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Hollow titania microparticles about 20-60µm in size and hollow titania/carbon composite microparticles
about 30-90 µm in size were prepared by employing commercial Sephadex G-100 beads as the template
as well as the carbon precursor. The cross-linked dextran gel template was first immersed in aqueous
TiCl4 solution to allow the surface mineralization of titania, resulting in the formation of hollow
microparticles of titania/G-100 hybrids. Hollow titania microparticles with a shell thickness adjustable
from 1 µm to 2.5µm were fabricated by calcination of the hollow titania/G-100 hybrid microparticles at
temperatures from 400 to 700°C in air. On the other hand, hollow titania/carbon composite microparticles
∼ 2.6µm in shell thickness, which consisted of anatase nanocrystals and amorphous carbon, were obtained
by carbonization of the hollow titania/G-100 hybrid microparticles at temperatures from 500 to 700°C
in flowing nitrogen. For the titania/carbon composites, the phase transformation from anatase to rutile
was suppressed; moreover, the crystallinity of anatase was decreased and the surface area was increased
with increasing calcination temperature, in contrast to the case of hollow titania microparticles. The
photocatalytic activity of the obtained hollow microparticles of titania and titania/carbon composites was
investigated by monitoring the photodegradation of Rhodamine B. In both cases, the product calcined at
an intermediate temperature exhibited the highest photocatalytic activity possibly because of a compromise
between the anatase crystallinity and the surface area. Compared with the hollow titania microparticles,
the hollow titania/carbon composite microparticles exhibit remarkably enhanced photocatalytic activity.

Introduction

Inorganic hollow structures have attracted great attention
because of their wide variety of potential applications as
catalysts and catalyst supports, adsorbents, sensors, drug-
delivery carriers, artificial cells, photonic crystals, acoustic
insulators, lightweight fillers, and microreactors.1,2 In par-
ticular, many recent efforts have been devoted to the
controlled fabrication of hollow TiO2 particles because titania
is an important semiconductor material applicable in various
areas including photovoltaics, photocatalysis, separation,
chemical sensing, and optical devices. While hollow TiO2

particles have been synthesized without the assistance of
templates by the spray-drying technique3 and via Ostwald
ripening,4 the templating method has been most frequently

used for the synthesis of hollow TiO2 particles with tailored
properties. For example, colloidal polymer spheres have been
used as sacrificial hard templates for the fabrication of hollow
titania spheres with controlled shell thickness and cavity size
through sol-gel coating5 and the layer-by-layer (LbL)
technique6 whereas emulsion droplets have been used as
easily removable soft templates for the interfacial synthesis
of hollow microspheres of TiO2,7 porous TiO2,8 and TiO2/
CdS composites.9 Generally, the structural parameters of
hollow TiO2 particles can be better controlled by the hard
template route; however, the currently employed polymer
particles as well as the templated hollow TiO2 particles are
normally less than 10µm. It would be desirable to find
suitable colloidal hard templates to achieve size control for
relatively large hollow TiO2 microparticles of sizes about
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tens of micrometers considering that these microparticles
could open new possibilities for the applications as packing
materials in chromatography as well as lightweight fillers
or as an easy-to-handle form for catalytic purposes.

Because of the widespread applications of carbon materials
(e.g., amorphous carbon, activated carbon, and graphite) as
absorbents, catalyst supports, nanocomposites, electrode
materials, and storage media,10 considerable attention has
been paid to the fabrication of hollow carbon particles
through carbonization of carbon precursors11 and chemical
vapor deposition.12 Interestingly, hollow spheres of meso-
porous carbon have been employed as templates to fabricate
hollow spheres of crystalline porous metal oxides, such as
hollow porous TiO2 microspheres of size between 2 and 5
µm.13 It is noteworthy that there has been increasing interest
in titania/carbon composites in recent years. It has been
demonstrated that carbon doping can dramatically improve
the photocatalytic activity of titania in the visible-light
region.14 Titania-mounted activated carbon has been prepared
with the advantage of coupling the photoactivity of anatase-
type TiO2 with the adsorptivity of activated carbon15 whereas
carbon-coated titania has been found to show many advan-
tages such as stabilization of the anatase phase, shift of the
absorption edge of titania to the visible region, and high
photocatalytic activity.16 Recently, three-dimensionally or-
dered macroporous (3DOM) carbon/titania nanoparticle
composites with potential applications in sensing, photoca-
talysis, and sorption have been synthesized by coating TiO2

nanoparticles onto prefabricated 3DOM carbon.17 However,
hollow particles of titania/carbon composites, which combine
the unique structure of hollow particles and the useful
properties of titania/carbon composites, have not been
reported so far although there has been some work on the
preparation of titania/carbon composite microparticles.18

Hence, it remains a challenge to explore effective methods
to synthesize hollow titania/carbon composite particles with
tailored properties.

