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Porous titania cryogel fibers (TCFs) were prepared through the unidirectional freezing
and subsequent freeze-drying of titania hydrogels, which were synthesized by sol-gel
polymerization of titanium tetraisopropoxide (TTIP) using dialysis. By adjusting the
concentrations of TTIP, and using freeze-drying after replacing the water included in the
titania hydrogel fibers with tert-butyl alcohol, mesoporous TCFs which maintained their
unique fiber morphology were successfully prepared. The as-dried TCFs were transparent,
contained anatase structure, and had BET surface areas over 400 m2/g. Nitrogen adsorption-
desorption measurements, powder X-ray diffractometry (XRD), scanning laser microscopy,
and scanning electron microscopy (SEM) were used to characterize the physical properties
of TCFs. The effect of heat treatment after freeze-drying on the porous properties and crystal
structures of TCFs was examined. It was found that BET surface areas and mesopore volumes
of TCFs decrease with the increase in heat treatment temperature. On the other hand, the
XRD peak intensity corresponding to anatase structure increases with the increase in heat
treatment temperature in the range below 773 K. Photocatalytic decomposition activities of
large organic molecules on TCFs was also measured and the results were compared with
those from a commercial photocatalyst, Degussa P-25. Moreover, photocatalytic decomposition
of methylene blue was examined by using TCF-packed columns.

Introduction

Titania (TiO2) is known to be a photocatalyst, and has
been used in various applications.1-5 The mechanism
of photocatalytic reactions is much different from that
of typical catalytic reactions.6 When the photocatalysts
are irradiated by UV rays, highly reactive radical
species (e.g., OH‚ and ‚O2

-) are generated from species
adsorbed on the surface of photocatalysts such as water
and oxygen. Such reactive species decompose organic
compounds, or in some cases even inorganic compounds,
which coexist on the surface of the photocatalysts. It is
well-known that there are two typical crystal structures
in titania: anatase and rutile. Anatase shows a higher
photocatalytic activity than rutile, as its band gap
energy is lower. Therefore, for efficient photocatalytic
decomposition, the catalyst titania needs to have not
only proper nanostructures which lead to high surface
areas and high contents of anatase, but also a proper
morphology, which can realize efficient mass-flow of

reactants and irradiation of UV rays. Various attempts
to control the morphology of titania have been made.
Besides conventional morphology such as colloidal
particles and thin films, various kinds of new morphol-
ogy such as thin flakes,7 hollow spheres,8,9 nano-
tubes,10,11 and microtubes12 have been prepared. In this
work, we describe the preparation of titania fibers with
high surface areas, large mesopore volumes, and high
contents of anatase.

Photocatalysts with fiber morphology have recently
attracted great attention from their low pressure drops,
short diffusion lengths, and superior transport abilities
of light. They are usually prepared through the impreg-
nation method, which essentially supports titania par-
ticles on fibrous materials such as optic cables,13-15 glass
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fibers,16,17 activated carbon fibers,18,19 cellulose fibers,20

etc. However, supported catalysts are likely to be
degraded through sintering, attrition, etc.21 Therefore,
it is preferable to prepare self-constructed titania fibers
with high surface areas and high contents of anatase.
Several methods have been presented for the prepara-
tion of such titania fibers. Kamiya et al.22 have prepared
self-constructed titania fibers by drawing viscous titania
sols, and Yin et al.23 have prepared titania short fibers
by the heat treatment of H2Ti4O9‚nH2O. Besides these
direct-synthesis methods, two-step synthesis methods,
which use organic fibers as templates24,25 or composites
of titania-polymer as precursors,26 have been reported.
Although it is possible to prepare titania fibers with
well-organized structures by using such methods, the
BET surface areas of the obtained titania fibers are
extremely low, normally less than 100 m2/g.

Titania aerogels, which are prepared by sol-gel
polymerization followed by subsequent supercritical
drying, have both high surface areas and high contents
of anatase.27,28 It has been shown that titania aerogels
have a high photocatalytic ability to decompose organic
pollutants in aqueous environments,29 including NO,30

benzene,31 phenol para-derivatives,32 etc. In this work,
we attempted to synthesize self-constructed titania
fibers with high surface areas and large mesopore
volumes such as aerogels. However, the cost of super-
critical drying is expensive as it requires special equip-
ment and long drying time. Therefore, we used a more
economical drying method, freeze-drying,33,34 to synthe-
size porous titania cryogels with high contents of
anatase. As for the preparation method of titania fibers,
we adopted the unidirectional freezing method,35 which
uses polygonal ice rods as templates and can be com-
bined with subsequent freeze-drying processes. Unidi-
rectional freezing is a kind of ice-templating method,36,37

which does not need template-additives and subsequent

processes to remove them, such as calcination and
chemical treatment. In the ice-templating method, ice
crystals, which are grown in situ and can be easily
removed by thawing followed by drying, act as the
template, therefore porous materials with high purity
can be easily prepared. Hence, this method can be said
to be a low-cost and environmentally friendly method
to prepare functional materials. Here we describe the
preparation of porous titania cryogel fibers (TCFs) using
unidirectional freezing of titania hydrogel followed by
freeze-drying. The porous properties, crystal structure,
and photocatalytic properties of the prepared TCFs are
also reported in detail.

