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a  b  s  t  r  a  c  t

TiO2/carbon  hollow  composite  spheres  with  mesoporous  structure  were  successfully  prepared  by  using
a  conventional  hard  template  method  but  without  an  on-purpose  etching  process  to remove  the  core
material.  A possible  surface-protected  dissolution  mechanism  was  proposed  to  account  for  the  sponta-
neous  dissolution  of the  silica  core.  The  thickness  of  carbon  layer  could  be  well  controlled  by adjusting  the
concentration  of glucose  in  the  hydrothermal  reaction.  Moreover,  the  as-prepared  TiO2/C  hollow  spheres
vailable online 21 September 2013
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had remarkable  light  absorption  in the  visible  region.  As  compared  with  the  SiO2@TiO2 solid  spheres
prepared  without  the  addition  of  glucose,  the  TiO2/C  hollow  spheres  exhibited  enhanced  photocatalytic
efficiency  for  the  visible-light  photodegradation  of Rhodamine  B.

© 2013 Elsevier B.V. All rights reserved.

pontaneous dissolution
isible-light photodegradation

. Introduction

Since Fujishima and Honda first discovered the phenomenon of
hotocatalytic splitting of water with TiO2 under UV irradiation
1], enormous efforts have been devoted to the research of this

aterial. TiO2 has many advantageous features, including its low
ost, nontoxicity, and high stability, which bestow it with many
romising applications in the field of photocatalysis [2–4]. How-
ver, the highly efficient use of TiO2 is sometimes restricted by its
ide band gap (3.2 eV for the anatase phase). The band gap lies in

he UV regime, which is only a small fraction of the sun’s energy
5].

In order to improve the utilization of solar energy, many
ttempts have been carried out to extend the adsorption of TiO2
nto visible light region. Among these various works, metal ion
6–8] and nonmetal [9–11] doping have been proposed to improve
he photocatalytic performance of the TiO2-based catalysts. How-
ver, these doped materials have suffered from low doping
oncentration and low charge separation efficiency [8,12,13]. Sen-
itization with functional carbonaceous materials has since proved
o be one of the promising strategies that can overcome the draw-
acks, in which the C element is always suggested to adhere with
iO2 via C O Ti bonds, thus avoiding carbon from doping directly

nto the lattice of TiO2, which decreases the probability of elec-
ron/hole recombination. Moreover, modification with carbon can

∗ Corresponding author. Tel.: +86 25 52090617; fax: +86 25 52090617.
E-mail address: ymzhou@seu.edu.cn (Y. Zhou).

169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.09.084
enhance the adsorption capacity of organic compounds, which may
promote the removal of organic contaminant from water [14].

On the other hand, the diffusion is also a serious problem that
limits the performance of photocatalysts. Fabrication of hollow
structures is expected not only to reduce the diffusion length, but
also improve the accessibility of active sites to the reactants, result-
ing in a performance improvement for catalysts [15–17]. Therefore,
it appears to be particularly significant for constructing TiO2/C
with hollow structures. Two  general methods, template-sacrificial
techniques and template-free approaches, have been employed to
prepare the inorganic hollow materials [18–23]. In particular, the
template method is the most effective and common, especially for
the soft templates, which has been successfully used to prepared
TiO2@C hollow microspheres [24]. But these as-prepared hollow
products are poor in their morphology and monodispersity and eas-
ily collapsed in the process of removing template [25]. Furthermore,
as is known, though employing with hard templates (usually SiO2
and Carbon spheres) can obtain diverse inorganic hollow spheres
with well-defined and monodisperse morphology, the removal of
the template is very complicated and energy consuming [26]. Yu
et al. [27] have reported an interesting spontaneous dissolution
approach to synthesis of hierarchically nanoporous TiO2 hollow
microspheres by using TiF4 as the precursor and SiO2 microspheres
as templates. In the work, the hydrolysis of TiF4 leads to the pro-
duction of HF and HF is then used to etch the SiO2 core. However,
the products have only an extremely limited carbon content. And it

is still a challenge for preparation of TiO2@C hollow structure with
abundant carbon content through the hard-template method.

