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In this study, an effective method of slow hydrolization of metal alkoxide (e.g., Ti(C4H9O)4) in an
ethanol–water system was systematically investigated and used to finely control the deposition of
titania on carbon colloids. A model of adsorption–hydrolization of precursors during the coating
process was rationally built for the first time to interpret the usability of the method and facilitate its
further extension. Using this strategy, titania in the form of supported nanocrystals or layers on carbon
colloids (TiO2/C, C@TiO2) was successfully tailored. Meanwhile, finely dispersed hollow TiO2
nanoparticles with shells consisting of different crystalline structures were also prepared by varying the
calcination conditions after removing the carbon cores. More importantly, the effects of the crystalline
and nano/macrostructures of the as-prepared TiO2 samples in photocatalysis and lithium-ion battery
applications were analyzed in detail. The preliminary results show that anatase–rutile TiO2 hollow
particles demonstrate a higher catalytic activity in the photo-degradation of rhodamine B than anatase
TiO2 hollow particles, powders, and P25. However, in the case of Li-ion battery applications, the
anatase TiO2 hollow particles exhibited better performance as anode materials with high capacities of
around 190 mA h g1, 140 mA h g1, and 120 mA h g1 at current densities of 60 mA g1, 120 mA g1,
and 300 mA g1, respectively, accompanied by stable cyclability.

Introduction
The preparation of nanostructured metal (oxides) and their
composite materials is in high demand due to their intriguing
performances in applications including catalysis,1–3 sensors,4–6
photovoltaics,7–9 electrochemistry,10–12 and biotechnology.13–15
To synthesize specific materials, the choice of suitable precursors
and a proper method is always important because it directly
determines the properties of the resultant products.3 To date, the
most commonly used precursors include nitrates,16–18 chlorides,5,19,20 sulphates21 and metal alkoxides.22–25 The precursors
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are generally converted into metal (oxide) or intermediates
via calcination,20,26 precipitation,5,27 deposition,24,25,28 hydrolization,23 or hydrothermal treatment,21,29 largely depending on
the precursors. However, among these precursors, the metal
alkoxide group is highly reactive in hydrolization and/or
precipitation, particularly for metallic ions (e.g., Ti4+, Si4+, Zr4+)
that possess a high ionic charge to radius ratio.23–25 The easier it is
for a precursor to react, the more difficult it is to control the
deposition process. This especially occurs in the well-known
hard-template method, which needs precise tailoring of the metal
(oxide) coating on templates for preparing composites and/or an
inverse-structured metal (oxide).30–33 Therefore, the development
of an effective method to control the precipitation of easily
hydrolizable precursors is significant to facilitate the preparation
of the metal (oxide).
TiO2 and TiO2-based composite materials with anatase,34
rutile,35 hollandite,36 ramsdellite37 crystalline structures, and even
an amorphous phase38 have been widely prepared and applied in
the fields of catalysis,39,40 sensors,41 dye-sensitized solar cells,42
and lithium-ion batteries.43,44 The reported excellent performances of TiO2 strongly demonstrate that it is a promising
material in these areas. However, the sensitive properties of TiO2
depending on its structure and crystallinity,45 together with the
easy hydrolization of precursors (e.g., Ti(OC3H7)4,46–48 TiCl4,49–51
TiF4 (ref. 29 and 52)) even in an ambient atmosphere make it
critical to control the hydrolization. Recently, a series of excellent works have been conducted to synthesize nanostructured
J. Mater. Chem., 2012, 22, 22135–22141 | 22135
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TiO2 based on the hard-template method,29,52,53 but the process
of precipitation/hydrolization and, in particular, the detailed
coating behaviour of precursors on templates need to be further
studied for TiO2 and TiO2-based derivatives such as the promising Li4Ti5O12.54,55
In this work, we used the precursor of metal alkoxide (e.g.,
Ti(C4H9O)4) as an example and systematically investigated a
method of slow hydrolization of the precursor in an ethanol–
water system to finely control the deposition of titania on carbon
colloids. A model of adsorption–hydrolization of precursors was
built to simulate the coating process. Meanwhile, the results were
evaluated to investigate the feasibility of facilitating its further
extension to any other kind of easily hydrolyzable reaction.
Based on this strategy, the titania in the form of supported
nanocrystals or layers on carbon colloids (TiO2/C, C@TiO2) was
successfully tailored at the nanoscale. Inspired by the widespread
application of hollow structured particles,56,57 hollow TiO2
nanoparticles with a shell consisting of different crystalline
structures were also prepared by varying the calcination conditions after removal of the carbon cores. More importantly, the
effects of the crystalline and nano/micro-structures of the asprepared TiO2 samples were evaluated in photocatalysis and
lithium-ion battery applications were analyzed in detail. The
results are significant to guide and optimize the experimental
conditions to effectively obtain materials with desired properties.