Experimental Section

Preparation of TCFs. TiO2 hydrogels were synthesized by
the polymerization of TTIP in an ethanol/water mixture using
HCl as the catalyst, followed by dialysis. The molar ratio
among TTIP/water/HCl was fixed to 1:1.9:0.53, and the molar
ratio of ethanol/TTIP (this ratio will be denoted as Et/Ti,
hereafter) was varied. First, a TTIP solution was prepared by
dissolving TTIP (Wako Chemical, Inc., research grade) in
ethanol, the amount of which was adjusted to be half of the
designated total amount, at room temperature. Next, a HCl
solution was prepared by mixing an aqueous solution of HCl
(Wako Chemical, Inc., research grade, 36 wt % HCl dissolved
in water) in the remaining portion of ethanol. Then the HCl
solution was added very slowly to the ice-cooled and vigorously
stirred TTIP solution. The resulting clear solution was poured
into a tube of cellulose dialysis membrane (Spectrum Labo-
ratories, Inc., MWCO ) 3500, diameter ) 11.5 mm). Dialysis
was carried out by immersing the dialysis tube into 2 L of
distilled and deionized water, which was refreshed every 24
h. This period of dialysis will be denoted as tdia, hereafter. After
dialysis, a transparent TiO2 hydrogel was formed inside the
dialysis tube. Then the tube was placed into a glass cylinder
(diameter 25 mm), which was filled with distilled and deionized
water, and the cylinder was unidirectionally frozen by im-
mersing it perpendicularly into a cold bath of liquid nitrogen
at a constant rate of 6 cm/h. After the whole sample was frozen
and fiber structures were constructed, the cylinder was moved
to another cold bath maintained at 243 K, and was aged in it
for 24 h in order to strengthen the fiber structures under a
condition where ice crystals serve as templates. Then the
frozen sample was quickly thawed at 327 K.

The thawed titania hydrogel fibers were filled with water,
which is likely to destroy the fiber structure and porous
structure at the freeze-drying stage. Therefore, titania hydro-
gel fibers were thoroughly washed with tert-butyl alcohol
before freeze-drying.36,37 After the water contained in the
titania hydrogel fibers was replaced by tert-butyl alcohol, they
were freeze-dried at 263 K for 3 days and TCFs were obtained.
Some TCFs were calcinated for 2 h at temperatures set in the
range of 573 to 1023 K.

Characterization. The micromorphology and nanostruc-
tures of TCFs were directly observed using a laser scanning
confocal microscope (Keyence Japan Inc.; VK-8550) and a
scanning electron microscope (SEM, JEOL Japan Inc.; JSM-
6340FS). Porous properties of TCFs were analyzed from
nitrogen adsorption-desorption isotherms obtained at 77 K;
BET surface areas, SBET, were calculated through the Brunau-
er-Emmett-Teller (BET) method; and mesopore size distri-
butions and mesopore volumes, Vmes, were calculated through
the Dollimore-Heal method applied to the desorption iso-
therms. Note that the range of mesopore size used in the
calculation of Vmes is 2-50 nm in diameter, as defined by
IUPAC. The crystal structures of TCFs were investigated using
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a powder X-ray diffractometer (XRD, Rigaku Co. Ltd.;
RINT2100) with Cu KR radiation under the power of 40 kV
and 40 mA.

Photocatalytic Properties. To compare the photocatalytic
properties of TCFs directly with that of a commercial photo-
catalyst, Degussa P-25, TCFs were powdered and their pho-
tocatalytic abilities to decompose salad oil (Nisshin salad oil,
Nisshin Oillio Group, Ltd.) were compared. Salad oil contains
large molecules such as oleic, linoleic, linolenic, palmitic, and
stearic acids, and is thought to be a good reactant to test
photocatalysts for self-cleaning applications.38 Powdered samples
(ca. 0.17 g) were mixed with salad oil at a weight ratio of 6:1,
and the resulting slurries were evenly coated on the bottom
of plastic cells (length 68 mm, width 39 mm, height 15 mm).
The cells were placed in a dark vessel (temperature 298 K,
relative humidity 25%). Then the cells were irradiated with
UV rays (1 mW/cm2) emitted from a black light lamp (AS ONE
Inc.; LUV-6, 6 W) and the changes in their weights were
measured.