A variety of structured organic templates have been
employed to synthesize titania materials with controlled mor-
phologies and microstructures because template-directed syn-
thesis represents an ideal approach to replication by the
design and fabrication of materials with predetermined struc-
tural properties.19 In this regard, synthetic polymer gels,20

porous polymer beads,21 and electrospun polymer fibers22

have been used for the synthesis of porous TiO2 networks,
porous TiO2 spheres, and TiO2 tubes, respectively, while
cellulose acetate membranes have been employed to prepare
porous TiO2 films.23 Moreover, biological structures such
as eggshell membranes,24 bacterial cellulose membranes,25

and natural cellulose matrixes (e.g., filter paper, cloth, and
cotton)26 have be adopted as delicate biological templates
to replicate porous TiO2 networks or hierarchical TiO2 struc-
tures. Sephadex gels are a group of cross-linked dextran gels
widely used in gel filtration for separation, purification, and
molecular weight determination of biomacromolecules in-
cluding proteins and polysaccharides.27 In particular, Sepha-
dex G-100 is a dextran gel that considerably swells in water
with a water regain of 10 g per g dry gels, and it is relatively
stable in both basic and acidic environments. Commercial
Sephadex G-100 beads are normally prepared by suspension
polymerization of low molecular weight dextran with ep-
ichlorohydrin as the cross-linker and are frequently used in
gel filtration for proteins ranging from 200 to 1.2× 106 in
the molecular weight.28 Sephadex G-100 beads are actually
hollow microspheres of dextran gels, which are potential
templates for inorganic hollow particles and provide suitable
precursors for carbonization because dextran is a polysac-
charide composed of repeated monomeric glucose units with
a predominance ofR-1,6-linkages. In the present work,
Sephadex G-100 beads are used as both templates and carbon
precursors for the controlled synthesis of large hollow titania
microparticles and unique hollow titania/carbon composite
microparticles. Compared with the hollow titania micropar-
ticles, the hollow titania/carbon composite microparticles
exhibit remarkably enhanced photocatalytic activity.
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Experimental Section

Materials. Sephadex G-100 beads with the dry diameter about
40-120µm were obtained from Amersham Biosciences (Uppsala,
Sweden). TiCl4 and ethanol were of analytical grade. All the
chemicals were used as received, and the water used was
deionized.

Synthesis.A stock TiCl4 solution (2.6 M) was prepared by
dropping TiCl4 into water at 0°C under vigorous stirring, which
was diluted to 0.1 M just prior to the templating synthesis. Sephadex
G-100 beads were immersed in hot water (∼80 °C) for 8 h toswell
thoroughly, which was followed by separation of the swollen beads
by filtration. Then, the swollen Sephadex G-100 beads (2 g) were
added to 20 mL of 0.1 M TiCl4 solution at room temperature and
the suspension was stirred for 8 h unless otherwise stated. After
the mineralized beads sedimented on the bottom of the beaker, the
upper clear solution was carefully decanted and ethanol was added
to wash the beads under stirring, which resulted in a considerable
shrinkage of the swollen beads due to the extraction of the adsorbed
water accompanying an apparent change of the solids from
translucent to a white color. The washing process was repeated for
several times, and the resultant titania/G-100 hybrids were recovered
by filtration and dried in air at 60°C. The obtained titania/G-100
hybrids were further calcined at different temperatures (with a
heating rate of 200°C/h) for 3 h under air or nitrogen atmosphere
to burn off or carbonize the dextrans, resulting in the formation of
hollow titania microparticles or hollow titania/carbon composite
microparticles, respectively.