Experimental
Synthesis of C@Ti(OH)4 and C@TiO2
Carbon colloids were firstly synthesized via hydrothermal treatment of an aqueous glucose solution.58,59 0.1 g of the carbon
colloids were well dispersed in 40 mL of ethanol under ultrasonication for 2 h in a glass bottle. Then, an appropriate amount
of Ti(C4H9O)4 was added into the colloidal solution under stirring. After 1 h of stirring in a sealed bottle, 70 mL of H2O was
added dropwise at a rate of 1 mL min1. Stirring was continued
for another 12 h to allow complete hydrolyzation of the
precursors. Finally, centrifugation was performed and brown
solid powders of C@Ti(OH)4 were obtained after drying the
sample at 60  C in an oven. Alternatively, C@TiO2 composites
were obtained followed by hydrothermal treatment of the
primary solution of C@Ti(OH)4 directly at 180  C for 6 h. For
comparison, blank Ti(OH)4 powders were also prepared by the
hydrolization of precursors in a solution without the presence of
carbon colloids.
Preparation of hollow TiO2
The brown solid powders of C@Ti(OH)4 or C@TiO2 were
calcined applying specific procedures reported recently.18 Firstly,
calcination in a tube furnace under N2 flow at 450  C for 1 h
(heating rate, 3  C min1) and then recalcination under air flow
while keeping the same thermal conditions were performed. As a
result, hollow anatase TiO2 particles (named hTiO2) were
obtained. Furthermore, hollow TiO2 particles with different
crystalline structures were prepared via further thermal treatment
of the hTiO2 at 600  C or 700  C for 3 h at a heating rate of 5  C
min1. The samples are designated as hTiO2-600 and hTiO2-700,
respectively, based on the temperatures at which the samples
22136 | J. Mater. Chem., 2012, 22, 22135–22141

were thermally treated. In addition, calcination of the Ti(OH)4
powders under a similar procedure gave rise to TiO2 powders,
TiO2-600, and TiO2-700, which were used to compare their
photocatalytic and electrochemical properties with the hollow
powders.
Photocatalytic activity measurements
The photocatalytic activities of the TiO2 samples were measured
by the degradation of rhodamine B (RhB) in an aqueous solution. In a typical procedure, 100 mg of TiO2 was dispersed firstly
into 100 mL of RhB (10 ppm) and then the suspension was
irradiated using a UV lamp (Spectroline SB-100P/F, 100 W, 8 cm
away from the suspension) under stirring at room temperature.
An electric fan was used to avoid heating of the suspension
during irradiation. Before irradiation, the aqueous solution was
magnetically stirred in the dark for 12 h to allow equilibrium
adsorption of the dye on the catalytic surface. After initiation of
the reaction by irradiation, 5 mL samples of the suspension were
removed at regular intervals (5 min or 10 min) and centrifuged to
completely remove the catalyst. The UV-visible absorption
spectra of the centrifuged solution were recorded by a
spectrophotometer.
Electrochemical measurements
The electrochemical experiments were carried out using a
CR2025 coin-type cell. The cell composed of a working electrode
and a lithium foil as the counter electrode, which were separated
by a Celgard 2400 membrane. The working electrode consisted of
an active material (as-prepared TiO2 sample), acetylene black,
and polymer binder (polyvinylidene difluoride, PVDF) at a
weight ratio of 80 : 10 : 10. The electrolyte was 1 M LiPF6 in a
mixed solution of ethylene carbonate (EC)–dimethyl carbonate
(DMC) (1 : 1 w/w). The cells were assembled in a dry argon-filled
glove box with moisture and oxygen concentrations below 1
ppm. Galvanostatic charge–discharge cycles of the cells were
performed in the voltage range between 3.0 V and 1.0 V at
different current densities.

