Chem. Mater2006,18, 3477—3485 3477

Synthesis and Photocatalytic Properties of Hollow Microparticles of
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Hollow titania microparticles about 2860 um in size and hollow titania/carbon composite microparticles
about 36-90um 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
TiCl, 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 1um to 2.5um were fabricated by calcination of the hollow titania/G-100 hybrid microparticles at
temperatures from 400 to 70C in air. On the other hand, hollow titania/carbon composite microparticles
~ 2.6um 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 €700
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 used for the synthesis of hollow Ti@articles with tailored

Inorganic hollow structures have attracted great attention properties. F_o_r (_axample, colloidal polymer sp_her_e s have been
because of their wide variety of potential applications as u_sed_ as sacrlflma_l hard templates for tr_]e fabrication of _hoII(_)w
catalysts and catalyst supports, adsorbents, sensors, dru itania spheres with antrolled shell thickness and cavity size
delivery carriers, artificial cells, photonic crystals, acoustic through sot-gel coating and the layer-by-layer (LbL)
insulators, lightweight fillers, and microreactdrsIn par- techniqué whereas emulsion droplets have been used as
ticular, many recent efforts have been devoted to the easily remoyable soft templgtes for the |n_terfaC|aI synthe5|s
controlled fabrication of hollow Ti@particles because titania  ©f hollow microspheres of Tig¥ porous TiQ,® and TiG/
is an important semiconductor material applicable in various CdS composite$.Generally, the structural parameters of
areas including photovoltaics, photocatalysis, separation,hollow TiO; particles can be better controlled by the hard
chemical sensing, and optical devices. While hollow TiO template route; however, the currently employed polymer
particles have been synthesized without the assistance ofarticles as well as the templated hollow Tigarticles are
templates by the spray-drying techni§und via Ostwald normally less than 1Gm. It would be desirable to find
ripening? the templating method has been most frequently suitable colloidal hard templates to achieve size control for
relatively large hollow TiQ microparticles of sizes about
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tens of micrometers considering that these microparticles A variety of structured organic templates have been
could open new possibilities for the applications as packing employed to synthesize titania materials with controlled mor-
materials in chromatography as well as lightweight fillers phologies and microstructures because template-directed syn-
or as an easy-to-handle form for catalytic purposes. thesis represents an ideal approach to replication by the
Because of the widespread applications of carbon materialsgesign and fabrication of materials with predetermined struc-
(e.g., amorphous carbon, activated carbon, and graphite) asyra| propertied? In this regard, synthetic polymer gé,
absorbents, catalyst supports, nanocomposites, electrod%orous polymer beadd,and electrospun polymer fibéts
materials, and storage medfaconsiderable attention has have been used for the synthesis of porous, i€tworks,
been paid to the fabrication of hollow carbon particles porous TiQ spheres, and TiDtubes, respectively, while

through carbonization of carbon precursémnd chemical
S : cellulose acetate membranes have been employed to prepare
vapor depositiod? Interestingly, hollow spheres of meso- . 3 . .
porous TiQ films.2* Moreover, biological structures such

porous carbon have been employed as templates to fabricat hell brands ial cellul brands
hollow spheres of crystalline porous metal oxides, such as as eggshell membranéspacterial cellulose membran®s,

hollow porous TiQ microspheres of size between 2 and 5 and natural cellulose matrixes (e._g., filte_r paper, cloth, and
um31tis noteworthy that there has been increasing interest COttonf® have be adopted as delicate biological templates
in titania/carbon composites in recent years. It has beent0 replicate porous Tignetworks or hierarchical Tigstruc-
demonstrated that carbon doping can dramatically improve tures. Sephadex gels are a group of cross-linked dextran gels
the photocatalytic activity of titania in the visible-light ~widely used in gel filtration for separation, purification, and

region’* Titania-mounted activated carbon has been preparedmolecular weight determination of biomacromolecules in-

with the advantage of coupling the photoactivity of anatase-
type TiQ, with the adsorptivity of activated carb¥rwhereas

cluding proteins and polysaccharidésn particular, Sepha-
dex G-100 is a dextran gel that considerably swells in water

carbon-coated titania has been found to show many advan-with a water regain of 10 g per g dry gels, and it is relatively
tages such as stabilization of the anatase phase, shift of thestable in both basic and acidic environments. Commercial

absorption edge of titania to the visible region, and high
photocatalytic activity® 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 TiO
nanoparticles onto prefabricated 3DOM carbbHowever,

hollow particles of titania/carbon composites, which combine
the unique structure of hollow particles and the useful