In this paper, TiO2@C hollow composite materials were pre-
pared by combining simple sol–gel and hydrothermal processes.

dx.doi.org/10.1016/j.apsusc.2013.09.084
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2013.09.084&domain=pdf
mailto:ymzhou@seu.edu.cn
dx.doi.org/10.1016/j.apsusc.2013.09.084
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Fig. 1. Schematic illustration of the synthetic procedure

he SiO2@TiO2 core–shell spheres were employed as the hard tem-
late for the preparation of TiO2@C hollow microspheres. SiO2 core
radually dissolved with the hydrothermal treatment time, thus
n extra process, for example etching, was no longer needed to
eave behind a hollow shell. It is worthy of note that the sponta-
eous dissolution of silica core are free from using etching agents,
hich are hard completely washed away and harmful for the body.
ore importantly, the dense carbon coating makes it difficult for

he etching agents to reach the inner silica core, and thus it is
ard to obtain a well-confined hollow spheres without the spon-
aneous dissolution of silica core. The schematic illustration of
he procedure was shown in Fig. 1. By simply tuning the glucose
oncentration, the thickness of carbon layer could be easily con-
rolled. A possible mechanism for the formation of hollow structure
as proposed. The investigation of photocatalytic ability indicated

hat the as-prepared composite exhibited enhanced photocatalytic
erformance for the adsorption and decomposition of RhB under
isible-light irradiation.

. Experimental

.1. Chemicals

Tetraethyl orthosilicate (TEOS), ethanol, concentrated ammo-
ia solution (28 wt%), polyvinylpyrrolidone (M.W.  ∼ 50,000) and
lucose were of analytical grade and tetrabutyl titanate (TBOT)
ere of chemical grade, all of them were purchased from

inopharm Chemical Reagent Co., Ltd. Hydroxypropyl cellulose
HPC, M.W.  ∼ 100,000) were obtained from Alfa Aesar. Rhodamine

 (RhB, pure) was purchased from Tianjing Chemical Reagent
esearch Institute. All chemicals were used as received without

urther purification. Deionized water was used for all experiments.

.2. Synthesis of SiO2 spheres

TEOS (3.44 mL)  was mixed with concentrated ammonia solu-
ion (4.96 mL), deionized water (34.4 mL)  and ethanol (184 mL).
he mixture was stirred for 6 h at room temperature, and then
he SiO2 spheres were centrifuged and washed with ethanol, and
e-dispersed in ethanol under ultrasonication.

.3. TiO2 coating

The above-mentioned SiO2 suspension was dispersed in a mix-
ure containing HPC (0.8 g), ethanol (200 mL), and de-ionized water
0.8 mL). Then, a stock solution containing TBOT (8 mL)  and ethanol
40 mL)  was slowly added to the mixture. After injection, the tem-
erature was  increased to 85 ◦C, and the reaction mixture was

tirred for 100 min, the SiO2/TiO2 colloids were collected by cen-
rifugal separation, washed with ethanol. In order to obtain a
hicker TiO2 layer, the above coating process was repeated and
ispersed in water (160 mL).
 for fabrication of TiO2@C  hollow composite structures.

2.4. Carbon coating

In a typical experiment, 20 mL  of the above-mentioned
SiO2/TiO2 solution was re-dispersed in glucose solution (100 mL).
The concentration of glucose (W)  varied from 0, 5, 10 to 15 g/L. The
mixture was then sealed into a Teflon-lined autoclave, followed
by hydrothermal treatment at 180 ◦C for 16 h in a static state. The
resulting brown solid particles were separated, washed and dried.

