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ABSTRACT: A one-step high-temperature hydrated-sulfate assisted solvothermal
method has been developed to synthesize TiO2/sulfide nanocomposite spheres.
Different hybrid spheres of TiO2/CdS, TiO2/Cu2S, TiO2/FeS, TiO2/Co9S8, and
TiO2/ZnS were readily prepared by exploiting different hydrated sulfate. The
hydrated sulfate has been proved to play multifunctional roles during the synthetic
process, such as spherical template, water supplier, and composition controller.
Nanocrystal CdS can be reduced from CdSO4 at a high solvothermal temperature
of 350 °C, and the TiO2/CdS nanocomposite spheres prepared by this method exhibit superior visible-light-driven photocatalytic
efficiency because of its effective heterointerface and high crystallinity.
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1. INTRODUCTION
Titanium dioxide (TiO2) has attracted extensive attention for
solar energy applications during the past decades due to its
superior physical and chemical properties.1−7 However, the
wide band gap TiO2 (3.2 eV) can absorb only 5% of the entire
solar spectrum, resulting in a poor conversion efficiency in solar
applications. Narrow-band gap semiconductor materials have
been used to act as light-harvesting sensitizers to enhance the
photoelectric properties of TiO2. Especially, many metal
chalcogenide semiconductors (MQx: CdS, CdSe, PbS, SnS2,
SnS, Bi2S3, In2S3, CuInS2, etc.) attract more attention because
of their appropriate direct energy band gaps.8−18

Such semiconductor heterostructures (or nanocomposite)
can compensate the disadvantages of the individual compo-
nents to induce some synergistic effects, such as efficient charge
separation and migration, expanded visible light response, and
the improved photostability. Various preparation methods, such
as precipitation,10 chemical bath deposition (CBD),11,12

microemulsion process,16 chemical vapor deposition,17 and
electrochemical deposition,18 have been exploited to construct
TiO2/MQx nanocomposite. But all of these synthetic methods
are two-step processes, namely, to prepare TiO2 nanoparticles,
nanostructures, or porous films first, and then to anchor
nanocrystals or coat a thin layer of sensitizer semiconductors
onto the TiO2 matrix. These two-step processes are usually
cumbersome and the heterointerface obtained may not be able
to ensure to achieve these targeted advantages. To simply
achieve efficient TiO2/MQx interface, the one-step synthesis of
the composite can possess in situ built-in connectivity between
TiO2 and MQx to favor the charge transfer.

Recently, we proposed the hydrated-sulfate assisted
solvothermal (HAS) strategy to prepare TiO2/metal oxide
(MOx: ZnO, Fe2O3, Co2O3, etc.) heterostructures with an
excellent heterointerface for charge separation.19 The hydrated-
sulfate was introduced to concurrently serve as template and
reactant to fabricate composite oxides during a facile one-step
process, and those composites exhibited an enhanced ability of
charge transfer. In the present study, our HAS method was
further expanded to solvothermally synthesize TiO2/metal-
sulfide (MSx, x depends on M) nanocomposite by rising the
reaction temperature up to 350 °C. The reductive agent
produced at high temperature can reduce metal sulfate into
MSx, which was in situ integrated into the TiO2 matrix to form
nanoparticle-assembled composite spheres. By exploiting differ-
ent hydrated sulfate, diverse TiO2/MSx nanocomposite spheres,
such as TiO2/CdS, TiO2/Cu2S, TiO2/Co9S8, TiO2/FeS, and
TiO2/ZnS, were readily prepared. Especially, the TiO2/CdS
hybrid sample exhibits superior visible-light-driven photo-
catalysis due to its effective heterointerface and high
crystallinity.