Characterization. Optical microscopy (OM) images were
recorded on a Nikon ECLIPSE E600 microscope. Environmental
scanning electron microscopy (SEM) images were taken on a FEI
Quanta 200FEG microscope at an accelerating voltage of 15 kV
with the pressure in the sample chamber of 1 Torr. Conventional
transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were recorded
on a JEOL JEM-200CX microscope at 160 kV, and a FEI TECNAI
F30 microscope at 300 kV, respectively. X-ray diffraction (XRD)
was performed on a Rigaku Dmax-2000 X-ray diffractometer with
Cu KR radiation. Thermogravimetric analysis (TGA) was carried
out on a SDT 2960 (Thermal Analysis, U.S.A.) with the carrier
gas of air or N2 at a heating rate of 10°C min-1. Specific surface
areas were measured on a Micromeritics ASAP 2010 analyzer using
BET analysis based on N2 adsorption at 77 K. Raman spectra were
obtained from Renishaw micro-Raman 1000 spectrometer with a
50 mW He-Ne laser operating at 632.8 nm.

Photocatalytic Activity Measurements. The photocatalytic
activity of the obtained hollow microparticles of titania and titania/
carbon composites was characterized by measuring the titania-
assisted photodegradation of the xanthene dye Rhodamine B,
following the reported procedure.25 The hollow microparticles (10
mg for titania samples and 20 mg for titania/carbon composites)
were suspended in 100 mL of 0.01 mM aqueous Rhodamine B,
and the suspensions were placed in the dark for 30 min before
illumination to allow sufficient adsorption of Rhodamine B. The
stirred suspensions were illuminated with a 250 W high-pressure
mercury lamp∼ 25 cm high over the solution, and the change of
the Rhodamine B concentration with irradiation time was monitored
by measuring the UV-vis absorption of the suspensions centrifuged
at 2000 rpm to remove titania-containing microparticles at different
interval periods. The UV-vis absorption was measured on a CARY
1E spectrometer, and the absorbance at the absorption maximum
(553 nm) was used for the determination of the concentration of
Rhodamine B.

Results and Discussion

Hollow Titania/G-100 Hybrid Microparticles. Sephadex
G-100 is a relatively loosely cross-linked dextran gel with a
large water regain of 10 g/g. The as-received Sephadex
G-100 beads swelled significantly in water whereas they
almost kept their original sizes when they were suspended
in ethanol because they did not tend to absorb ethanol. A
representative OM image of the dry Sephadex G-100 beads
suspended in ethanol is presented in Figure 1a, which
suggests that the beads are perfect spheres ranging in size
from 40 to 120µm. Although it is hard to see any inner
structures for the larger spheres, the smaller spheres usually
show a dark edge and a pale center, indicating a hollow
structure. Figure 1b shows a typical OM image of the swollen
Sephadex G-100 beads suspended in water, which exhibit
spheres about 100-350 µm in diameter, much larger than
the dry beads. It can be seen that the contrast between these
spheres and the background is rather low as a result of the
encapsulation of a large amount of water in the gel networks,
and it is now difficult to see the hollow structure. Environ-
mental SEM was conducted to reveal the detailed morpho-
logical characteristics of the original dry Sephadex G-100
beads as well as the re-dried Sephadex G-100 beads after
swelling in water (Figure 2). As shown in Figure 2a,b, the
original gel beads are spherical particles 40-120 µm in
diameter with their surface full of micrometer-sized wrinkles.
The Sephadex G-100 beads can be manually broken by
grinding, and a typical SEM image shown in Figure 2c
clearly reveals that the microspheres are actually hollow
spheres with a shell thickness about 4.5µm. When the
Sephadex G-100 beads thoroughly swollen in water were
re-dried by repeatedly extracting water with ethanol and
drying in air, the resultant hollow microparticles nearly
shrank back to their original sizes, but they were apparently
deformed with some obvious sinkage in addition to the

Figure 1. OM images of Sephadex G-100 beads before (a) and after (b)
swelling in water.

Figure 2. SEM images of dry Sephadex G-100 beads as received (a, b)
and after being manually broken (c). (d) SEM image of Sephadex G-100
beads re-dried by extracting water with ethanol and drying in air after
swolling in water.
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surface wrinkles (Figure 2d). Such a reversible process of
swelling in water and shrinking in ethanol may indicate the
potential application of the elastic Sephadex G-100 beads
in the templating synthesis of inorganic hollow microparticles
since the swelling may allow the easy infiltration of
precursors and the shrinking may allow the entanglement of
the mineralized solids.