2.5. Characterization methods

Transmission electron microscopy (TEM) analysis was  per-
formed on a JEM-1230 microscope at an accelerating voltage of
100 kV. The samples were prepared by dropping and evaporating
particle suspension on to a Cu grid. X-ray diffraction (XRD) data
were collected on a Bruck D8 instrument using a Cu K� radiation
source (� = 1.54056 Å). Fourier transform infrared (FT-IR) spectra
were measured on a Nicolet Magna-IR 750 spectrophotometer
using KBr pellet in the 4000–400 cm−1 range. X-ray photoelectron
spectroscopy (XPS) measurements were accomplished in a Thermo
ESCALAB 250 instruments (USA) using nonmonochromatic Al Ka
(hv = 1486.6 ev) radiation. The pressure of the analysis chamber
was  kept at 4 × 10−10 Torr. Binding energies were referred to the
C 1s peak at 284.8 ev. The peak areas were estimated by fitting the
experimental results with Lorentzian–Gaussian curves. The nitro-
gen adsorption–desorption isotherms were measured at −196 ◦C
on a Micromeritics ASAP 2020 apparatus. Before measurements,
the samples were degassed at 120 ◦C and 1 × 10−3 Torr for 12 h. The
pore size distribution was analyzed by the Barrett–Joyner–Halenda
(BJH) method. The UV-vis diffuse reflectance spectroscopy was car-
ried out on a Shimadzu UV 3600 spectrometer.

2.6. Photocatalytic activity measurement

Photocatalytic activity of the samples was evaluated by degrada-
tion of Rhodamine B (RhB) under a 1000 W tungsten lamp equipped
with a cutoff filter (� > 420 nm). To keep the reaction at room tem-
perature, the reaction flask was put in a cooling water system.
50 mg  of the catalyst was  dispersed in a 50 mL RhB aqueous solu-
tion (2 × 10−5 mol/L). Prior to illumination, the suspensions were
stirred in dark for 30 min  to ensure that RhB was adsorbed to sat-
uration on the surface of catalysts. The concentration of RhB was
estimated by measuring the absorbance at their maximum peaks
(553 nm)  with the Shimadzu UV 3600 spectrometer.

3. Results and discussion

3.1. Morphology and structure of the composite spheres
The notations, the concentration of glucose (W), average spheres
size (D), grain size, BET surface area for the samples were summa-
rized in Table 1.
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Table  1
Notations, the concentration of glucose (W), average spheres size (D), grain size, and BET surface area of the samples synthesized in this work.

Sample notation W (g/L) D (nm)a Grain size (nm)b SBET (m2 g−1)

SiO2@TiO2 – 209 – 205.5

TiO2/C-W0 0 211 17.4 70.4
TiO2/C-W5 5 215 12.6 58.8

TiO2/C-W10 10 223 12.7 26.6

TiO /C-W15 15 257 12.3 4.6
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a Calculated from more than 100 particles in the corresponding TEM image.
b Determined by XRD using the Scherrer equation.

X-ray diffraction (XRD) was carried out to investigate the phase
tructure and crystallite size of the as-prepared samples. As shown
n Fig. 2a, the as-prepared SiO2@TiO2 core–shell composite par-
icles showed a broad peak between 20◦ and 30◦, which was  the
ackground peak attributed to the glass slide. No other peaks
ere observed, indicating that SiO2@TiO2 was amorphous phase.

iO2/C hollow spheres were prepared by hydrothermal treat-
ent of SiO2@TiO2 spheres with different concentration of glucose

W = 0, 5, 10 and 15 g/L). The related XRD patterns were shown in
ig. 2b–d. As observed in Fig. 2b, the diffraction peaks appeared
t 2� = 25.4◦ (1 0 1), 37.9◦ (0 0 4), 48.0◦ (2 0 0), 53.8◦ (1 0 5), 54.9◦

2 1 1) and 62.8◦ (2 0 4) were attributed to the anatase TiO2 (JCPDS,
o. 21-1272) and the diffraction peak appeared at 2� = 30.7◦ was
ttributed to brookite TiO2 (JPCDS No. 29-1360), which revealed
hat a trace amount of brookite phase coexisted with anatase phase
or the sample prepared in the absence of glucose (W = 0). While
n the presence of glucose, the diffraction peak of brookite disap-
eared, indicating that carbon coating inhibited the formation of
rookite phase. Furthermore, it was found that the XRD intensity
ecreased with the carbon coating by comparing the (1 0 1) peak,
hich may  arise from the shield effect of the carbon species [28].

he average crystal sizes of the TiO2 were estimated by applying
he Debye-Scherrer formula and were listed in Table 1. It could be
een that the average grain sizes of TiO2 crystallites were about
2.5 nm for all the TiO2/C composite spheres.