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 12 1(f in

the molecular weight® Sephadex G-100 beads are actually
hollow microspheres of dextran gels, which are potential
templates for inorganic hollow particles and provide suitable

properties of titania/carbon composites, have not beenPreCUrsors for carbonization because dextran is a polysac-
reported so far although there has been some work on thecharide composed of repeated monomeric glucose units with

preparation of titania/carbon composite micropartiéfes.

Hence, it remains a challenge to explore effective methods Sephadex G-100 beads are used as both templates and carbon

to synthesize hollow titania/carbon composite particles with
tailored properties.
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Experimental Section a W@ " T 7
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Materials. Sephadex G-100 beads with the dry diameter about .. Dy e
40—120um were obtained from Amersham Biosciences (Uppsala, ) .2”} ..' { By
Sweden). TiG] and ethanol were of analytical grade. All the @ ‘ [4%) A \
chemicals were used as received, and the water used was 9 i ; (i
deionized. » 0 @0 O - am

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

Synthesis. A stock TiCly solution (2.6 M) was prepared by swelling in water

dropping TiC}, 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 wateB(Q °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 TiGlsolution at room temperature and
the suspension was stirredrf8 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 ' R A 100uM G
by filtration and dried in air at 60C. The obtained titania/G-100  Figure 2. SEM images of dry Sephadex G-100 beads as received (a, b)
hybrids were further calcined at different temperatures (with a 2nd 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
heating rate of 200C/h) for 3 h under air or nitrogen atmosphere swolling in water.
to burn off or carbonize the dextrans, resulting in the formation of
hollow titania microparticles or hollow titania/carbon composite
microparticles, respectively. Hollow Titania/G-100 Hybrid Microparticles. Sephadex
Characterization. Optical microscopy (OM) images were G-100 is a relatively loosely cross-linked dextran gel with a
recorded on a Nikon ECLIPSE E600 microscope. Environmental large water regain of 10 g/g. The as-received Sephadex
scanning electron microscopy (SEM) images were taken on a FEI G-100 beads swelled significantly in water whereas they
Quanta 200FEG microscope at an accelerating voltage of 15 kV gmost kept their original sizes when they were suspended
with the pressure in the sample chamber of 1 Torr. Conventional jn ethanol because they did not tend to absorb ethanol. A
transmission electron microscopy (TEM) and high-resolution representative OM image of the dry Sephadex G-100 beads
transmission electron microscopy (HRTEM) images were recorded suspended in ethanol is presented in Figure 1a, which

ggg ;lizc?;siil\tﬁog%)é r;\llcr:)esscoepgistellﬁi(l?; agi?f;;%rTFXCRND'A)‘l suggests that the beads are perfect spheres ranging in size
P : Fesp y- y from 40 to 120um. Although it is hard to see any inner

was performed on a Rigaku Dmax-2000 X-ray diffractometer with
Cu Ka radiation. Thermogravimetric analysis (TGA) was carried structures for the larger spheres, the smaller spheres usually