Results and discussion
Analysis of the coating process
Firstly, the hydrolization procedure was controlled by gradually
adding water into the ethanol solution containing the precursors.
The viewable hydrolization rate was also studied to obtain more
details of the process (picture in the inset of Fig. 1a). The reason
for dispersing precursors in ethanol is to dilute their concentration, thereby allowing controllable hydrolization and also
enabling them to adsorb on a substrate (e.g., carbon colloids)
more easily and uniformly. Under slow addition of H2O (1 mL
min1), the precursor hydrolyzes to form Ti(OH)4 based on the
following reaction, Ti(C4H9O)4 + H2O / Ti(OH)4 + C4H9OH.
The start time of the hydrolization, which was determined by the
appearance of white precipitates, was evaluated as a function of
the concentration of the precursors. As shown in Fig. 1a, the
precipitation started about after 1 min at a concentration of
13.41 mmol L1, demonstrating that the rate of hydrolization
could be finely controlled even for a high loading of TiO2
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 (a and b) SEM and TEM images of C@Ti(OH)4 particles.
Fig. 1 (a) Start time of precipitation and the mass percent of TiO2 on
C@TiO2 particles as functions of the concentration of the precursors in
ethanol. The picture in the inset shows the equipment used for the
reaction. (b1–b3) Schematic drawing of the coating process.

(30 wt%) on C@TiO2 particles. As the concentration was
decreased to 0.64 mmol L1, corresponding to a low loading of
TiO2 (2 wt%), precipitation also occurred and its initial reaction
time was delayed to 10.34 min. This strongly confirms that the
approach of hydrolyzing the precursor in an ethanol–water
system is feasible, even for very low concentrations.
During the coating process, we dispersed the carbon colloids
well in ethanol to form a homogeneous colloidal solution and
then added a certain amount of precursors to make them adsorb
more easily on the as-dispersed carbon colloids for the following
hydrolization, as shown in Fig. 1b1–b3. To prove that the
precursor was enriched around the surface of the carbon
colloids and to demonstrate the feasibility of this method, an
adsorption–hydrolization model of the precursors was built
(Fig. S1†). Firstly, the concentrations of the precursor before
(C0) and after (Cafter-adsorption) adsorption in the solution were
analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES) to determine the molar amounts of
precursor near the carbon particles (nTi(C4H9O)4, Table 1).
Meanwhile, the average radius of the carbon particles was R0
(77 nm)18 and we assumed that the thickness of the precursor
layer around the particles changed within 1–20 nm (yellow layer
of C@Ti(C4H9O)4, x ¼ 1–20 nm, Fig. 1b2). Using the
assumptions stated above, the volume of each carbon particle
(V0) and C@Ti(C4H9O)4 particle (V0–xnm) could be calculated
as 4pR03/3 and 4pRx3/3, respectively (Rx: the radius of
C@Ti(C4H9O)4, Rx ¼ R0 + x). As a result, the individual space
volume around each carbon particle (V0space-xnm, x ¼ 1–20 nm)
could be calculated as the difference of V0 and V0–xnm, which is
4p(Rx3  R03)/3. Subsequently, the total volume of space
around the particles (Vtotal space-xnm) could be derived as the
product of the number of carbon colloids (Ncarbon-colloids) and
the individual space volume around each carbon particle