The morphology and structure of the samples were investigated
y transmission electron microscopy (TEM). As shown in Fig. 3a,
he SiO2@TiO2 samples prepared through sol–gel methods were

ell-defined solid spheres with a ∼6 nm thick amorphous TiO2

hell. After hydrothermal treatment of the core–shell spheres for
6 h in pure water (W = 0), most of the particles were still solid

ig. 2. XRD patterns of the SiO2@TiO2 sample (a) and the TiO2/C samples prepared
t  W = 0 (b), 5 (c), 10 (d), and 15 (e), respectively.
spheres but with rough surfaces (Fig. 3b), indicating the crystalliza-
tion of TiO2 shell. However, quantities of the TiO2 particles escaped
from the silica surface and gathered into large aggregates of
irregular shapes, which may  be due to the extensive grain growth.
While in the presence of glucose, no aggregates of TiO2 particles
outside the composite structure were observed in the TEM images.
The surface of spheres was smooth, indicating the presence of a
layer of carbon covering on the TiO2 surface after hydrothermal
reaction. It was  possible that the deposited carbon on the TiO2
surface may  act as barriers against the structure rearrangement in
TiO2 shell. Further observation of the TiO2 layer revealed that the
TiO2 particles size was  about 12 nm, which was in good agreement
with the XRD results. Besides, the thickness of carbon layer could
be well controlled by simply changing the concentration of glucose
(Fig. S1). For all the carbon coated composite spheres, hollow
structure was  obtained, as evidenced by the intensive contrast
between the dark edge and the pale center. In the hydrothermal
procedure, the SiO2 core was removed spontaneously. Thus an
additional process was  no longer required to remove them.

3.2. Formation mechanism

The possible formation mechanism of the hollow spheres was
investigated by the time-dependent evolution experiments, in
which the concentration of glucose was fixed while the time of the
hydrothermal reaction was  varied from 4 h to 18 h. The morphology
evolution of the corresponding samples was  investigated by TEM
studies. Prior to the reaction (0 h), the sample was solid spheres
with a smooth surface (Fig. 4a). After hydrothermal treatment for
4 h, the surface of the sample became obviously rough, indicating
the formation of crystalline TiO2 particles (Fig. 4b). At the time,
the product was still solid spheres without carbon coated on
the surface. Extending the reaction time to 8 h, the surface of the
sample was  slightly smooth, demonstrating that the carbon species
were started to incorporate into the composite structure (Fig. 4c).
Besides, the hollow interiors appeared around the center of the
solid spheres. The pH of the solution was ∼3 while the pH of the
solution without the addition of glucose was ∼7, the acidic envi-
ronment should be attributed to the carbonization of glucose under
the hydrothermal conditions. In general, SiO2 is remarkably stable
in a normal acidity solution. In the high-pressure environment,
H2O can serve as the etching agent and induce the dissolution of
silica in the solution [29]. SiO2 may  gradually translate to Si(OH)4,
which was  soluble during the hydrothermal treatment, for the out
of the dissolving equilibrium of Si(OH)4 in the reaction solution. In
our system, the H+ in the solution may  accelerate the dissolving of
SiO2 by react with Si(OH)4 to form Si4+. Moreover, the HPC, which
was  used as the surfactant for preparing TiO2 shell [30,31], was
absorbed to the surface of SiO2 core. The tight connection between

HPC and SiO2 (through hydrogen bonds) may  effectively protect
the surface of SiO2 core from rapid dissolution. What is more, the
composite spheres were porous and had large specific surface
areas, both for the precursor colloidal oxides and the products
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Fig. 3. TEM images of (a) SiO2/TiO2, (b)

Fig. 4. Left, TEM images showing the morphology and structure evolution of
SiO2@TiO2 samples after hydrothermal treatment in the presence of glucose for
different time periods: (a) 0 min, (b) 4 h, (c) 8 h, (d) 12 h and (e) 16 h. Right, the
corresponding schematic illustration of each step.
 TiO2/C-W0, and (c) TiO2/C-W10.