out on a SDT 2960 (Thermal Analysis, U.S.A.) with the carrier SNOW & dark edge and a pale center, indicating a hollow
gas of air or N at a heating rate of 16C min-L. Specific surface structure. Figure 1b shows a typical OM image of the swollen
areas were measured on a Micromeritics ASAP 2010 analyzer usingSephadex G-100 beads suspended in water, which exhibit
BET analysis based onMidsorption at 77 K. Raman spectra were Spheres about 16850 um in diameter, much larger than
obtained from Renishaw micro-Raman 1000 spectrometer with a the dry beads. It can be seen that the contrast between these
50 mW He-Ne laser operating at 632.8 nm. spheres and the background is rather low as a result of the
Photocatalytic Activity Measurements. The photocatalytic encapsulation of a large amount of water in the gel networks,
activity of the obtained hollow microparticles of titania and titania/  and it is now difficult to see the hollow structure. Environ-
carbon composites was characterized by measuring the titania-mental SEM was conducted to reveal the detailed morpho-
assisted photodegradation of the xanthene dye Rhodamine B,logical characteristics of the original dry Sephadex G-100
following the reported proceduféThe hollow microparticles (10 beads as well as the re-dried Sephadex G-100 beads after
mg for titania samples and 20 mg for titania/carbon composites) swelling in water (Figure 2). As shown in Figure 2a,b, the
were suspended _in 100 mL of 0.01_ mM aqueous Rhod:_:tmine B, original gel beads are spherical particles—4@0 um in
and the suspensions were placed in the dark for 30 min before 45 meter with their surface full of micrometer-sized wrinkles.
|IIL_1m|nat|on to e_lllow sufflc!ent gdsorptlo_n of Rhodaml_ne B. The The Sephadex G-100 beads can be manually broken by
stirred suspensions were illuminated with a 250 W high-pressure grinding, and a typical SEM image shown in Figure 2c

mercury lamp~ 25 cm high over the solution, and the change of learl Is that th - h tually holl
the Rhodamine B concentration with irradiation time was monitored '€y r€veais that the microspheres are actually hollow

by measuring the U¥*vis absorption of the suspensions centrifuged spheres with a shell thickness about 4. \_Nhen the

at 2000 rpm to remove titania-containing microparticles at different Sephadex G-100 beads thoroyghly swolle.n In water were
interval periods. The UVAvis absorption was measured on a CARY e-dried by repeatedly extracting water with ethanol and
1E spectrometer, and the absorbance at the absorption maximunflrying in air, the resultant hollow microparticles nearly
(553 nm) was used for the determination of the concentration of shrank back to their original sizes, but they were apparently
Rhodamine B. deformed with some obvious sinkage in addition to the

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

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.

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 TiCl, solution, the hydrolysis of TiGlwould
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({HE]%>~
wheren + m = 6.2° Actually, the hydrolysis of TiCJ on
and inside the G-100 beads started immediately after the D
G-100 beads were immersed while the hydrolysis in thesTiCl  Figure 5. SEM images of hollow titania mlcropartlcles obtalned after
solution without the G-100 beads was very slow and no reaction fo 8 h and calcination in air at different temperatures: (a) 400
precipitates were observed after 24 h of aging. It indicated °C: (b~d) 500°C, (e) 600°C, and (f) 700°C.
that the surface hydroxyl groups of the dextran chains could were burnt off around 470C, leaving 12 wt % inorganic
instigate the TiCJ hydrolysis in the current situation. After  solid. On the basis of the TGA measurements, it was
titania mineralization followed by washing with ethanol and estimated that the titania content in the titania/G-100 hybrids
drying in air, titania/G-100 hybrids were obtained, which was increased from 6.5 to 37 wt % with increasing reaction
are shown in Figure 3. It can be seen that the titania/G-100time from 2 to 24 h, indicating a gradual deposition of titania
hybrids obtained with reaction times ranging from 2 to 24 h on the gel networks with reaction time. It can also be seen
are all shrunken hollow microparticles with their overall from Figure 3 that broken entities are rather common in the
morphology, size, and shell thickness similar to the re-dried hybrid particles obtained aft@ h of reaction while the hybrid
hollow Sephadex G-100 microparticles shown in Figure 2d. particles obtained after longer time exist mostly as intact
This result suggests that Tiiffused into the macroporous  particles, which may indicate that the strength of the hybrid
networks of the swollen gels and then hydrolyzed on the wall with a small content of titania could be too low to
cross-linked dextran chains, resulting in the formation of withstand the shrinking force. Moreover, some surface
titania-coated gel networks. After dehydrating with ethanol cracking is evident in the hybrid particles obtained after 24
and drying, the swollen gels shrank into deformed micro- h of reaction (Figure 3f), which could partly be attributed to
spheres with mineralized titania enwrapped inside the the deposition of extra titania on the surface of the G-100
condensed gel networks, leading to the formation of the beads.
hollow titania/G-100 hybrid microparticles that look like the Hollow Titania Microparticles. Calcination of the hollow
re-dried hollow Sephadex G-100 microparticles. Figure 4 titania/G-100 hybrid microparticles in air resulted in the
shows the TGA curve of the titania/G-100 hybrids obtained formation of hollow titania microparticles. Figure 5 displays
with a reaction time of 8 h, which suggests that organics the SEM images of hollow titania microparticles obtained