To investigate the advantages of the fiber morphology of
TCFs, photocatalytic decomposition of methylene blue was
carried out using a column packed with TCFs. A bundle of
TCFs was immersed into a methylene blue solution. After
sufficient time had passed so that the adsorption of methylene
blue reached equilibrium, the immersed sample was air-dried
and packed into a glass column (inner diameter 4 mm, length
30 mm). Then the column was illuminated with UV rays from
only one side under the same conditions using the same
apparatus described above, and the change in its color was
observed.

Results and Discussion

Micromorphology and Nanostructure of TCFs.
An overall image of a typical as-dried TCF is shown in
Figure 1a. A bundle of self-constructed long TCFs
wrapped by a dialysis tube can be seen inside the glass
cylinder, which was used during unidirectional freezing,
solvent replacement, and freeze-drying. In unidirec-
tional freezing, template ice rods grow in situ in parallel
with the freezing direction. Therefore, a bundle of
unidirectionally aligned fibers is obtained after the
removal of the template ice rods by thawing and drying.

Figure 1b shows a laser scanning micrograph of TCFs.
The diameters of TCFs were in the range of 10-30 µm,
and their lengths were several centimeters. Therefore,
it can be said that the TCFs have the same morphology
as commercial glass fibers, which are popularly used
as the supports for the preparation of titania/silica fiber
photocatalysts. Moreover, it was confirmed that TCFs
prepared in this work are transparent, as can be seen
in the regions pointed out by arrows in Figure 1b. This
indicates that TCFs are composed of nanoparticles
whose diameters are less than the wavelength of visible
light. To confirm this, SEM observation was carried out.
The SEM images of the TCFs and the cross-section of a
TCF are shown in Figure 1c and d, respectively. In
Figure 1d, it can be seen that TCFs have polygonal
cross-sections and their outside surfaces look smooth.
On the other hand, it can be seen that the inside of a
TCF is composed of extremely small nanoparticles. Such
a system is same as cryogels of other materials.36,39

Therefore, the spaces between the nanoparticles can be
thought to be the origin of the mesoporosity of TCFs.

Effects of Synthesis Conditions. The effects of Et/
Ti and tdia on the shape and porous properties of TCFs
are summarized in Table 1. It was found that TCFs can
be prepared in a wide range of Et/Ti, and Et/Ti hardly
affects the shape and porous properties of TCFs. How-
ever, long TCFs could not be obtained when Et/Ti was
smaller than 1.0. On the other hand, the duration of
dialysis, tdia, was found to affect both the shape and
porous properties of TCFs. When tdia was less than 24
h as for TCF-1, only powder, which is aggregations of
extremely short fibers could be obtained. This is because
the polymerization of titania gels had not been fully
completed, so the resulting TCFs were fragile. Long
TCFs could be prepared when tdia was longer than 24
h. The effect of tdia on the porous properties of TCFs is
compared in Figure 2 and Figure 3. Both Vmes and dpeak
increased with the increase in tdia in the range below
54 h. This is thought to be the result of Ostwald
ripening, through which micropores decrease and me-
sopores increase. From Figure 3, it can be seen that
TCF-3 and TCF-5 have developed mesopores, which are
thought to be suitable for the photocatalytic decomposi-
tion of large molecules. However, an excessive tdia
resulted in the decrease in mesoporosity and SBET, as
can be confirmed from the data of TCF-6 in Table 1.
This is thought to be the consequences of the syneresis
of titania hydrogels accompanied by significant shrink-
age. It is known that when excessive aging is conducted
syneresis of titania hydrogels becomes extreme, and
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Figure 1. Images of typical TCFs (Et/Ti ) 1.0 and tdia ) 48
h): (a) overall image; (b) laser scanning confocal microscope
image. SEM images of (c) bundle of TCFs and (d) cross-section
of a TCF.

Table 1. Preparation Conditions and Physical Data of
As-Dried TCFs

sample Et/Tia
tdia

b

(h) shape
SBET

c Vmes
d

(cm3/g)
dpeak

e

(nm)

TCF-1 3.0 6 powder nmf nm nm
TCF-2 1.0 24 fiber 510 0.25 2.1
TCF-3 1.0 48 fiber 378 0.49 3.8
TCF-4 3.0 48 fiber 430 0.53 3.5
TCF-5 3.0 54 fiber 334 0.54 5.1
TCF-6 5.0 144 fiber 291 0.32 3.7

a Molar ratio of ethanol/titanium tetraisopropoxide. b Dialysis
time. c BET specific surface area. d Mesopore volume calculated
from Dollimore-Heal method applied to desorption isotherms.
e Peak diameters of mesopore size distributions. f nm: Not mea-
sured.
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they are likely to shrink.40 In fact, a significant shrink-
age of titania hydrogel was observed in TCF-6. There-
fore, it can be concluded that tdia should be in the range
around 48 h.