2. EXPERIMENTAL SECTION
All the chemicals were commercially purchased and used without
further purification. In a typical experiment for preparing TiO2/sulfide
hybrid spheres, hydrated metal sulfate (ZnSO4·7H2O, CuSO4·5H2O,
CoSO4·7H2O, FeSO4·7H2O, CdSO4·8/3H2O, 1.2 mmol) was added
into absolute ethanol (20 mL) under continuously stirring for 4 h to
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form a white suspension, and then tetrabutyl titanate (TBT, 4 mL)
was introduced. The slurry was stirred for another 1 h, transferred to a
quartz-lined autoclave (7 mL) and reacted at 350 °C for 20 h. The
resultant precipitate was washed thoroughly with ethanol and
deionized water three times and dried at 80 °C for 12 h.
The crystal structure and phase identification of the samples were

performed by X-ray diffraction (XRD Bruker D8 ADVANCE) with a
monochromatized source of Cu Kα1 radiation (λ = 0.15405 nm) at 1.6
kW (40 KV, 40 mA). A JEOL JSM-6510 scanning electron microscope
(SEM), equipped with an energy-dispersive analytical-X-ray spectros-
copy (EDS Oxford INCA Model 6498), was used to investigate the
morphologies and chemical compositions of the samples. Field-
emission transmission electron microscopy (TEM) observations as
well as high-resolution transmission electron microscopy (HRTEM)
images were collected on a JEOL JEM 2100F microscope working at
200 kV. The optical absorption characteristics were determined via
UV−vis diffuse reflectance spectrum (DRS) on a spectrophotometer
(Hitachi U4100). Nitrogen adsorption−desorption isotherms at 77 K
were measured on a Micrometitics Tristar 3000 system. The pore size
distributions were calculated from desorption branches of isotherms by
the Barrett−Joyner−Halenda (BJH) method. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Thermo
Scientific ESCALAB 250 spectrometer with a monochromized Al Kα
X-ray resource (1486.6 eV).
The photocatalytic activities of the composite spheres were

evaluated by the photodegradation of a model pollutant methylene
blue (MB) under visible-light. A 500 W Xe lamp with a 420 nm cutoff
filter was used as the light sources. The experiments were performed as
follows: 150 mg photocatalysts was added into 150 mL MB solution (2
mg L−1). Before illumination, the suspension was magnetically stirred
for 1 h in the dark to reach the adsorption−desorption equilibrium
between the MB and the photocatalysts. Then the suspension was
stirred and exposed to light irradiation. The concentrations of the MB
were monitored by checking the absorbance at 664 nm during the
degradation process by using a Hitachi U-3010 UV−vis spectropho-
tometer.

3. RESULTS AND DISCUSSION
3.1. Morphology and Microstructure of TiO2/CdS

Nanocomposite spheres. The reaction temperature plays a
crucial role on fabricating TiO2/MSx nanocomposite spheres
via the hydrated-sulfate assisted solvothermal (HAS) method.
Taking the one-step preparation of TiO2/CdS composite with
the assistance of hydrated cadmium sulfate (CdSO4·8/3H2O)
as a typical example, two reaction temperatures (240 and 350
°C) were selected for comparison. At the high solvothermal
temperature (350 °C), well-developed composite spheres with
diameters range from 1 to 10 μm were readily prepared (Figure
1a) and these spheres are all assembled by nanoparticles
(Figure S1 in the Supporting Information). The TiO2/CdS
composite phases were verified by the XRD patterns (Figure
1b). The strong main diffraction peaks can be assigned to the
well-crystallized anatase TiO2 (JCPDS Card No. 21−1272),
and the crystallite size of TiO2 is calculated to be ∼16 nm
according to the Scherrer equation. Additional peaks at 26.5,
28.2, 43.8, and 51.9° are attributed to the hexagonal phase of
CdS (JCPDS Card No. 65−3414).
The TiO2/CdS composite nature is further evidenced by

UV−vis spectra (Figure 1c). The pure TiO2 only absorbs in UV
region with a band edge of approximately 400 nm (Eg = 3.2
eV). But the composite sample exhibits two absorption edges
corresponding to TiO2 (at 400 nm) and CdS (at 550 nm), with
strong absorbance in the visible-light region. It is in accordance
with the bright yellow color of the as-prepared powder (inset of
Figure S1). From the plot of Kubelka−Munk Function (F(R)=
(1−2R)2/2R = α/S) versus the photon energy, the band gap of