after reaction fo 8 h and calcination in air at different
(29) Cheng, H.; Ma, J.; Zhao, Z.; Qi, IChem. Mater1995 7, 663. temperatures. It shows that all the obtained titania products
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Figure 6. XRD patterns of hollow titania microparticles obtained after  Figure 8. Variation of BET surface area of hollow titania microparticles
reaction fo 8 h and calcination in air at different temperatures. versus calcination temperature.
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Figure 7. TEM images of hollow titania microparticles obtained after ~Figure 9. Photodegradation of Rhodamine B monitored as the normalized
reaction fo 8 h and calcination in air at different temperatures: (a) 400 concentration change versus irradiation time in the presence of hollow titania
°C, (b) 500°C, (c) 600°C, and (d) 70C°C. microparticles obtained after reaction for 8 h and calcination in air at
different temperatures.

are similar shrunken hollow microparticles with sizes g the hollow titania microparticles versus calcination tem-
predominantly in the range 280um, considerably smaller  yera1re is displayed in Figure 8, which clearly shows that
than the parent hollow microparticles of titania/G-100 hybrids ihe surface area monotonically decreases from 92 to 7.7 m
_(around 46-120 um). Representatiye high-magnification g1 with increasing temperature from 400 to 760. To
images of the broken samples calcined at 300suggest  gymmarize, for the hollow titania microparticles, an increase
that the hollow titania microparticles with surface wrinkles i, the calcination temperature results in an increase in the
have a condensed shell with a shell thickness..5 um crystallite size, which is accompanied by a phase transforma-
(Figure 5c¢,d). Our preliminary density measurement revealedsjon, from anatase to rutile around 760, and a decrease in
that the hollow titania microparticles calcined at 5@had the surface area, while the apparent morphology of the
a density~ 3.0 g cnt3, which is considerably lower that  pliow particles remains unchanged.
the density of the normal titania powders4.2 g cn). The photocatalytic activity of the hollow titania micro-
The XRD patterns of the hollow titania microparticles are particles obtained at different temperatures was examined
presented in Figure 6, which reveals that the titania existed by measuring the photodegradation of Rhodamine B in an
in the crystal phase of anatase when heated at temperaturegqueous suspension of the titania photocatalyst with a
400-600 °C, and the transformation to the rutile structure -gncentration of 0.1 gt As shown in Figure 9, the sample
occurred at 700C with the rutile phase existing as the peated at 700C exhibits the lowest photocatalytic activity,
predominant crystal phase. According to the line width 544 the samples calcined at 40800 °C show comparable
analysis of the (101) reflection based on the Scherrer formma’photocatalytic activity with the sample at 500 exhibiting
average crystallite sizes for the hollow anatase microparticlesiyg highest activity. The lowest photocatalytic activity for
obtained at 400, 500, and 60C were estimated to be about ¢ sample heated at 70C may be attributed to the low
8, 12, and 28 nm, respectively. surface area and the crystal phase of rutile because the
Figure 7 presents typical TEM images of the hollow titania anatase-type titania usually shows higher photocatalytic
microparticles along with the related electron diffraction activity than the rutile-type titania. For the anatase samples
patterns. It shows that the products obtained atZg1D °C obtained at 406600 °C, the crystallinity and the surface
consist of anatase nanocrystals, the crystallite size of whicharea seem to be the two important factors in determining
increases from less than 10 nm to larger than 20 nm with the photocatalytic activity. In general, the photocatalytic
increasing temperature from 400 to 60D, and the product  activity of anatase increases with the crystallinity and the
obtained at 700C mainly comprises large rutile nanocrystals surface area. Therefore, the highest photocatalytic activity
(mostly 46-90 nm), in good agreement with the XRD result. of the sample obtained at 500C could result from a
Furthermore, the variation of the BET specific surface area compromise between the crystallinity and the surface area
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Figure 10. SEM images of hollow titania microparticles obtained after Temperature (°C)
reaction fo 2 h (a, b) and 24 h (c, d) followed by calcination at 50D
In air. Figure 11. TGA curve of titania/G-100 hybrid obtained af@&h ofreaction

