to be solely
from the photocatalytic reduction of CO2. One was  light illuminated
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responding HRTEM images of TiO2 (c) and CdS–TiO2-8 (d) samples, respectively.
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Fig. 1. TEM images of TiO2 nanosheets (a), CdS–TiO2-8 (b) samples and cor

ithout the photocatalyst, and second was in the dark with the
hotocatalyst and CO2 under the same experimental condition,
hird was light illuminated with the photocatalyst and bubbling
2 rather than CO2. No products were detected in the above three

ests.

. Results and discussions

.1. TEM analysis

Representative TEM patterns of the photocatalysts were
epicted in Fig. 1. As shown in Fig. 1(a), a number of TiO2 nanosheets
ized around 50–60 nm.  The high-resolution TEM (HRTEM) image
n Fig. 1(c) showed that the distance between visible lattice fringes
ver a large area was 0.378 nm,  corresponding to the (0 1 0) facet
f anatase TiO2 [22]. Fig. 1(b) showed the CdS–TiO2-8 composite
lso possesses rectangular-shape, irregular particles of CdS loaded
n the surfaces of TiO2 nanosheets. Moreover, the high resolution
EM image in Fig. 1(d) displayed clearly conjunct lattice fringes of
iO2 and CdS. One set of the fringes spacing was about 0.334 nm,
orresponding to the (0 0 2) plane of the crystallized cubic CdS [23].
nother set of the fringes spacing measured for the crystalline plane
as 0.378 nm,  which was ascribed to (0 1 0) plane of TiO2. Espe-

ially, the HRTEM image in Fig. 1(d) also showed clearly that CdS

articles were dispersed on the surface or bridged on the edge of
he TiO2 nanosheets. The interface between CdS and TiO2 looked
ike ellipse, where nanocrystal heterojunction was formed in the
omposite.
Fig. 2. XRD patterns of (a) TiO2, (b) CdS–TiO2-10, (c) CdS–TiO2-9, (d) CdS–TiO2-8,
(e)  CdS–TiO2-6, (f) CdS.

3.2. XRD analysis

The crystallinity and phase of the different photocatalysts were
determined by XRD. The XRD patterns of TiO2 and CdS–TiO2 com-
posites in Fig. 2 showed that the characteristic peaks at 2� of
25.3, 37.9, 48.04, 53.9, and 54.98 to be assigned to (1 0 1), (0 0 4),
(2 0 0), (1 0 5), and (2 1 1) crystal planes of anatase TiO (JCPDS 21-
2
1272). In addition, all of the CdS–TiO2 samples displayed additional
diffraction peaks at 2� of 26.48, 28.2, 43.88, and 51.94, which are
attributed to (1 1 1), (0 0 2), (2 2 0), and (3 1 1) crystal planes of cubic
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Fig. 3. XPS survey scan spectrum of the CdS–TiO2-8 nanocomposite.

dS crystal (JCPDS41-1049). The intensities of the peaks for the
ubic CdS were increased with the increase of CdS content. The XRD
atterns in Fig. 2 illustrated that the CdS presented in a separated
hase rather than in the TiO2 lattice [19].

.3. XPS analysis

The surface compositions and elemental valences of the

dS–TiO2-8 composite photocatalyst were determined by XPS. The

ully scanned spectra in Fig. 3 showed that elements of Ti, Cd, O,
 and trace of contaminated C element existed in CdS–TiO2 het-
rojunction. Fig. 4 demonstrated the high-resolution XPS spectra

Fig. 4. XPS narrow scans for (a) Ti 2p, (b) O 1s, (c) Cd 3d, and 
 General 473 (2014) 90–95 93

with scanning over the area corresponding to the binding ener-
gies for Ti 2p, Cd 3d, S 2p, and O 1s. Two peaks located at 459.08
and 464.68 eV in Fig. 4(a) correspond to Ti 2p3/2 and Ti 2p1/2,
respectively, indicating a normal state of Ti4+ in the CdS–TiO2 het-
erojunction. Meanwhile, it also can be noticed from Fig. 4(b) that
there is a narrow peak with a binding energy of 530.4 eV, which
was attributed to the crystal lattice oxygen of Ti–O [23]. Fig. 4(c)
was the high resolution XPS spectra for the Cd 3d, because of
the spin–orbital splits, the Cd 3d5/2 and Cd 3d3/2 peaks also had
characteristic double peaks centered at binding energies of 406.08
and 412.08 eV, respectively. These binding energies are consistent
with reported values and confirm that the cadmium existed in one
valence state (Cd2+) in the heterojunction [24]. In Fig. 4(d), the S 2p
binding energy value was 162.08 eV, which was the characteristic
binding energy of CdS.