When the swollen Sephadex G-100 beads were immersed
in a 0.1 M TiCl4 solution, the hydrolysis of TiCl4 would
occur preferentially on the surface of the cross-linked dextran
chains because their surface hydroxyl groups could interact
with the intermediate titanium species such as [Ti(OH)nClm]2-

wheren + m ) 6.29 Actually, the hydrolysis of TiCl4 on
and inside the G-100 beads started immediately after the
G-100 beads were immersed while the hydrolysis in the TiCl4

solution without the G-100 beads was very slow and no
precipitates were observed after 24 h of aging. It indicated
that the surface hydroxyl groups of the dextran chains could
instigate the TiCl4 hydrolysis in the current situation. After
titania mineralization followed by washing with ethanol and
drying in air, titania/G-100 hybrids were obtained, which
are shown in Figure 3. It can be seen that the titania/G-100
hybrids obtained with reaction times ranging from 2 to 24 h
are all shrunken hollow microparticles with their overall
morphology, size, and shell thickness similar to the re-dried
hollow Sephadex G-100 microparticles shown in Figure 2d.
This result suggests that TiCl4 diffused into the macroporous
networks of the swollen gels and then hydrolyzed on the
cross-linked dextran chains, resulting in the formation of
titania-coated gel networks. After dehydrating with ethanol
and drying, the swollen gels shrank into deformed micro-
spheres with mineralized titania enwrapped inside the
condensed gel networks, leading to the formation of the
hollow titania/G-100 hybrid microparticles that look like the
re-dried hollow Sephadex G-100 microparticles. Figure 4
shows the TGA curve of the titania/G-100 hybrids obtained
with a reaction time of 8 h, which suggests that organics

were burnt off around 470°C, leaving 12 wt % inorganic
solid. On the basis of the TGA measurements, it was
estimated that the titania content in the titania/G-100 hybrids
was increased from 6.5 to 37 wt % with increasing reaction
time from 2 to 24 h, indicating a gradual deposition of titania
on the gel networks with reaction time. It can also be seen
from Figure 3 that broken entities are rather common in the
hybrid particles obtained after 2 h ofreaction while the hybrid
particles obtained after longer time exist mostly as intact
particles, which may indicate that the strength of the hybrid
wall with a small content of titania could be too low to
withstand the shrinking force. Moreover, some surface
cracking is evident in the hybrid particles obtained after 24
h of reaction (Figure 3f), which could partly be attributed to
the deposition of extra titania on the surface of the G-100
beads.

Hollow Titania Microparticles. Calcination of the hollow
titania/G-100 hybrid microparticles in air resulted in the
formation of hollow titania microparticles. Figure 5 displays
the SEM images of hollow titania microparticles obtained
after reaction for 8 h and calcination in air at different
temperatures. It shows that all the obtained titania products(29) Cheng, H.; Ma, J.; Zhao, Z.; Qi, L.Chem. Mater.1995, 7, 663.

Figure 3. SEM images of titania/G-100 hybrids obtained after different
reaction times: (a, b) 2 h, (c, d) 8 h, and (e, f) 24 h.

Figure 4. TGA curve of the titania/G-100 hybrid obtained after 8 h of
reaction and heating in air.

Figure 5. SEM images of hollow titania microparticles obtained after
reaction for 8 h and calcination in air at different temperatures: (a) 400
°C, (b-d) 500°C, (e) 600°C, and (f) 700°C.
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are similar shrunken hollow microparticles with sizes
predominantly in the range 20-60µm, considerably smaller
than the parent hollow microparticles of titania/G-100 hybrids
(around 40-120 µm). Representative high-magnification
images of the broken samples calcined at 500°C suggest
that the hollow titania microparticles with surface wrinkles
have a condensed shell with a shell thickness∼ 1.5 µm
(Figure 5c,d). Our preliminary density measurement revealed
that the hollow titania microparticles calcined at 500°C had
a density∼ 3.0 g cm-3, which is considerably lower that
the density of the normal titania powders (∼4.2 g cm-3).
The XRD patterns of the hollow titania microparticles are
presented in Figure 6, which reveals that the titania existed
in the crystal phase of anatase when heated at temperatures
400-600 °C, and the transformation to the rutile structure
occurred at 700°C with the rutile phase existing as the
predominant crystal phase. According to the line width
analysis of the (101) reflection based on the Scherrer formula,
average crystallite sizes for the hollow anatase microparticles
obtained at 400, 500, and 600°C were estimated to be about
8, 12, and 28 nm, respectively.