L and being pyrolyzed in N
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 50C is actually comparable to
the photocatalytic activity of the mesoporous titania networks
templated by bacterial cellulose membraffe€onsidering
that the hollow titania microparticles-@0—60 um) 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 Ti@i 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 1um and 2.5um, respectively. It can be also observed
that a large portion of the hollow microparticles with a
reaction time 2 h exist as broken fragments due to the
relatively thin shell of the hollow microparticles (Figure 10a), Figure 12. SEM images of hollow titania(carbon composite microparticles
in contrast to the hollow microparticles with a longer reaction ng “f’)'yiggo'g_“ atdifferent temperatures: (2, b) 500, (¢, d) 600°C, and
time, which exist mostly in intact shrunken microparticles Table 1 Tiania Confent and BET Surface Area of the Hollow
as in Figures 5 and 10c. Although the parent titania/G-100 _ 2%€ 1. It ant ; .
hybrid n?icroparticles with differegr]n reacE[)ion times exhibit a Titania/Carbon C°mp°s"$e“$,§;‘;§f‘ljﬂies Pyrolyzed at Different
similar shell thickness (Figure 3), the titania content in the

. . o . . . . pyrolysis temperature titania content BET surface area
hybrids increases with increasing reaction time, which may C) (Wt %) (Mm2g-)
lead to a thicker shell for the calcined hollow microparticles 500 27 22
with a longer reaction time. 600 31 334

Hollow Titania/Carbon Composite Microparticles. Cal- 700 33 402

cination of the hollow titania/G-100 hybrid microparticles titania microparticles (2660xm). The compact shell shows

in flowing N, led to the carbonization of cross-linked well-replicated surface wrinkles, and the shell thickness is
dextrans and incorporation of deposited titania, resulting in kept at~2.6 um for the hollow particles pyrolyzed at three
the formation of hollow microparticles of titania/carbon different temperatures, indicating that the calcination tem-
composites. As shown in Figure 11, the titania/G-100 hybrid perature does not show remarkable effect on the shell
obtained afte8 h ofreaction starts pyrolysis undep Hround thickness. The titania content in the titania/carbon composites
180°C, and the pyrolysis process continues until more than was estimated through the TGA measurement performed in
800°C; however, there is still a small weight loss when the air, which shows that the titania content increases from 27
heating temperature is higher than 5@ Figure 12 shows  to 33 wt % with increasing calcination temperature from 500
representative SEM images of the hollow titania/carbon to 700°C (Table 1).

composite microparticles obtained affeh of carbonization The XRD patterns of the hollow composite microparticles
in N, at different temperatures. The obtained composite reveal that the calcination temperature exerts considerable
microparticles exhibit shrunken hollow spheres of sizes influence on the crystallinity of titania. As shown in Figure
predominantly in the range 3®0um, which are essentially 13, all the three titania/carbon composites exhibit relatively
smaller than the parent hollow titania/G-100 hybrid micro- weak reflections corresponding to the anatase phase of titania
particles (46-120um) but larger than the templated hollow along with a weak broad peak at10—30° attributed to
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Figure 13. XRD patterns of hollow titania/carbon composite microparticles
pyrolyzed in N at different temperatures.
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Figure 15. TEM (a, c, e) and HRTEM (b, d, f) images of hollow titania/
carbon composite microparticles pyrolyzed ina\ different temperatures:
(a, b) 500°C, (c, d) 600°C, and (e, f) 700°C.
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be also related with the faster pyrolysis rate at the higher
calcination temperature.