3.4. UV–vis absorption spectra analysis

The UV–vis diffuse reflectance spectra of the samples were
shown in Fig. 5. The pure TiO2 was  characterized by sharp absorp-
tion edge at about 390 nm.  All of CdS–TiO2 composites synthesized
with different molar ratios showed strong absorbance in the
visible-light region. The band gaps (Eg) of all the samples were also
estimated according to the plot of the (˛h�)1/2 vs. photo energy
(h�) [25] as shown in Fig. 6. From the extrapolated intercepts, the

energy band gaps (Eg) of all the CdS–TiO2 samples were very close
to the energy band gaps of the pure TiO2 (3.18 eV) and CdS (2.4 eV),
which meant the absorption edges were not shifted for all the
CdS–TiO2 composites, Fig. 6 also indicated the spectral response of

(d) S 2p of the as-prepared CdS–TiO2-8 nanocomposite.
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the band energies of the photocatalyst match the redox potentials
of the reaction pathways. The anodic oxidation of the cyclohex-
anol was at +0.85 V [26], being less than the valence band potential
(EVB) of TiO2 (+2.7 V vs. NHE), which can facilitate subsequent
Fig. 5. UV–vis diffuse reflectance spectrum of different samples.

dS–TiO2 in visible area to be due to both TiO2 and CdS were excited
nder the UV–vis spectra region. Moreover, with the increase of
dS content from 10:1 to 8:1 in samples, the absorption inten-
ity increased correspondingly. The CdS–TiO2-8 showed the most
bviously absorption of visible-light. However, further increase of
he TiO2/CdS molar ratio was harmful for light absorbance because
oo much CdS would aggregate on the surface of TiO2 nanosheets
nd thus prevent TiO2 from absorbing light illuminate.

.5. Photocatalytic activity

The photocatalytic activities of the samples were evaluated
y photocatalytic reduction of CO2 in cyclohexanol under UV–vis
main wave length at 360 nm)  light irradiation. In the experiments,
here were three products to be identified by GC/MS analysis, CF,
H and trace of cyclohexyl ether. In order to evaluate the activ-

ty of the catalysts, CF and CH were chosen as the target products.
ig. 7 showed the reaction rates of various photocatalysts in 10 h.
s can be see, photocatalytic performance of TiO2 nanosheets
as slightly better than that of the Degussa-P25, which could be

ttributed to the larger external surface area of the nanosheets
han that of nearly spheric P25 particles with the same weight.
he composites of CdS–TiO2 exhibited much higher activities than
hose of the TiO2 nanosheets and the CdS nanoparticles owing to
he strong interaction between CdS and TiO2 and finally resulted
n the capability of the photocatalytic reduction of CO2 to be
nhanced greatly. Furthermore, with the increase of CdS content
n the composite from 10:1 to 8:1, the photocatalytic activities

ncreased significantly, CdS–TiO2-8 appeared an optimum photo-
atalytic activity at formation rates of 20.2 �mol-CF/(gcat h) and
0 �mol-CH/(gcat h), respectively. The production rate of CF exhib-

ted a slightly higher than that of CH because cyclohexanol was

Fig. 6. Optical absorption edges of different samples.
Fig. 7. The CF and CH rates in the photoreduction of CO2 catalyzed by (a) P25; (b)
TiO2; (c) CdS–TiO2-6; (d) CdS–TiO2-8; (e) CdS–TiO2-9; (f) CdS–TiO2-10; (g) CdS.

also oxidized to cyclohexyl ether. However, further increased CdS-
content would decrease the activity when the TiO2/CdS molar ratios
exceed 8, which could be attributed to too much CdS coated on
the TiO2 nanosheets. The photogenerated electrons reduced on
TiO2, consequently leading to a relatively lower activity. In our
high pressure mercury lamp, the wavelength distribution was from
UV to visible light. The corresponding energy density was  not
uniform. For completing the pathways in Scheme 2, one mole of
TiO2 excited must match one mole of excited CdS. Otherwise, the
exceed electron or hole will be recombined to reduce the reaction
rates.

Generally, the presence and content of CdS on TiO2 undoubtedly
played an important role in photocatalytic reduction of CO2.

3.6. Reaction mechanism

The separation and transportation of photo-induced carriers
(i.e., electrons and holes) is crucial for the photocatalytic activity.
Based on our experimental results, a mechanism for photoreduc-
tion of CO2 on the heterostructured CdS–TiO2 under UV–vis light
irradiation was proposed in Scheme 2. The distribution of the prod-
ucts in photocatalytic reduction of CO2 was closely related to how
Scheme 2. Schematic view for electron–hole separations and energy band matching
of  CdS–TiO2 heterostructure under UV–vis light irradiation.
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hotocatalytic oxidative reaction of cyclohexanol. The conduction
and potential (ECB) of CdS was −1.0 V (vs. NHE), which was more
egative than that of E0 (CO2/HCOOH) [27]. CF was  produced by the
sterification reaction between formic acid and cyclohexanol [28].
hotocatalytic performance by CdS–TiO2 composite demonstrated
n this work proved that junction effect between two crystallites

as also crucial for CO2 photoeduction.

. Conclusions

Heterojunction of CdS nanoparticles deposited on the surface of
iO2 nanosheets were prepared by hydrothermal synthesis. TEM
mage revealed that CdS irregular particles were deposited on the
urface of TiO2. The obtained CdS–TiO2 nanocomposite was  proved
o have remarkable performance for photocatalytic reduction of
O2 in cyclohexanol under UV–vis light irradiation, with CF and CH
s the major products. Around 20.2 �mol-CF/(gcat h) and 20 �mol-
H/(gcat h) were produced when using TiO2/CdS with an optimum
olar ratio of 8, which had been better enhanced photocatalytic

ctivity than the pure TiO2 and CdS. The mechanism for photocat-
lytic reduction of CO2 in cyclohexanol to CH and CF was proposed
nd explained by band theory.
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