CdS was estimated to be 2.35 eV (inset of Figure 1c). The
respective Cd and S contents in the composite spheres were
determined to be 7.3 and 6.8 at. % from the EDS analyses
(Figure 1d). The element mole ratio of Cd:S is close to 1:1.
But for the low-temperature (240 °C) reaction, TiO2/CdS

nanocomposite spheres can not be obtained. Instead, the as-
prepared TiO2 spherical particles possess poor crystallinity and
small crystallite size (∼7 nm calculated from XRD), as shown
in Figure S2a-b. The UV−vis diffuse reflectance spectrum
shows an additional absorption shoulder in the visible-light
range (Figure S2c), consistent with the pale pink sample color
(inset of Figure S2c). Only a tiny trace of Cd (<0.5 at. %) in the
as-prepared TiO2 spheres was detected from the EDS
measurement (Figure S2d), which may be due to the little
CdO phase or the Cd-doping. Therefore, it reveals that low-
temperature solvothermal reaction (e.g., 240 °C, the softening
point of polytetrafluoroethylene autoclave linear) does not
favor to produce CdS phase.
Detailed crystal structure of the TiO2/CdS composite sample

prepared at 350 °C was further investigated by TEM
observations, as show in Figure 2. The wide field of vision
shows spherical structure (Figure 2a), and each sphere can be
dispersed into nanoparticles by 800 W ultrasonic vibrations
(Figure 2b). The hexagonal shaped nanoparticles with the size
range from 8 to 40 nm are attributed to CdS nanocrystals,
featured by the mean lattice distances of about 3.57 Å (100)
and 3.34 Å (002) for hexagonal-CdS phase in the HTEM
characterizations (Figure 2c). The closely contacted nano-
particle with d-values of about 3.52 Å indicates anatase TiO2

and a well-developed heterointerface can be visualized between
CdS and TiO2 nanocrystals (Figure 2c and Figure S3a). In
addition, the nanocrystal connective way of one-CdS to
multiple-TiO2 is prevalently observed from HTEM images
(Figure 3d and Figure S3b), so we assume that the CdS and
TiO2 nanoparticles are three-dimensional connected with each
other in the composite spheres, benefiting the production of
more heterointerfaces. Both TiO2 and CdS nanocrystals have
clear lattice fringes, indicating the high reaction temperature
(350 °C) is in favor of the high crystallinity.

Figure 1. (a) SEM morphology, (b) XRD pattern, (c) UV−vis
absorption spectrum, and (d) EDS profile of the as-prepared TiO2/
CdS nanocomposite spheres through the high-temperature HAS
method at 350 °C.
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The pore structure of the TiO2/CdS composite sample was
investigated by nitrogen adsorption−desorption isothermals
and the pore size distribution was calculated by BJH method
according to the desorption branch. As shown in Figure 3, the
typical Langmuir IV hysteresis indicates a mesoporous structure
and a relative high surface area. The average pore size was
determined to be 14 nm and the BET specific surface area of
this nanocomposite sample is about 52.39 m2 g−1.
The surface composition and element valence states of the

as-prepared TiO2/CdS spheres were determined by X-ray
photoelectron spectroscopy (XPS) analysis. Figure S4 depicts
the XPS survey scan spectrum consisting of Ti, Cd, O, S and
traces of contaminated C elements, while the narrow scan
spectra of Ti2p, Cd3d, S2p, O1s core levels are shown in Figure
4. Two peaks located at 459.0 and 463.9 eV in Figure 4a
correspond to Ti 2p3/2 and Ti 2p1/2 of Ti4+ in TiO2,
respectively and no obvious Ti3+ XPS signal at around 457.0
eV can be detected.20 Similarly, the O1s XPS spectrum (Figure
4b) shows a narrow peak with a binding energy of 530.4 eV and
slight asymmetry, which was attributed to the crystal lattice

oxygen of Ti−O. The Cd 3d5/2 and Cd 3d3/2 peaks (Figure 4c)
centered at 405.4 and 412.1 eV with a spin−orbit separation of
6.7 eV are assigned to Cd2+ of CdS, consistent with the
reported values.21 Two S2p XPS peaks were also represented in
Figure 4d, and the lower bonding energy peak at 161.5 eV is
indicative of CdS, while the other peak at 168.8 eV belongs to
the more oxidized form of sulfur, such as sulfate (SO4

2−).22 So a
small amount of residual sulfate still existed in the composite
spheres, but can not be detected by other measurements. The
element content measured by XPS is provided in Table S1 in
the Supporting Information, and the atomic ratio of Ti:Cd:S is
22.18: 5.13: 3.50.