Figure 7 presents typical TEM images of the hollow titania
microparticles along with the related electron diffraction
patterns. It shows that the products obtained at 400-600°C
consist of anatase nanocrystals, the crystallite size of which
increases from less than 10 nm to larger than 20 nm with
increasing temperature from 400 to 600°C, and the product
obtained at 700°C mainly comprises large rutile nanocrystals
(mostly 40-90 nm), in good agreement with the XRD result.
Furthermore, the variation of the BET specific surface area

of the hollow titania microparticles versus calcination tem-
perature is displayed in Figure 8, which clearly shows that
the surface area monotonically decreases from 92 to 7.7 m2

g-1 with increasing temperature from 400 to 700°C. To
summarize, for the hollow titania microparticles, an increase
in the calcination temperature results in an increase in the
crystallite size, which is accompanied by a phase transforma-
tion from anatase to rutile around 700°C, and a decrease in
the surface area, while the apparent morphology of the
hollow particles remains unchanged.

The photocatalytic activity of the hollow titania micro-
particles obtained at different temperatures was examined
by measuring the photodegradation of Rhodamine B in an
aqueous suspension of the titania photocatalyst with a
concentration of 0.1 g L-1. As shown in Figure 9, the sample
heated at 700°C exhibits the lowest photocatalytic activity,
and the samples calcined at 400-600 °C show comparable
photocatalytic activity with the sample at 500°C exhibiting
the highest activity. The lowest photocatalytic activity for
the sample heated at 700°C may be attributed to the low
surface area and the crystal phase of rutile because the
anatase-type titania usually shows higher photocatalytic
activity than the rutile-type titania. For the anatase samples
obtained at 400-600 °C, the crystallinity and the surface
area seem to be the two important factors in determining
the photocatalytic activity. In general, the photocatalytic
activity of anatase increases with the crystallinity and the
surface area. Therefore, the highest photocatalytic activity
of the sample obtained at 500°C could result from a
compromise between the crystallinity and the surface area

Figure 6. XRD patterns of hollow titania microparticles obtained after
reaction for 8 h and calcination in air at different temperatures.

Figure 7. TEM images of hollow titania microparticles obtained after
reaction for 8 h and calcination in air at different temperatures: (a) 400
°C, (b) 500°C, (c) 600°C, and (d) 700°C.

Figure 8. Variation of BET surface area of hollow titania microparticles
versus calcination temperature.

Figure 9. Photodegradation of Rhodamine B monitored as the normalized
concentration change versus irradiation time in the presence of hollow titania
microparticles obtained after reaction for 8 h and calcination in air at
different temperatures.
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as the crystallinity increases, but the surface area decreases
with increasing calcination temperature. It is worth noting
that the photocatalytic activity of the current hollow titania
microparticles obtained at 500°C is actually comparable to
the photocatalytic activity of the mesoporous titania networks
templated by bacterial cellulose membranes.25 Considering
that the hollow titania microparticles (∼20-60 µm) can be
easily suspended in and recovered from solution, they may
find some promising applications including as catalysts and
lightweight fillers.

In addition, the shell thickness of the hollow titania
microparticles can be adjusted readily by varying the reaction
time between the gel beads and TiCl4 in water. Figure 10
shows the SEM images of the hollow titania microparticles
obtained with a shorter and a longer reaction time, that is, 2
and 24 h, which suggests that they have shell thicknesses
about 1µm and 2.5µm, respectively. It can be also observed
that a large portion of the hollow microparticles with a
reaction time of 2 h exist as broken fragments due to the
relatively thin shell of the hollow microparticles (Figure 10a),
in contrast to the hollow microparticles with a longer reaction
time, which exist mostly in intact shrunken microparticles
as in Figures 5 and 10c. Although the parent titania/G-100
hybrid microparticles with different reaction times exhibit a
similar shell thickness (Figure 3), the titania content in the
hybrids increases with increasing reaction time, which may
lead to a thicker shell for the calcined hollow microparticles
with a longer reaction time.

Hollow Titania/Carbon Composite Microparticles. Cal-
cination of the hollow titania/G-100 hybrid microparticles
in flowing N2 led to the carbonization of cross-linked
dextrans and incorporation of deposited titania, resulting in
the formation of hollow microparticles of titania/carbon
composites. As shown in Figure 11, the titania/G-100 hybrid
obtained after 8 h of reaction starts pyrolysis under N2 around
180°C, and the pyrolysis process continues until more than
800°C; however, there is still a small weight loss when the
heating temperature is higher than 500°C. Figure 12 shows
representative SEM images of the hollow titania/carbon
composite microparticles obtained after 3 h ofcarbonization
in N2 at different temperatures. The obtained composite
microparticles exhibit shrunken hollow spheres of sizes
predominantly in the range 30-90µm, which are essentially
smaller than the parent hollow titania/G-100 hybrid micro-
particles (40-120µm) but larger than the templated hollow

titania microparticles (20-60µm). The compact shell shows
well-replicated surface wrinkles, and the shell thickness is
kept at∼2.6 µm for the hollow particles pyrolyzed at three
different temperatures, indicating that the calcination tem-
perature does not show remarkable effect on the shell
thickness. The titania content in the titania/carbon composites
was estimated through the TGA measurement performed in
air, which shows that the titania content increases from 27
to 33 wt % with increasing calcination temperature from 500
to 700°C (Table 1).