(see Table 1). Therefore, Si4+ can easily transfer from the center
of the spheres to the outside solution, resulting in a hollow space
occurring first at the center of the core. It was noteworthy that the
hydrogen bonds suppressed the carbonization of HPC, thus HPC
was  relatively stable in this stage. Further increasing the reaction
time to 12 h, the hollow core expanded outward with the growth of
the carbon layer (Fig. 4d). After reaction for 16 h, the carbon layer
increased to ∼5 nm and hollow microspheres were finally obtained
(Fig. 4e). With extending the hydrothermal treatment time, the hol-
low space was gradually growing outward until the core dissolved
completely. This method can be considered as the self-templating
method [32], typically the surface-protected etching [31].

XRD was  also applied to investigate the crystallization process
of TiO2. As shown in Fig. S2, all the intermediate products exhibited
only the characteristic peaks of anatase phase. After hydrothermal
treatment for 4 h, the diffraction peaks was relatively sharp and
intense, indicating the highly crystalline TiO2 particles. It should be
noteworthy that little change in the diffraction peaks was detected
with the further extending the reaction time, apparently due to the
deposition of the carbon barrier that prevented the further crys-
tal growth of TiO2 particles. The carbon layer also prevented the
structure reconstruction of the TiO2 shells, resulting in well-defined
hollow spheres.

3.3. Porosity characteristics, chemical environment and optical
properties

Fig. 5 shows the nitrogen adsorption–desorption isotherm and

the corresponding pore size distribution curve (inset) of the sample
obtained at W = 10 for representation. The hollow sample exhib-
ited a Type IV absorption isotherms with a H3 hysteresis loop [33]
indicating the mesoporous characteristics. The sharp peak around
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Fig. 5. N2 adsorption–desorption isotherm and corresponding pore size distribution
curve (inset) of the hollow TiO2/C microspheres prepared at W = 10.



3 face Sc

3
t
p
a
g
t
h
t
a
b

t
c
a
o
c
T
w
t
F
w
d
m
d
s
f
p
C
p
a

t
T
t
c
s

48 Z. Zhang et al. / Applied Sur

.8 nm in the BJH pore size distribution analysis revealed a rela-
ively narrow pore size distribution. However, the reference sample
repared at W = 0 showed a broad pore size distribution centered
round 11 nm (Fig. S3), which may  be attributed to the uncontrolled
rowth of TiO2 crystallite. Table 1 listed the BET surface areas of
he samples synthesized herein. The pristine amorphous SiO2@TiO2
ad the largest BET surface area. With increasing W (from 0 to 15),
he samples showed a monotonic decrease in specific surface areas,
pparently because the carbon that incorporated into the products
locked some pores and channels.

Thermogravimetric analysis (TGA) was carried out to calculate
he C content in the composite spheres. Fig. S5 showed the TGA
urve for the TiO2/C-W10. Heating the composite particles in an
ir flow to 800 ◦C led to two main weight losses. The one that
ccurred between 50 ◦C and 250 ◦C with a weight loss of about 6.2%
ould be attributed to the desorption of adsorbed water from the
iO2/carbon samples, and the second weight loss of about 24.1%,
hich occurred between 250 ◦C and 600 ◦C, might be resulted from

he combustion of the carbon layer and the surfactants (HPC) in air.
urthermore, the burning of the carbon species burst at only 250 ◦C,
hich suggested that most the carbon element was  not likely to be
oped directly into the TiO2 lattice [34,35]. Once the carbon ele-
ent was doped into the TiO2 lattice, more energy was needed to

estroy the interaction between TiO2 and carbon [36]. In the FTIR
pectra (Fig. S4(b)), the presence of carbon layer on the TiO2 sur-
ace was also demonstrated with a significant enhanced absorption
eak at ∼3100 cm−1, which was related to the stretching vibration

 H in aromatic ring. The aromatic ring is one of the dehydration
roducts of the hydrothermal carbonization of glucose and serves
s building blocks for the construction of the carbon layer [37].