(V0space-xnm) (Vtotal space-xnm ¼ Ncarbon-colloids  V0space-xnm).
Finally, the concentration of the precursor enriched in these
spaces could be obtained (Cxnm ¼ nTi(C4H9O)4/Vtotal space-xnm) and
these values were designated as C1nm, C5nm, C10nm and C15nm,
according to the supposed thickness of the precursor layer, as
shown in Table 1 and the detailed calculations provided in the
ESI.†
As shown in Table 1, the concentration of precursors within
the 1–20 nm layer (Cxnm) around the carbon particles
was always much higher than that in the bulk solution
(Cafter-adsorption), demonstrating the richness of the precursor
around the particles and also confirming the effectiveness of
applying preferential hydrolization. Taking the 20 wt% TiO2
loading as an example, the concentrations of the precursors in
the solution before and after adsorption were 7.82 mmol L1
and 6.53 mmol L1, respectively, whereas the concentrations
around the particles within 10–20 nm were as high as 2821 and
1250 mmol L1, respectively (Table 1). Hence, the hydrolization
process becomes an obvious phenomenon on carbon colloids
immediately after the introduction of water, rather than in
solution. This is evident because the lower concentration (6.53
mmol L1) requires at least 4.05 min for precipitation to begin
(Fig. 1a), without consideration of the diffusion of precursors
from the bulk solution to the surface of particles accompanying
the decrease of the concentration around the particles during
the hydrolization. As a result, the deposition process could be
finely controlled and the formation of free Ti(OH)4 could be
successfully avoided. The scanning electron micrograph (SEM)
and transmission electron micrograph (TEM) of the
C@Ti(OH)4 particles directly confirm the feasibility of the
method and the rationale of the analysis because a uniform
layer of Ti(OH)4 was coated on the carbon colloids without any
formation of free Ti(OH)4, even at a high loading of 30.0 wt%
(Fig. 2a and b). Good knowledge of the adsorption–hydrolization process could be helpful to design and control the
amount of precursor used, particularly for easily hydrolyzable
precursors. Moreover, a series of multifunctional core–shell and

Table 1 Concentrations of the precursors in the solution and around carbon colloidsa
mTiO2%

C0 mmol L1

Cafter-adsorption mmol L1

C1nm mmol L1

C5nm mmol L1

C10nm mmol L1

C20nm mmol L1

30
20
10
2

13.41
7.82
3.48
0.64

11.82
6.53
3.11
0.39

—
—
—
—

—
—
1735
1173

—
2821
814
551

1563
1250
361
244

a
mTiO2: mass percent loading of TiO2 on C@TiO2 particles; nTi(C4H9O)4 ¼ (C0  Cafter-adsorption)  40 mL, 40 mL is the volume of solution; Cxnm:
concentration of precursors around the carbon colloids within the range of x nm.

This journal is ª The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 22135–22141 | 22137

View Online

hollow-structured TiO2 materials could be further prepared
based on the obtained C@Ti(OH)4.
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Formation of C@TiO2 particles
In the past few decades, hollow oxide particles have been
prepared using carbon particles as a template because the carbon
inevitably burned off during the process of crystallization of the
oxide under calcination.5,18,20 Only a few studies have focused on
trying to preserve the carbon cores.59 Alternatively, it is promising to preserve the carbon cores in some cases because the
conductive, inert, and durable properties of carbon cores could
not only enhance the structural stability, but also reinforce the
conductive ability of the metal oxide in addition to the unique
core–shell structure, leading to great potential applications in
various areas. Herein, the core–shell structured TiO2/C and
C@TiO2 particles with supported nanocrystals or a layer of TiO2
nanocrystals were prepared via further hydrothermal treatment
of the solution after hydrolization.
Compared with the smooth surface of the C@Ti(OH)4 particles, a rough layer of TiO2 nanocrystals that originated from the
crystallization of amorphous Ti(OH)4 was present on the carbon
colloids, as shown in the SEM and TEM images (Fig. 3a and b).
The X-ray powder diffraction (XRD) pattern confirms that the
anatase crystalline structure was obtained (JCPDS-#83-2243)
(Fig. 4a and b). The wide and medium (101) peak reflects the
random accumulation of TiO2 nanocrystals, which agrees well
with the polycrystalline layer on the carbon cores, as observed in
the TEM and high resolution TEM (HRTEM) photographs
(Fig. 3b and c). Even with a thick and rough layer of TiO2 (30
wt%) nanocrystals present, these composite particles still have a
uniform coating and preserve good dispersion. It is noteworthy
that the thickness of the shell was within the range of 5.58–13.47
nm and the average value was around 9.35 nm, which supports
the rationality of the suppositional precursor layer (20 nm) in
the adsorption–hydrolization model. Furthermore, the loading

