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TiO2 nanofibers have been made by impregnating a mesoporous silica film with TiCl4 followed by
hydrolysis in air. The TiO2 nanofiber morphology can be varied by controlling the pore size and pore
volume of the mesoporous silica film. TiO2 nanofiber diameters were in the range of 30-200 nm. The
as-synthesized nanofibers are amorphous but crystallize to anatase at 250°C without a change in
morphology.

Introduction

Nanostructured TiO2 films have attracted attention for a
great variety of applications, such as dye-sensitized solar
cells,1,2 photocatalysis,3-6 various cleaning devices,7-9 and
antifog windows.10-12 A number of techniques have been
used to make TiO2 films, including evaporation,13,14 sput-
tering,15,16sol-gel,17,27chemical vapor deposition (CVD),18-25

plasma-enhanced chemical vapor deposition,26 and pulsed

laser deposition.28 It is known that many of these applications
would benefit from high surface to volume particles. For
example, the maximum photoconversion efficiency for water
splitting has been increased by more than 2-fold through
replacing TiO2 nanocrystalline films with TiO2 nanowires.29

Recently, Wu and Yu30 synthesized TiO2 nanorods using
metal-organic chemical vapor deposition (MOCVD). Peng
and Chen31 fabricated rutile TiO2 nanorod arrays by oxidizing
titanium metal with acetone as the oxygen source. Weng et
al.32 reported the synthesis of needlelike rutile TiO2 nano-
structures on a silica substrate containing TiO2 seeds prepared
through a thin PS-b-P4VP diblock copolymer template. TiO2

nanotubes and fibers have also been prepared under hydro-
thermal conditions33 as well as by treatment of a dense film
with H2 at 700 °C.34 Miao et al.35 prepared anatase TiO2

nanowires within the pores of an anodic aluminum oxide
(AAO) template by a cathodically induced sol-gel method.
In this case, formation of TiO2 nanofibers takes place inside
the pores but access to the fibers requires dissolution of the
AAO template.
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Figure 1. Scheme for the formation of TiO2 nanofibers from mesoporous
silica films.
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The confined channels of mesoporous silica powder or
silica films have been used to prepare nanoscale metals and
metal oxides.36-41 In these studies, one common characteristic
is that all the desired products formed inside the mesopores
of the silica powders or films. Recovery of the nanoparticles

in the pores also requires dissolution of the silica framework
which could partially dissolve the encapsulated species. In
the present work, a mesoporous silica film was employed
as a template to grow TiO2 nanofibers. This was ac-
complished by filling the mesopores with TiCl4 under
pressure followed by hydrolysis. The TiCl4 diffuses out of
the pores, making nanofibers 30-150 nm in diameter. The
fibers are not formed on the bare glass substrate or on the
silica film with the mesopores stuffed with organic template,
which is consistent with the role of the mesopores in growing
the nanofibers. Additionally, the mesopore diameter has an
effect on the diameter of the TiO2 nanofibers which is also
consistent with the template role of the silica film.
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Table 1. Preparation Conditions and Physiochemical Properties of the Mesoporous Silica Films and TiO2 Nanofibersa

samples
mesoporous

materials

BET
surface
areas
(m2/g)

pore
volume
(cm3/g)

pore
size
(Å)

wall
thickness

(Å)

thickness
of silica

layer
(µm)

diameter
of TiO2

fibers
(nm)

film A b 444 0.21 26.5 24.3 0.94 50
film B c 1.03 no fibers
film C bare glass no fibers
film D d 605 0.42 37.8 28.2 1.08 200
film E e 1075 0.53 17.0 69.2 1.34 30
film F f 739 0.56 38.0 99.8 1.41 100

a For films A, B, C, and D, they were calcined at 400°C. b A gel with a recipe of 0.25 g of Vit E+ 35 mL of EtOH+ 2.5 mL of 1 M HCl + 1 g of
TEOS.c Without calcination after being casted the same silica gel as film A.d A gel with a recipe of 0.45 g of Vit E+ 35 mL of EtOH+ 2 mL of 1 M
HCl + 1 g of TEOS.e A gel with a recipe of 0.2 g of P123+ 0.15 g of CTAB+ 5 mL of EtOH+ 1.5 mL of 4 M HCl+ 1 g of TEOS.f A gel with a recipe
of 0.35 g of P123+ 5 mL of EtOH + 1.5 mL of 2 M HCl + 1 g of TEOS.