3.2. One-Step Growth Mechanism of TiO2/CdS Nano-
composite Spheres. As reported in our previous HAS
method for TiO2/MOx composite synthesis,19 to minimize
their surface free energy, irregular hydrated sulfate particles
(e.g., ZnSO4·7H2O) can convert into spherical temples when
beinh stirred in ethanol, and it contains micro water to
hydrolyze the titanium alkoxide to TiO2 and metal sulfate to
metal oxide. The hydrated sulfate plays a multifunctional role
(spherical template, water supplier, and composition con-
troller) during the process, which is also applicable to hydrated
cadmium sulfate (CdSO4·8/3H2O) in this case.
The template effect of CdSO4·8/3H2O in absolute ethanol

system was investigated carefully in Figure 5a−e, The raw
cadmium sulfate particles show large sizes of ∼40 μm (Figure
5a), but they gradually dissociated to smaller particles with
increasing stirring time in ethanol (Figure 5b−d). In the 4 h
stirred suspension, the morphology of cadmium sulfate became
near-spherical particles (∼1 μm) (Figure 5d). If adding
tetrabutyl titanate (TBT) into the suspension and stirring for
another 1 h, these particles turned to be smooth spheres, which
then can be served as templates for further growth (Figure 5e).
The composition was analyzed by EDS (Figure 5f), and the
observed Ti, O, Cd, S, C elements indicated that the template
sphere may consists of cadmium sulfate and amorphous
titanium precursor.
When the suspension was transferred into autoclave and

reacted at 350 °C, the TBT is able to self-decompose to TiO2
in this condition,23 producing some reductive species such as
butyraldehyde (eq 1). In this high-pressure reducing ambient,
CdSO4 would be easily reduced to CdS through the possible

Figure 2. (a) Overall TEM view of solid spheres, (b) TEM picture of
the ultrasonic-treated nanoparticles, (c, d) HTEM pictures of CdS,
TiO2 nanocrystals, and the heterointerfaces between them.

Figure 3. Nitrogen adsorption−desorption isotherm and the
corresponding pore size distribution (inset) of the TiO2/CdS
composite sample prepared at 350 °C.

Figure 4. XPS narrow scans for (a) Ti2p, (b) O1s, (c) Cd3d, (d) S2p
of the as-prepared TiO2/CdS composite spheres.
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reaction in eq 2. If the reaction temperature is not high enough,
reducing atmosphere cannot be produced and CdSO4 is unable
to convert into CdS. According to this mechanism, the high-
temperature HAS (HT-HAS) method has the potential to
synthesize other TiO2/sulfide composite spheres by using
different hydrated metal sulfate.

+

→ + +

Ti(BuO) 2H O

TiO 4C H CH CHO 4H
4 2

2 2 5 2 2 (1)

+

→ +

4C H CH CHO CdSO

CdS 4C H CH COOH
2 5 2 4

2 5 2 (2)

3.3. Visible-Light-Driven Photocatalysis Properties of
TiO2/CdS Composite Spheres. The photocatalytic activities
of the TiO2/CdS spherical samples were evaluated by
degrading a widely used dye, methylene blue (MB), under
visible-light (λ > 420 nm) irradiation. To examine the
superiority of HT-HAS method, chemical bath deposition
(CBD) process (88 °C) was applied to synthesize TiO2/CdS
composite sample for comparison. Detailed preparation
procedure is listed in the Supporting Information. Simply,
TiO2 spheres were first fabricated by HAS method, and then
coated a thin layer of CdS through a CBD process using
cadmium acetate and thiourea as reactant. The experimental
parameters were carefully adjusted according to the amount of
hydrated cadmium sulfate used in HT-HAS method, ensuring
that the final CdS contents of these two samples are close.
The microstructure of the CBD-TiO2/CdS composite