500°C 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

. - L _ shown in Figure 15a shows that the titania/carbon composite
Figure 14. Raman spectra of hollow titania/carbon composite microparticles . . .
pyrolyzed in N at different temperatures. pyrolyzed at 500C consists of interconnected networks with

pore sizes larger than 10 nm, but it is difficult to discern

amorphous carbon. It can be seen that the crystallinity of individual titania nanocrystals. However, the related HRTEM
anatase decreases with increasing calcination temperaturdmage (Figure 15b) clearly shows the presence of many
which may be rationalized by considering that the faster anatase nanocrystals-4—9 nm) randomly distributed in
pyrolysis rate at a higher calcination temperature would lead @amorphous matrixes, that is, carbon networks. The titania/
to a faster incorporation of the poorly crystallized titania Ccarbon composites pyrolyzed at higher temperatures (i.e., 600
nanoparticles inside the pyrolyzing and shrinking dextran and 700°C) show microporous networks with much smaller
networks, favoring a stronger inhibition of the titania Pore sizes where anatase nanocrystals nm are also
crystallization. It is noteworthy that while the phase trans- randomly distributed (Figure 15d). The N sorption
formation from anatase to rutile obviously occurred at 700 measurement of the titania/carbon composite pyrolyzed at
°C for the hollow titania microparticles (Figure 6), the rutile 600 °C showed that the single-point total pore volume at a
phase did not appear for the titania/carbon compositesrelative pressure of 0.998 is 0.193 £gr* with a micropore
carbonized at 706C, suggesting that the phase transforma- Volume of 0.122 crhg™, indicating that the microporosity
tion from anatase to rutile in titania/carbon composites can is predominant in this material. As shown in Table 1, the
be effectively restrained, in good agreement with the BET surface area of the titania/carbon composites pyrolyzed
previously reported resuli§.On the other hand, Raman at 500°C is as low as 22 fg™* whereas the composites
spectra of the hollow composite microparticles have been Pyrolyzed at 600 and 70 show much higher surface areas,
measured to provide information about the nature of the thatis, 334 Mg and 402 m g~*, respectively, which is
carbon in the composites. As shown in Figure 14, the Ramanconsistent with the TEM observations. These results suggest
spectra show two broad bands at 1350 and 1590 cnhich that the carbonization at 50€C is relatively slow and
are characteristic of a symmetry breakdown at the edge ofincomplete, resulting in partial preservation of the original
graphene sheets (D band) and thg Ebrational mode of network structure whereas the carbonization at higher tem-
graphite layers (G band), respectivély The presence of ~ Peratures is fast and approximately complete, resulting in
both D and G bands is consistent with the model of the collapse of the original network structure and the
turbostratically disordered graphene sheets contained in hardormation of many new micropores.
carbon, indicating that the carbon is disordered amorphous The photocatalytic activity of the hollow titania/carbon
carboni®©din accordance with the XRD result. It is noted composite microparticles was examined by measuring the
that the D/G intensity ratio is slightly increased with photodegradation of Rhodamine B in an aqueous suspension
increasing calcination temperature, suggesting that the carborof the titania/carbon composites with a concentration of 0.2
becomes a little more disordered for the titania/carbon g L™*. Considering that the porous carbon with a high surface
composites carbonized at a higher temperature, which mayarea or adsorptivity may contribute to the apparent photo-