The XRD patterns of the hollow composite microparticles
reveal that the calcination temperature exerts considerable
influence on the crystallinity of titania. As shown in Figure
13, all the three titania/carbon composites exhibit relatively
weak reflections corresponding to the anatase phase of titania
along with a weak broad peak at∼10-30° attributed to

Figure 10. SEM images of hollow titania microparticles obtained after
reaction for 2 h (a, b) and 24 h (c, d) followed by calcination at 500°C
in air. Figure 11. TGA curve of titania/G-100 hybrid obtained after 8 h of reaction

and being pyrolyzed in N2.

Figure 12. SEM images of hollow titania/carbon composite microparticles
pyrolyzed in N2 at different temperatures: (a, b) 500°C, (c, d) 600°C, and
(e, f) 700°C.

Table 1. Titania Content and BET Surface Area of the Hollow
Titania/Carbon Composite Microparticles Pyrolyzed at Different

Temperatures

pyrolysis temperature
(°C)

titania content
(wt %)

BET surface area
(m2 g-1)

500 27 22
600 31 334
700 33 402
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amorphous carbon. It can be seen that the crystallinity of
anatase decreases with increasing calcination temperature,
which may be rationalized by considering that the faster
pyrolysis rate at a higher calcination temperature would lead
to a faster incorporation of the poorly crystallized titania
nanoparticles inside the pyrolyzing and shrinking dextran
networks, favoring a stronger inhibition of the titania
crystallization. It is noteworthy that while the phase trans-
formation from anatase to rutile obviously occurred at 700
°C for the hollow titania microparticles (Figure 6), the rutile
phase did not appear for the titania/carbon composites
carbonized at 700°C, suggesting that the phase transforma-
tion from anatase to rutile in titania/carbon composites can
be effectively restrained, in good agreement with the
previously reported results.16 On the other hand, Raman
spectra of the hollow composite microparticles have been
measured to provide information about the nature of the
carbon in the composites. As shown in Figure 14, the Raman
spectra show two broad bands at 1350 and 1590 cm-1, which
are characteristic of a symmetry breakdown at the edge of
graphene sheets (D band) and the E2g vibrational mode of
graphite layers (G band), respectively.10c The presence of
both D and G bands is consistent with the model of
turbostratically disordered graphene sheets contained in hard
carbon, indicating that the carbon is disordered amorphous
carbon,10c,d in accordance with the XRD result. It is noted
that the D/G intensity ratio is slightly increased with
increasing calcination temperature, suggesting that the carbon
becomes a little more disordered for the titania/carbon
composites carbonized at a higher temperature, which may

be also related with the faster pyrolysis rate at the higher
calcination temperature.

TEM as well as HRTEM investigation has been carried
out to reveal the microstructure of the hollow titania/carbon
composite microparticles (Figure 15). The TEM image
shown in Figure 15a shows that the titania/carbon composite
pyrolyzed at 500°C consists of interconnected networks with
pore sizes larger than 10 nm, but it is difficult to discern
individual titania nanocrystals. However, the related HRTEM
image (Figure 15b) clearly shows the presence of many
anatase nanocrystals (∼4-9 nm) randomly distributed in
amorphous matrixes, that is, carbon networks. The titania/
carbon composites pyrolyzed at higher temperatures (i.e., 600
and 700°C) show microporous networks with much smaller
pore sizes where anatase nanocrystals∼5 nm are also
randomly distributed (Figure 15c-f). The N2 sorption
measurement of the titania/carbon composite pyrolyzed at
600 °C showed that the single-point total pore volume at a
relative pressure of 0.998 is 0.193 cm3 g-1 with a micropore
volume of 0.122 cm3 g-1, indicating that the microporosity
is predominant in this material. As shown in Table 1, the
BET surface area of the titania/carbon composites pyrolyzed
at 500°C is as low as 22 m2 g-1 whereas the composites
pyrolyzed at 600 and 700°C show much higher surface areas,
that is, 334 m2 g-1 and 402 m2 g-1, respectively, which is
consistent with the TEM observations. These results suggest
that the carbonization at 500°C is relatively slow and
incomplete, resulting in partial preservation of the original
network structure whereas the carbonization at higher tem-
peratures is fast and approximately complete, resulting in
the collapse of the original network structure and the
formation of many new micropores.