spheres was also investigated in details. Well-developed spheres
with diameters range from 1 to 10 μm are shown in the SEM

images (see Figure S5 in the Supporting Information), which is
similar to that fabricated by the one-step HT-HAS method.
However, the XRD pattern in Figure S6 in the Supporting
Information reveals that no obvious CdS peaks can be observed
due to its poor crystallinity comparing to the HT-HAS sample.
The CBD-TiO2/CdS composite exhibits the similar absorption
edge of CdS, but stronger absorbance in the visible-light region
as the UV−vis spectra shown in Figure S7 in the Supporting
Information. The average pore size of the CBD-TiO2/CdS
composite spheres was determined to be 17.5 nm by nitrogen
adsorption−desorption measurement (see Figure S8 in the
Supporting Information) and the BET specific surface area is
about 65. 48 m2g−1, much larger than that of the HT-HAS
sample.
TEM characterization (see Figure S9 in the Supporting

Information) was further applied to study the crystallinity of
CBD-CdS and its heterocontact with TiO2 matrix. Irregular
CdS nanoparticles with size range from 5 to 12 nm are
observed coating on the surface of TiO2 spheres (see Figure
S9b in the Supporting Information), and the lattice fringes of
3.37 Å may correspond to the (111) plane of cubic CdS, which
is the common phase obtained in CBD method.24 Figure S9c in
the Supporting Information indicates that assembled TiO2
nanocrystals have similar morphology and crystallinity
compared to the HT-HAS sample. However, CdS nanoparticles
exhibit poorer crystallinity and the heterointerfaces between
CdS and TiO2 are not as clear as the HT-HAS sample from the
HTEM characterization (see Figure S9d in the Supporting
Information).
Figure 6a shows the photocatalytic performance of these two

TiO2/CdS composite samples. After visible-light irradiation for

80 min, blank test (MB without any catalyst) exhibits almost no
photolysis and MB was almost totally bleached over the HT-
HAS-TiO2/CdS composite spheres, whereas only 55% of MB
was photodegraded for the CBD-TiO2/CdS spheres.
On the basis of the above results and analysis, the robust

photochemical performance of the one-step synthesized TiO2/

Figure 5. SEM images of (a) the raw CdSO4·8/3H2O salt, (b−d) the
salt stirred in ethanol for (b) 1, (c) 2, and (d) 4 h, and (e) the
obtained spherical precursor template by adding TBT into the 4 h-
stirred salt in d and stirred for another 1 h. (f) The EDS analysis of the
spherical precursor template in e.

Figure 6. (a) Photocatalytic activities and (b) structure schemes of the
two types of TiO2/CdS composite spheres.
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CdS composite is mainly attributed to the high reaction
temperature in our HT-HAS method, which benefits the
crystallinity improvement of CdS nanocrystals and the
formation of well-contacted heterostructures between CdS
and TiO2. The enhanced crystallinity of semiconductors is in
favor of charge transport and thus increases the photocatalysis
activity,23,25 whereas the well-developed heterointerface con-
tribute to charge separation.20 More importantly, from the
TEM characterization of HT-HAS sample, TiO2 and CdS
nanoparticles are probably three-dimensional connected with
each other as illustrated in Figure 6b, because the reduction of
cadmium sulfate template and the TiO2 generation occurred
simultaneously during the one-step HT-HAS process. This is
very different from the CBD sample, in which CdS nano-
particles were only coated on the surface of TiO2 structure as a
layer. We deduced that the in situ built-in 3D connectivity
between TiO2 and CdS nanoparticles has a positive influence to
the photocatalytic activities, because it can produce more
heterointerfaces for efficient charge separation.
3.4. Generality of the HT-HAS Strategy. The synthesis