T T T T T T T T T 1
1000 1200 1400 1600 1800 2000
Raman Shift (cm™)
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@] _It is Wor_th noting that the hollow titania/carbon composite
' 1\”"_ A microparticles pyrolyzed at 600C show a much better
o8 T —:—ggg gg photocatalytlc activity than all the hollow titania micropar-
AN & 700°C ticles calcined at different temperatures even though the
0.64 ' A ¥ Blank actual titania concentration in the suspension of the hollow
Y S e composite microparticles is only 0.06 g1, much smaller
0.4 h ~. a than the titania concentration in the suspension of hollow
. T, titania microparticles (0.1 g 11). Generally, this result may
0.2 . be attributed to the high photocatalytic activity related with
00 ' titania/carbon composites, which have been previously
"0 20 40 60 80 100 120 reported for different types of titania/carbon composites and
Time (min) ascribed to several factors including stabilization of the
T anatase phase, increased surface area, and high adsorptivity
(b) 0.0+ e . :ggzg of porous carbod®1¢ Although the presence of a small
ol e A 700°% amount of amorphous titania in the titania/carbon composites
1 . ) cannot be excluded, the amorphous titania is not expected
o 081 . T~ . to considerably contribute to the photodegredation reaction
s 2] \‘“-K_ because amorphous titania is known to have negligible
£ ] . T photocatalytic efficiency compared to that of the anatase
-1.64 . phase&® However, a more detailed understanding of the
_2_0_' - photocatalytic superiority of hollow titania/carbon composite
‘ e microparticles over hollow titania microparticles is still
2.4 '

underway. For comparison purposes, the photodegradation
of Rhodamine B was performed in the presence of com-
Figure 16. (a) Photodegradation of Rhodamine B monitored as the merCIa! Deg,us,sa P25 Tth reference photocatalyst. Under
normalized concentration change versus irradiation time in the presence ofotherwise similar conditions, the rate constant for P25 was
hollow titania/carbon composite microparticles pyrolyzed jreidifferent measured to be 0.0445 mih which is still higher than that
?rzgpglféirfnséégh::nfgt (\)Af/apsar;o?\;jcigz wfﬁéuﬂrﬁﬁj‘ im(n";ig??h tne Tor all the obtained titania/carbon composites. This result is
presence the hollow titania/carbon composite microparticles pyrolyzed in NOt unexpected because the current composite microspheres
N2 at 700°C. 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
L . , photocatalysts. Furthermore, it was found that the adsorptivity
As shown in Figure 16a, there is almost no decrease in the ¢ ye pojjow titania/carbon composite microparticles was
Rhodamine B concentration aft2 h in theblank experiment, much higher than that of the hollow titania microparticles.

essentially_excluding th_e c_ontribution from t_he ad_sorption For instance, the amount of Rhodamine B adsorbed onto the
of Rhodamine B on the titania/carbon composites. It is Shown 10, microparticles after 30 min in the dark was measured
that all three_ of th_e _tltanl_a/carbon cqmposﬂes exhibit good to be 5.0x 107 mol gt and 5.2x 10°6 mol g* for the
photocatalytic activity with the titania/carbon COmMpOSItes iiania microparticles calcined at 50 and the titania/
pyrol)_/zed at thg |.ntermed|ate temperature (6CDshowing carbon composite microparticles pyrolyzed at 60D,

the highest activity. The re-plotted linear graph ofclin)  (ogpactively. Because the unique structure of micrometer-
~ tshown n F|gur.e 16b mdpates that the phoFodegradatlon sized hollow particles and the novel properties of titania/
of Rhodamine B with the fitania/carbon composites pyrolyzed carbon composites are combined together, the current hollow

atddlfferent. tempﬁrar]tqres follows ro'ur?hly tre pk)seydo(j—f]lrst— microparticles of titania/carbon composites may find many
order reaction, which is consistent with results obtained from promising applications including as catalysts, adsorbents,

the photodegradation of Rhodamine B assisted by titaniaelectrode materials, and lightweight fillers. Compared with