Fig. 3 (a–c) SEM, TEM, and HRTEM images of C@TiO2 particles with
a TiO2 loading of 30%. (d1–d4) SEM and TEM images of TiO2/C and
C@TiO2 particles with 5 wt% and 20 wt% TiO2. The unlabelled scale bar
is 100 nm.

22138 | J. Mater. Chem., 2012, 22, 22135–22141

Fig. 4 XRD patterns of as-prepared TiO2 samples prepared under
different conditions.

amount of TiO2 nanocrystals could be precisely tuned by varying
the concentration of the precursors, thereby giving rise to supported TiO2/C and core–shell structured C@TiO2 particles to
meet diverse requirements in applications (Fig. 3d1–d4).
Obviously, this method provides an effective way to fabricate
TiO2–carbon or other TiO2-based composite materials with a
polycrystalline surface. Moreover, in addition to TiO2, any other
oxide-based composite materials could be prepared using this
strategy, particularly when it is required to preserve the carbon
substrate while still facilitating crystallization of the oxide.
Preparation of hollow TiO2
To date, numerous hollow-structured TiO2 with different
morphologies have been prepared and have performed well in
photocatalysis and lithium-ion battery applications.29,52,60,61
However, limited attention has been paid to investigating various
crystalline hollow TiO2 nanoparticles, which may possess quite
different properties. Herein, hollow TiO2 nanoparticles with
different crystalline structures were synthesized by varying the
calcination conditions after removing the carbon cores. The
SEM and TEM images show that the as-prepared hollow TiO2
nanoparticles maintained good dispersion and a spherical
structure after calcination of C@Ti(OH)4 by following a specific
procedure under N2/air at a temperature of 450  C,18 where some
of them are open-structured semi-spherical particles (Fig. 5a–c)
and contain traces of carbon (1.3 wt%) as determined by the
CHN-analysis. The XRD results show that the hollow TiO2 has a
crystalline anatase structure (JCPDS-#83-2243) (Fig. 4c). Its
characteristic peaks are similar to that of C@TiO2 (Fig. 4b),
further demonstrating that hydrothermal crystallization of TiO2
is as effective as calcination and the shell of hollow nanoparticles
also consisted of numerous TiO2 nanocrystals (Fig. S2a†).
Further thermal treatment of hollow anatase TiO2 for 3 h at
temperatures of 600  C and 700  C gave rise to mixed anatase
and rutile phase hollow TiO2 nanoparticles (hTiO2-600, hTiO2700). These particles have different crystalline structures
depending on the processing temperature. hTiO2-600 contained
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 (a–c) SEM and TEM images of hollow TiO2 nanoparticles. (d)
SEM photograph of aggregated hollow TiO2 nanoparticles.

only a trace amount of rutile (PDF-#73-1764), while hTiO2-700
contained both anatase and rutile (Fig. 4d and e). An obvious
peak shift existed in the XRD patterns of hTiO2-700 relative to
anatase and rutile, which probably resulted from the complete
combination of these two phases. Fortunately, the samples could
still maintain good dispersion and a spherical morphology even
after thermal treatment at high temperature (Fig. 4d), fully
demonstrating the physical stability of the hollow structure.
Alternatively, calcination of C@TiO2 could also give rise to
hollow TiO2 nanoparticles but aggregation and collapse seem to
occur easily (Fig. S2b†). The reason for this behaviour can
probably be ascribed to the rough layers of TiO2 nanocrystals on
C@TiO2, which pose a negative effect on the formation of the
intact shell during the process of removal of the carbon cores.