The photocatalytic activity of the hollow titania/carbon
composite microparticles was examined by measuring the
photodegradation of Rhodamine B in an aqueous suspension
of the titania/carbon composites with a concentration of 0.2
g L-1. Considering that the porous carbon with a high surface
area or adsorptivity may contribute to the apparent photo-

Figure 13. XRD patterns of hollow titania/carbon composite microparticles
pyrolyzed in N2 at different temperatures.

Figure 14. Raman spectra of hollow titania/carbon composite microparticles
pyrolyzed in N2 at different temperatures.

Figure 15. TEM (a, c, e) and HRTEM (b, d, f) images of hollow titania/
carbon composite microparticles pyrolyzed in N2 at different temperatures:
(a, b) 500°C, (c, d) 600°C, and (e, f) 700°C.
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catalytic activity through adsorption of Rhodamine B, a blank
measurement was conducted without UV illumination in the
presence the titania/carbon composite pyrolyzed at 700°C.
As shown in Figure 16a, there is almost no decrease in the
Rhodamine B concentration after 2 h in theblank experiment,
essentially excluding the contribution from the adsorption
of Rhodamine B on the titania/carbon composites. It is shown
that all three of the titania/carbon composites exhibit good
photocatalytic activity with the titania/carbon composites
pyrolyzed at the intermediate temperature (600°C) showing
the highest activity. The re-plotted linear graph of ln(c/c0)
∼ t shown in Figure 16b indicates that the photodegradation
of Rhodamine B with the titania/carbon composites pyrolyzed
at different temperatures follows roughly the pseudo-first-
order reaction, which is consistent with results obtained from
the photodegradation of Rhodamine B assisted by titania
films.30 The rate constants were determined to be 0.0119,
0.0185, and 0.0080 min-1 for the titania/carbon composites
pyrolyzed at 500, 600, and 700°C, respectively. This result
may also be interpreted in terms of a compromise between
the two important factors in determining the photocatalytic
activity, that is, the crystallinity of anatase and the surface
area of the hollow microparticles. In this case, the crystal-
linity of anatase decreases with increasing calcination tem-
perature, and the surface area increases with increasing
calcination temperature, in contrast to the case of hollow
titania microparticles.

It is worth noting that the hollow titania/carbon composite
microparticles pyrolyzed at 600°C show a much better
photocatalytic activity than all the hollow titania micropar-
ticles calcined at different temperatures even though the
actual titania concentration in the suspension of the hollow
composite microparticles is only 0.06 g L-1, much smaller
than the titania concentration in the suspension of hollow
titania microparticles (0.1 g L-1). Generally, this result may
be attributed to the high photocatalytic activity related with
titania/carbon composites, which have been previously
reported for different types of titania/carbon composites and
ascribed to several factors including stabilization of the
anatase phase, increased surface area, and high adsorptivity
of porous carbon.15,16 Although the presence of a small
amount of amorphous titania in the titania/carbon composites
cannot be excluded, the amorphous titania is not expected
to considerably contribute to the photodegredation reaction
because amorphous titania is known to have negligible
photocatalytic efficiency compared to that of the anatase
phase.20c However, a more detailed understanding of the
photocatalytic superiority of hollow titania/carbon composite
microparticles over hollow titania microparticles is still
underway. For comparison purposes, the photodegradation
of Rhodamine B was performed in the presence of com-
mercial Degussa P25 TiO2, a reference photocatalyst. Under
otherwise similar conditions, the rate constant for P25 was
measured to be 0.0445 min-1, which is still higher than that
for all the obtained titania/carbon composites. This result is
not unexpected because the current composite microspheres
have much larger sizes compared with the powdered P25
nanoparticles. However, these titania/carbon composite mi-
croparticles have the advantage of being easy to handle and
may be considered as a promising candidate for useful
photocatalysts. Furthermore, it was found that the adsorptivity
of the hollow titania/carbon composite microparticles was
much higher than that of the hollow titania microparticles.
For instance, the amount of Rhodamine B adsorbed onto the
hollow microparticles after 30 min in the dark was measured
to be 5.0× 10-7 mol g-1 and 5.2× 10-6 mol g-1 for the
titania microparticles calcined at 500°C and the titania/
carbon composite microparticles pyrolyzed at 600°C,
respectively. Because the unique structure of micrometer-
sized hollow particles and the novel properties of titania/
carbon composites are combined together, the current hollow
microparticles of titania/carbon composites may find many
promising applications including as catalysts, adsorbents,
electrode materials, and lightweight fillers. Compared with
other approaches to fabricate hollow titania entities, the
current approach is unique in that the commercial dextran
gel beads were carbonized during the heating stage, resulting
in novel hollow titania/carbon composite microparticles with
dramatically enhanced photocatalytic activities.