X-ray photoelectron spectroscopy (XPS) was carried out to fur-
her investigate the chemical and bonding environment of the

iO2 and carbon. As observed in Fig. 6a, the fully scanned spec-
rum demonstrated that Ti, C, and O elements existed in the TiO2/C
omposite spheres (W10). Fig. 6b showed the high resolution XPS
pectra of the Ti 2p peak. It could be seen from the spectra that two

Fig. 6. XPS spectra of the TiO2/C-W10 for representation: fully scanne
ience 286 (2013) 344– 350

peaks occurred at 464.8 eV and 458.9 eV were corresponded to the
Ti 2p1/2 and Ti 2p3/2 binding energies, respectively. The splitting of
the Ti 2p doublet was 5.9 eV, indicating a normal state of Ti4+ in
the TiO2@C-W10 sample [38]. The C 1s spectra exhibited a wide
and asymmetric peak centered at 285 eV, suggesting that several
kinds of carbon coexisted (Fig. 6c). The main C 1s peak was dom-
inated by elemental carbon at 284.6 eV, attributed mainly to sp2

hybridized carbon [39]. Two  peaks at 285.9 and 288 eV were char-
acteristic of the oxygen bound species C O and C O, respectively
[40,41]. According to the literature [42,43], the C 1s peak at 281 eV
should be observed if the C element existed in the form of doping
and which was assigned to the C substituting oxygen element in
the lattice of TiO2 (Ti C bond). In our experiment, no C 1s peak at
281 eV was seen in the XPS pattern, indicating that the carbon atom
did not enter the TiO2 lattice. The absence of Ti C bonds (C doping)
may  be attributed to the mild hydrothermal environment and the
pre-built TiO2 precursor, which highly confined the form of C doped
TiO2. Fig. 6d presented the spectra of O 1s for the TiO2/C-W10 sam-
ple. The peaks at 529.8 eV, 531.2 eV, 532.4 eV, and 533.4 eV were
attributed to Ti O Ti (lattice O), surface hydroxyl groups (O H),
oxygen in the C O Ti bond and oxygen making a double bond with
carbon (C O), respectively [44,45]. On the basis of these observa-
tions, it is inferred that the carbon layer is covered on the TiO2
surface and combined with TiO2 via C O Ti bonds. It should be
illustrated that the Ti O C bond will benefit to the charge transfer
between TiO2 and C layer upon light excitation, and thus facilitate
the interface reaction of photocatalysis.

The UV–vis diffuse reflectance spectra of the as-prepared sam-
ples were shown in Fig. 7. The pure TiO2 sample (prepare at
W = 0) had no absorption in the visible region (>400 nm). While for
the TiO2/C samples, the curves showed significant enhancement
of light absorption in the range of 400–800 nm.  The remarkable

light absorption in the visible region of these hybrid samples was
attributed to the incorporation of carbon into the final products,
because carbon had the capability of absorbing visible light [46].
Notable, the absorption band edge of TiO2 was  also changed with

d spectrum (a), fitting spectra of Ti 2p (b), C 1s (c) and O1s  (d).
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ig. 7. UV–vis diffuse reflectance spectra of the samples prepared at W = 0 (a), W = 5
b),  W = 10 (c), and W = 15 (d).

he carbon content and this variation increased with carbon content
f the TiO2/C samples, demonstrating that an increase of surface
lectric charge in the samples [47]. The joint electronic system
ormed between carbon and TiO2 may  give rise in synergistic prop-
rties and enhance the photocatalytic activity.