Photocatalysis and lithium-ion battery applications
Many publications have reported that hollow TiO2 particles have
higher photo-catalytic properties due to the high specific surface
area and rich pores.60–62 In our experiments, we determined that
the photocatalytic activity of anatase hTiO2 nanoparticles for the
photo-degradation of RhB is lower than that of the commercial
P25 (Fig. 6a). It seems that the crystallinity of TiO2 plays a
predominant role in determining the catalytic properties, even
though the BET surface area and pore volume of hTiO2 (117 m2
g1, 1.789 cm3 g1) were about double those of P25 (50.85 m2
g1, 0.8578 cm3 g1) (Fig. 6b and c). With the presence of a rutile
phase (110) in the shell of the hollow nanoparticles, the catalytic
abilities of hTiO2-600 and hTiO2-700 increased drastically and
were higher than those of P25, as shown in Fig. 5a. Similarly, the
TiO2 powders (JCPDS#-73-1764) that were directly hydrolyzed
from precursors also exhibited a similar trend in the catalytic
performance as TiO2-600 (JCPDS-#84-1285 (anatase) trace of
rutile) and TiO2-700 (JCPDS-#89-4921 (anatase) and JCPDS#84-1283 (rutile)). The catalytic ability increased as the presence
of rutile increased in the sample (Fig. 4g–i). These results confirm
that the presence of rutile in the anatase phase positively
This journal is ª The Royal Society of Chemistry 2012

Fig. 6 (a) Catalytic performance of the TiO2 samples assessed by the
photo-degradation of RhB. (b) Nitrogen adsorption–desorption
isotherms and (c) pore size distribution of the TiO2 samples. The inset in
(b) shows an enlargement of TiO2 powders and the inset in (c) shows an
enlargement of TiO2 powders and P25.

enhances the catalytic properties. This phenomenon was further
confirmed by the photo-degradation of contaminants such as
benzene organic compounds which show a similar trend in their
photocatalytic properties depending on their crystallinity
(Fig. S3†). It is noteworthy that the traces of carbon that existed
in anatase hTiO2 show limited effects on the catalytic performance compared to the crystallinity effects (Fig. S4†). Due to the
secondary factor of nano/microstructures such as the high
surface area and rich pores, the hollow TiO2 particles always
demonstrated a higher catalytic performance than the TiO2
powders (6.328 m2 g1, 0.043 cm3 g1) with a similar crystalline
structure, accompanying an excellent cycle performance
(Fig. S4†). It is noteworthy that even with a low surface area and
poor pores, the catalytic ability of the TiO2 powders was largely
enhanced close to that of P25 after calcination at 700  C for 3 h
(TiO2-700). This further proves that controlling the kind and
degree of crystallinity seems to be more critical in tuning the
catalytic activity and even selectivity of TiO2 in some cases.61,63
In contrast, the presence of a rutile phase in the TiO2 structure
seems to have a negative effect on the electrochemical performance in lithium-ion batteries when used as an anode material.
For example, the capacity of P25 decayed drastically from 180
mA h g1 to 39 mA h g1 (21.67% capacity retention) after 100
cycles at a current density of 60 mA g1. A similar decay also
occurred with the hTiO2-600 sample (182 mA h g1 to 98 mA h
g1, 53.85% capacity retention) compared to the primary anatase
hTiO2. The hTiO2 nanoparticles displayed an initial charging
capacity of 203 mA h g1 and a reversible capacity of 187 mA h
g1 at a current density of 60 mA h g1, with a 92% capacity
retention at the end of 100 cycles (Fig. 7a). Increasing the current
density to 150 mA g1 and 300 mA g1 for 100 cycles resulted in
good cyclability together with high capacities of around 140 and
120 mA h g1, respectively, which were well preserved (Fig. 7a).
Meanwhile, the anatase TiO2 powders, even though they have a
J. Mater. Chem., 2012, 22, 22135–22141 | 22139
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where 1 C ¼ 167 mA h g1). After the high-rate cycle, the
capacity of the anatase hTiO2 nanoparticles could return to
the primary value at a current density of 60 mA h g1, demonstrating the good cyclability of the materials. In brief, three
aspects are responsible for the high capacity and good cyclability
of the anatase hTiO2 nanoparticles: (i) suitable degree of
crystallinity, (ii) anatase structure, and (iii) hollow spherical
structure with a high surface area and thin wall consisting of
numerous nanocrystals. Based on the above analysis, further
investigations are ongoing to optimize the crystallization of asprepared TiO2 powders to check whether the good properties
such as their promising capacity and cycle behaviour in the first
20 cycles could be maintained even with a low surface area
(Fig. 7).