Conclusions

A commercial cross-linked dextran gel, Sephadex G-100,
has been successfully employed as the template for the
controlled synthesis of hollow particles of titania and titania/
carbon composites. The immersion of hollow Sephadex
G-100 beads in aqueous TiCl4 solution resulted in the gradual(30) Wu, J.-M.; Zhang, T.-W.J. Photochem. Photobiol., A2004, 162, 171.

Figure 16. (a) Photodegradation of Rhodamine B monitored as the
normalized concentration change versus irradiation time in the presence of
hollow titania/carbon composite microparticles pyrolyzed in N2 at different
temperatures. (b) re-plot of part a as the linear graph of ln(c0/c) vs time.
The blank measurement was conducted without UV illumination in the
presence the hollow titania/carbon composite microparticles pyrolyzed in
N2 at 700°C.
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deposition of titania on the surface of the gel networks, and
hollow shrunken microparticles of titania/G-100 hybrids
about 40-120 µm in size and∼4.5 µm in shell thickness
were obtained upon subsequent dehydrating and drying.
Hollow titania microparticles about 20-60 µm in size were
readily fabricated by calcination of the hollow titania/G-100
hybrid microparticles in air, and the shell thickness was
adjusted from 1 to 2.5µm through increasing the immersion
reaction time from 2 to 24 h. An increase in the calcination
temperature from 400 to 700°C resulted in an increase in
the crystallite size, which is accompanied by a phase
transformation from anatase to rutile around 700°C and a
decrease in the surface area, while the apparent morphology
of the hollow particles remains unchanged. The hollow titania
microparticles calcined at 500°C exhibited the highest
photocatalytic activity because of a compromise between the
anatase crystallinity and the surface area. For the synthesis
of hollow microparticles of titania/carbon composites, the
calcination of the hollow titania/G-100 hybrid microparticles
was conducted at 500-700 °C in flowing N2 to carbonize
the cross-linked dextrans. The obtained hollow titania/carbon
composite microparticles, which were about 30-90 µm in
size and∼ 2.6µm in shell thickness, consisted of amorphous
carbon and anatase nanocrystals, and the titania content was
increased from 27 to 33 wt % with increasing the calcination
temperature from 500 to 700°C. The phase transformation
from anatase to rutile at a calcination temperature of 700
°C was completely suppressed in the titania/carbon com-
posites. Moreover, with increasing temperature from 500 to
700 °C, the crystallinity of anatase was decreased and the
surface area was increased, in contrast to the case of hollow
titania microparticles. All the obtained titania/carbon com-
posites exhibit good photocatalytic activity with the titania/

carbon composites pyrolyzed at 600°C showing the highest
activity possible as a result of a compromise between the
crystallinity of anatase and the surface area of the hollow
microparticles. Compared with the hollow titania micropar-
ticles, the hollow titania/carbon composite microparticles
exhibit remarkably enhanced photocatalytic activity, which
could be related to the characteristics of titania/carbon
composites such as stabilization of the anatase phase,
increased surface area, and high adsorptivity of porous
carbon.

Considering the unique properties of the hollow particle
structure, the obtained hollow microparticles of titania and
titania/carbon composites may find many promising applica-
tions including as catalysts, adsorbents, electrode materials,
and lightweight fillers. The templating synthesis based on
Sephadex gels is potentially extendable to the synthesis of
hollow microparticles of other metal oxide systems. More-
over, the size, shell thickness, microstructure, and chemical
composition of the templated hollow microparticles could
be adjusted through changing the properties of the Sephadex
gel templates because Sephadex gels with tunable size and
cross-linkage degree as well as Sephadex gels containing
various functional groups are available. Therefore, the current
templating synthesis strategy may represent a general method
for the fabrication of inorganic hollow microparticles with
tailored properties.
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