Effects of Heat Treatment. Figure 4 shows the
change in the XRD pattern induced by heat treatment
at various temperatures, along with the XRD pattern
of P-25. It was found that TCFs contain anatase
structure even at the as-dried stage. The intensity of
the peak corresponding to anatase structure increased
with the increase in the heat treatment temperature
in the range below 773 K. Rutile structure was found
to develop at temperatures above 873 K. On the other
hand, both SBET and Vmes decreased with the increase
in the heat treatment temperature as shown in Figure
5. These results of TCFs, titania cryogels, are consistent
with the results of titania aerogels.27 It can be said that
the porous properties of both titania cryogels and titania
aerogels are likely to be deteriorated by heat treatment.
However, considering their usage as photocatalysts,
heat-treatment before usage is not always necessary.
Therefore, considering their high porosity and high
anatase contents, TCFs heat-treated at temperatures

under 773 K are expected to show high photocatalytic
activities.

Photocatalytic Properties of TCFs. Figure 6 com-
pares the photocatalytic activities of P-25 and TCFs. It
was found that all of the TCFs synthesized in this work
had higher photocatalytic decomposition abilities toward
salad oil, a model reactant representing large-molecular
organic substances. Such superior activities of TCFs are
thought to come from their higher BET surface areas
and larger mesopore volumes (the SBET and Vmes of P-25
were 45 m2/g and 0.09 cm3/g, respectively). Moreover,
the order of differences in the photocatalytic reactivities
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Figure 2. Adsorption-desorption isotherms of N2 on as-dried
TCFs prepared by different tdia: (a) TCF-2, (b) TCF-3, (c) TCF-
5, and (d) TCF-6.

Figure 3. Mesopore size distributions of as-dried TCFs
prepared by different tdia: (a) TCF-2, (b) TCF-3, (c) TCF-5, and
(d) TCF-6.

Figure 4. Effect of heat treatment on the crystal structure
of TCFs as determined by X-ray diffractometry: (a) as-dried
TCF-4; TCF-4 heat treated at (b) 673 K, (c) 773 K, (d) 873 K,
and (e) 1023 K; and (f) commercial photocatalyst, P-25.

Figure 5. Effect of heat treatment on the BET surface area
and mesopore volume of TCFs.

Figure 6. Weight change against the illumination time in
the photocatalytic decomposition of salad oil: (a) as-dried TCF-
4; TCF-4 heat treated at (b) 573 K, (c) 673 K, and (d) 773 K;
and (e) commercial photocatalyst, P-25.
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matches the order of differences in their SBET and Vmes
values. Therefore, it can be concluded that improving
the porous properties of photocatalysts is very effective
to enhance their photocatalytic decomposition activities,
in cases where large-molecular substances are involved.

Finally, we examined the advantages of the fiber
morphology of TCFs. Figure 7 shows the methylene blue
equilibrated TCFs prior to and after irradiation of UV
rays. At 24 h after the start of irradiation of UV rays,
the blue color of the fibers had completely vanished even
in the dark side of the column. Methylene blue is known
to be a good test reactant for the characterization of
photocatalytic activities because they do not react under
UV rays without photocatalysts. Therefore, all of the
methylene blue inside the column must have been
degraded through photocatalytic decomposition, even

that in the dark side of the column. This result strongly
indicates that the UV rays had reached the dark side
of the column. Therefore, it can be said that TCF-packed
columns show high activities in photocatalytic reactions
from their high transport abilities of UV rays, excellent
porosity, and high content of anatase structure.

Conclusions

Porous titania cryogels with anatase structure were
successfully tailored into long and thin fibers by using
unidirectional freezing for the formation of fiber mor-
phology and freeze-drying for the development of poros-
ity. Conventional procedures for the preparation of
titania fibers often include heat treatment or high-
temperature calcination processes (523-1073 K) which
usually leads to the decrease in surface area and pore
volume.23-26 In our proposed procedure, ice crystals
grown in situ mold porous titania gels into a fiber shape,
and a poreprotecting method, freeze-drying, is adopted
to dry the molded fibers. Moreover, this procedure does
not require heat treatment or calcination. These are
thought to be the reasons why TCFs have higher BET
surface areas and larger mesopore volumes when com-
pared with those of conventional titania fibers. It was
confirmed that TCFs show higher photocatalytic activi-
ties toward the decomposition of large organic molecules
than a commercial photocatalyst, P-25. Moreover, when
packed in a column, they showed good transport abilities
of UV rays. The TCFs prepared in this work are
expected to be used for various purposes as a highly
efficient photocatalyst.
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Figure 7. Images of the TCF-packed columns before (upper)
and after (lower) the photocatalytic decomposition of methyl-
ene blue.
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