Conclusions

Fig. 7 Comparative cycling performance of as-prepared TiO2 samples
(a) for 100 cycles and (b) at different current densities. The inset in (a)
shows the typical charge–discharge voltage profiles of hTiO2
nanoparticles.

low surface area, still show a better performance (201 mA h g1
vs. 131 mA h g1, 65% capacity retention) than hTiO2-600,
demonstrating that the rutile phase in the structure of TiO2
largely affects the electrochemical properties. The reason should
be ascribed to the diffusion coefficient of lithium ions in rutile
TiO2 (1.42  1013 cm2 s1), which is smaller than that of
anatase TiO2 (1.81  1013 cm2 s1),64 which is probably due to
the fact that the channels of rutile TiO2 are narrower than those
of anatase TiO2. However, the performances of the anatase TiO2
powders were not as good as those of the anatase hTiO2 particles,
particularly at a high current density (Fig. 7b). This behaviour
can be ascribed to two reasons: (i) the higher crystalline degree
(Fig. 4g) and (ii) the low surface area of the TiO2 powders. As
previously reported,34,64 an increase in the crystallinity retards the
diffusion of lithium in anatase TiO2, while hTiO2 nanoparticles
with a thin wall consisting of numerous polycrystalline nanocrystals could largely facilitate the insertion/extraction of lithium
ions. The negative effects due to the presence of rutile TiO2 and
high crystallinity were more obvious at high current densities of
1.5, 3, and 6 A g1, leading to the drastic decrease of the
capacities of the P25, hTiO2-600, and TiO2 powders (Fig. 7b).
Promisingly, the capacity of the anatase hTiO2 nanoparticles
could be well preserved at high current densities and was still
around 70 mA h g1 at a current density of 6 A g1 (36 C,
22140 | J. Mater. Chem., 2012, 22, 22135–22141

In this study, the approach of slow hydrolization of metal
alkoxide (e.g., Ti(C4H9O)4) in a water–ethanol system was
investigated and successfully used to control the deposition of
titania on carbon colloids. An adsorption and hydrolization
model was built for the first time to show the feasibility of this
method. Meanwhile, the coating process and behaviour were
discussed in detail to facilitate its further extension for other
easily hydrolizable precursors. Based on this strategy, not only
were the support and layers of TiO2 nanocrystals (TiO2/C,
C@TiO2) on carbon colloids precisely tailored, finely dispersed
hollow TiO2 nanoparticles consisting of different kinds and
degrees of crystalline structures were prepared. The effects of
crystallinity and nano/macrostructures of the as-prepared TiO2
samples on their performances in photocatalysis and lithium-ion
battery applications were also evaluated in detail. The results
show that the presence of rutile in the TiO2 structure positively
enhances the photocatalytic properties but seems to negatively
affect the insertion/extraction of lithium ions when used as an
anode material. Meanwhile, a large sample surface area is
beneficial to enhance the catalytic and electrochemical properties
but is not the main factor in some cases. For these reasons, asprepared anatase–rutile TiO2 hollow particles demonstrated the
highest catalytic activity in the photo-degradation of RhB among
the anatase hTiO2, TiO2 powders, and P25 samples, while the
anatase hollow TiO2 particles demonstrated a high capacity and
good cyclability in the lithium-ion battery application. With
further knowledge of the coating behaviour and the effects of the
kind and degree of crystallinity and nano/microstructures on the
properties, it could be easier to design and optimize the experimental conditions to produce desired materials.
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