et .
films.® The rate cons';;nts were determined to be 0.0119, jyper annroaches to fabricate hollow titania entities, the
0.0185, and 0.0080 min for the titania/carbon COMpPOSItes o\ rent approach is unique in that the commercial dextran

pyrolyzed at 500, 600, and 70C, respectively. This result oo o s were carbonized during the heating stage, resulting

may also be interpreted in terms of a compromise between;, o\ 0| hollow titania/carbon composite microparticles with
the two important factors in determining the photocatalytic dramatically enhanced photocatalytic activities
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 A commercial cross-linked dextran gel, Sephadex G-100,
calcination temperature, in contrast to the case of hollow has been successfully employed as the template for the
titania microparticles. controlled synthesis of hollow particles of titania and titania/
carbon composites. The immersion of hollow Sephadex
G-100 beads in aqueous TiGblution resulted in the gradual

0 20 40 60 80 100 120
Time (min)

catalytic activity through adsorption of Rhodamine B, a blank
measurement was conducted without UV illumination in the
presence the titania/carbon composite pyrolyzed at°T0

Conclusions

(30) Wu, J.-M.; Zhang, T.-WJ. Photochem. Photobiol., 2004 162 171.
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deposition of titania on the surface of the gel networks, and carbon composites pyrolyzed at 600 showing the highest
hollow shrunken microparticles of titania/G-100 hybrids activity possible as a result of a compromise between the
about 46-120 um in size and~4.5 um in shell thickness  crystallinity of anatase and the surface area of the hollow
were obtained upon subsequent dehydrating and drying.microparticles. Compared with the hollow titania micropar-
Hollow titania microparticles about 2660 um in size were ticles, the hollow titania/carbon composite microparticles
readily fabricated by calcination of the hollow titania/G-100 exhibit remarkably enhanced photocatalytic activity, which
hybrid microparticles in air, and the shell thickness was could be related to the characteristics of titania/carbon
adjusted from 1 to 2.am through increasing the immersion composites such as stabilization of the anatase phase,

reaction time from 2 to 24 h. An increase in the calcination increased surface area, and high adsorptivity of porous
temperature from 400 to 70CC resulted in an increase in  carbon.

the crystallite size, which is accompanied by a phase
transformation from anatase to rutile around ?@and a

decrease in the surface area, while the apparent morpholog
of the hollow particles remains unchanged. The hollow titania

Considering the unique properties of the hollow particle
structure, the obtained hollow microparticles of titania and
Nitania/carbon composites may find many promising applica-

. ) ; a . tions including as catalysts, adsorbents, electrode materials,
microparticles calcined at 500C exhibited the highest 9 y

hotocatalvtic activity b f mpromise between th and lightweight fillers. The templating synthesis based on
photocatalylic activity because of a compromise betwee ?Sephadex gels is potentially extendable to the synthesis of

anatase crystallinity and the surface area. For the synthesi . . )
; . S . ollow microparticles of other metal oxide systems. More-
of hollow microparticles of titania/carbon composites, the : . : .
N N o . over, the size, shell thickness, microstructure, and chemical
calcination of the hollow titania/G-100 hybrid microparticles » . .
composition of the templated hollow microparticles could

was conducted at 566700 °C in flowing N, to carbonize . : :

the cross-linked dextrans. The obtained hollow titania/carbon bgﬁgﬁsﬁetshf;f;ugzagg'nr?agh:xprgﬁewfﬁ gr:ggsz?zheag%

composite microparticles, which were about-3® um in 9 P P 9 S
cross-linkage degree as well as Sephadex gels containing

size and~ 2.6um in shell thickness, consisted of amorphous ous functional iable. Therefore. th h
carbon and anatase nanocrystals, and the titania content wa, arious functional groups are avariable. Therelore, the curren

increased from 27 to 33 wt % with increasing the calcination templating synthesis strategy may represent a general method

temperature from 500 to 70. The phase transformation for the fabricatipn of inorganic hollow microparticles with
from anatase to rutile at a calcination temperature of 700 tailored properties.

°C was completely suppressed in the titania/carbon com-
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