.4. Photocatalytic activity

The photocatalytic activities of the as-prepared samples were
valuated by the degradation of Rhodamine B (RhB) under visi-
le light irradiation and shown in Fig. 8. In the experiments, the
ure TiO2 sample (W = 0) was used as the photocatalytic references
nd the degradation efficiency of the samples was  defined as C/C0,
here C and C0 stood for the remnants and initial concentration

f RhB, respectively. Before the light irradiation, the mixtures con-
aining the catalysts and RhB were stirred in the dark for 30 min
o ensure that the adsorption–desorption equilibrium of RhB was
stabilished, and the adsorption efficiencies of W0,  W5,  W10  and
15 were 4.1%, 42.3%, 39.0% and 23.4%, respectively. Compared
ith the pure TiO2 sample (W0), all the carbon composite samples

xhibited high adsorption ability for RhB. The enhanced adsorption

f organic contaminants may  be due to the carbonaceous polymer
24], which has abundant functional groups to adsorb organic dyes.
he adsorption of RhB slightly decreased with the increasing of glu-
ose content from 5 g/L to 10 g/L, and dramatically decreased when
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ig. 8. Degradation profiles of RhB in the presence of different TiO2/C catalysts. (a)
lank experiment, (b) W0,  (c) W5,  (d) W10  and (e) W15.
ience 286 (2013) 344– 350 349

the glucose content increased to 15 g/L. The excess carbon deposi-
tion leads to a loss of surface area, resulting in less active sites for
absorbing the organic dye.

In the blank test (no photocatalyst), no appreciable degradation
of RhB was  observed after visible-light irradiation for 24 h, while the
photodegradation rate was  significantly enhanced in the presence
of catalysts, especially for the TiO2/C-W5 sample, which showed
highest catalytic efficiencies. TiO2/C-W10 sample showed a compa-
rable catalytic activity toward the degradation of RhB. We  suggest
that both the carbon content and surface area contribute a lot to the
degradation reaction. As observed in Fig. 7, increasing carbon con-
tent in the composite spheres promotes the adsorption of visible
light and thus facilitates the generation of electrons (e−). How-
ever, with the carbon content increased, the surface area decreased,
resulting in a loss of the diffusion rate of RhB to the surface of TiO2.
Therefore, the TiO2/C-W15, which had the highest carbon content
but exhibited the lowest photocatalytic activity among the TiO2/C
composite samples. Moreover, it should be underlined that the hol-
low structure also contributed a lot to its higher photocatalytic
properties. The hollow TiO2/C samples possessed high specific sur-
face area and rich pores, thus the mass transfer of dye molecules
was  facilitated, resulting in an enhanced photodegradation activ-
ity. Besides, it was noteworthy that the photocatalytic degradation
of RhB molecules proceeded to a certain extent for the pure TiO2
(W0) under the visible light irradiation, though the TiO2/C-W0 had
no absorption in visible light. In this case, the photodegradation of
RhB was  usually suggested to be caused by the self-photosensitized
transformation of RhB molecules over TiO2 semiconductor [48,49].

On the basis of the above experimental results and discussion,
a possible photocatalytic mechanism was proposed as well. As
reported before [50], the sensitizers can be excited by visible light
to generate charge, which is then injected into the conduction band
of TiO2 to initiate the photodegradation reaction. In our work, sim-
ilarly, both the carbon and the organic dye could be served as the
sensitizers and transferred electrons to the conductive band of TiO2.
Then, dissolved oxygen molecules (O2) may  accept the electrons
and form superoxide radical anions (•O2

−), which then oxidizes
RhB directly on the surface of TiO2 or produces hydroperoxy radi-
cals (HO2•) and hydroxyl radicals (OH•) by protonation prior to
oxidize the organic dyes.

4. Conclusions

In summary, with the TiO2@SiO2 core–shell spheres as the raw
material, mesoporous TiO2/C hollow spheres have been prepared
by a facile hydrothermal method. The formation of the hollow
structure is via a spontaneous dissolution of SiO2 cores in the
hydrothermal process and does not require a traditional etching
approach to remove them. The dissolution initially forms centered
hollow space, and eventually removes the core material to leave
behind the hollow composite spheres. The combined carbon can
extend the photoresponse of TiO2 to the visible region, and pro-
mote the performance in the adsorption and decomposition of RhB
under visible light irradiation.
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