strategy presented here that provides a simple approach for
one-step preparation of TiO2/CdS composite spheres can be
widely applied to other systems. For example, CuSO4·5H2O,
CoSO4·7H2O, FeSO4·7H2O, and ZnSO4·7H2O can be
introduced instead of CdSO4·8/3H2O, and the corresponding
TiO2/Cu2S, TiO2/Co9S8, TiO2/FeS, and TiO2/ZnS composite
spheres were prepared. Figure 7 displays the SEM morphol-

ogies of TiO2 spheres prepared with the assistance of different
hydrated metal sulfate. The TiO2/sulfide composite natures
were proved by their XRD patterns in Figure 8. All the samples
possess the anatase TiO2 structure mixed with a small amount
of sulfide phase, but their crystallinity was different. The TiO2/
Cu2S nanocomposite sphere has better crystallinity than others.
This may be due to the ionic radii of Ti4+ (0.61 Å) is much
smaller than Cu2+ (0.73 Å), but is very close to Fe3+ (0.64 Å)
and Co3+ (0.61 Å), so Fe3+ and Co3+ ions are more easily doped
into the TiO2 lattice to induce point defects, decreasing its
crystallinity. These composite spheres exhibit significant
absorption in visible-light region because of the presence of
sulfide phase or some defects, as their UV−vis spectra shown in
Figure 9.
The hybrid chemical compositions from EDS analysis are

listed in Table 1. The element atomic ratio of metal sulfide

(MSx) was normalized according to the Ti content. In the
TiO2/Cu2S, TiO2/Co9S8, and TiO2/FeS samples, the atomic
ratio of M:S is very close to the stoichiometric proportion of
corresponding metal sulfide (MSx). But the TiO2/ZnS
composite is an exception, the atomic ratio of Zn:S is near
2:1. In addition, the ionic radii of Zn2+ (0.74 Å) is also much
larger than that of Ti4+ (0.61 Å); however, the TiO2/ZnS has
no better crystallinity than the TiO2/Cu2S sample. So we
speculate that it is more likely to coproduce a small amount of
metal oxide phase (ZnO) in the hydrated zinc sulfate
(ZnSO4·7H2O)-assisted method. Meanwhile, Ti4+ can be easily
doped into the ZnO (or ZnS) lattice to producing some point
defects,3,26 which results in a weak shoulder absorption in the
UV−vis spectrum (Figure 9). While the high content of ZnS
(ZnO) phase (17.3 at %) in the TiO2/ZnS composite sample
decreases the crystallinity of TiO2 matrix.

4. CONCLUSION
A high-temperature hydrated-sulfate assisted solvothermal
(HT-HAS) method have been developed to prepare TiO2/

Figure 7. SEM morphologies of TiO2/sulfide hybrid spheres prepared
with (a) CuSO4·5H2O, (b) FeSO4·7H2O, (c) CoSO4·7H2O, and (d)
ZnSO4·7H2O (scale bar: 10 μm).

Figure 8. XRD pattern of different TiO2/sulfide composite spheres.

Figure 9. The UV−vis spectra of different TiO2/sulfide composite
spheres: A-TiO2/Cu2S, B-TiO2/FeS, C-TiO2/Co9S8, D-TiO2/ZnS, E-
pure TiO2.

Table 1. Element Atomic Ratio of Metal Sulfide According
to TiO2 Matrix

at % in TiO2 matrix

TiO2/MSx sample M S

Ti−Cu−S 1.60 ± 0.08 0.91 ± 0.04
Ti−Fe−S 8.70 ± 0.43 5.87 ± 0.30
Ti−Co−S 13.24 ± 0.66 11.68 ± 0.58
Ti−Zn−S 17.25 ± 0.86 9.41 ± 0.47
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sulfide nanocomposite spheres. TiO2/CdS, TiO2/Cu2S, TiO2/
FeS, TiO2/Co9S8, TiO2/ZnS were one-step prepared by
introducing different hydrated sulfate due to the reductive
ambient of 350 °C solvothermal condition. The hybrid sulfide
greatly extends the wavelength range of absorbed visible light
and the high reaction temperature significantly improves the
crystallinity of heterostructures, which make the as-prepared
TiO2/CdS composite spheres exhibit superior visible-light-
driven photocatalytic performance over the CBD-derived
TiO2/CdS sample.
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