Figure 2. SEM images (a) and (b) are top views of film A, and image (c) is a cross section of film A; image (d) is film C and image (e) is film D after
heating at 400°C.

TiO2 Nanofibers from a Mesoporous Silica Film Chem. Mater., Vol. 17, No. 20, 20055137



Experimental Section

2.1. Materials.Tetraethoxysilane (TEOS, Aldrich), hydrochloric
acid (Mallinckrodt), vitamin E TPGS (Eastman), ethyl alcohol
(Aldrich), Pluronic P123 (BASF), cetyltrimethylammonium bromide
(CTAB, Aldrich), and TiCl4 (Chemat technology, Inc.) were used
as received.

2.2. Preparation of Mesoporous Silica Films.The precursor
for the casting sol solution is prepared from two solutions. One is
a template solution, containing the template dissolved in ethanol
(EtOH). The other is a silica solution, which contains a mixture of
tetraethyl orthosilicate (TEOS), EtOH, distilled water, and hydro-
chloric acid. The specific recipes are listed in Table 1. These
template and silica solutions are mixed and then condensed by
partially evaporating EtOH at room temperature. The gel is then
cast onto glass slides, dried at room temperature for 5 h, and
calcined at 400°C for 10 h.

2.3. Preparation of TiO2 Nanofiber Films. Glass slides covered
with the mesoporous silica film were placed in a 120 mesh stainless
steel screen basket which was positioned in a 23 mL Teflon-lined
autoclave 4 cm above 4 mL of TiCl4. The filling of TiCl4 in
mesopores was conducted by heating the autoclave at 90°C for 24
h under autogenous pressure. The films were then removed from
the autoclave and hydrolyzed in air for 10 min at room temperature
with 50% humidity and then dried at 90°C followed by calcination
at 400°C. For comparison, the same experiment was conducted
on the glass slides coated with mesoporous silica but without
removal of the organic template. The experiment was also conducted
on bare glass slides.

2.4. Characterization.The crystallinity of the TiO2 nanofibers
was determined by powder X-ray diffraction (XRD) (Scintag XDS
2000 X-ray diffractometer with Cu KR radiation). The fiber
morphology was evaluated by scanning electron microscopy (LEO
1530 VP field emission SEM) from Au/Pd coated samples. Surface

area and pore size were measured using a Quantachrome Autosorb
I, from N2 absorption and BJH analysis.

Results and Discussion

Four mesoporous silica films to be used as templates were
made using Vitamin E TPGS and P123 as well as P123 and
CTAB as listed in Table 1. The XRD patterns of these films
(not shown) revealed ordered mesoporous structures. The
pore sizes of these silica films are also listed in Table 1. To
make TiO2 nanofibers, the mesoporous silica films were
subjected to TiCl4 vapor in an autoclave at 90°C for 24 h,
and then exposed to air for hydrolysis, as illustrated in Figure
1. It was thought that TiO2 might form in the pores but
surprisingly the volatile TiCl4 vaporizes from pores and reacts
with moisture outside the pores of the silica film; thus, TiO2

nanofibers form on the silica surface.
For the sample film A, Vitamin E TPGS was used as the

template to create a 0.94µm thick DAM-142 film with
mesopores 2.65 nm in diameter. Upon filling the sample film
with TiCl4 and after hydrolysis in air, Figure 2a shows a
film composed of TiO2 nanofibers covering the surface of
the silica film. The TiO2 nanofibers have a diameter of∼50
nm as displayed in the SEM image in Figure 2b. The TiO2

nanofibers are larger than the mesopores after complete
hydrolysis. It is speculated that the TiCl4 begins to diffuse
out of the pores and begins to hydrolyze, nucleating TiO2 at
the pore opening and/or surface space between pores. The
escaping TiCl4 feeds the growing fiber and eventually more
than one fiber merges to form the 50 nm size fibers. The
XRD patterns in Figure 3 indicate that as-made TiO2

nanofibers are amorphous. However, with heating the anatase
phase begins to form as low as 250°C, and the particle size
is ∼50 nm as calculated from the XRD pattern using the
Scherrer equation. The anatase phase begins to convert to
rutile at 600°C; meanwhile, the particle size increased to
∼58 nm.

As a control experiment (film B), a mesoporous silica film
containing the Vitamin E TPGS template was treated with
TiCl4 in the same way as film A, but after exposure to air,
a film with what appears to be embedded TiO2 nanorods
were observed on the surface (Figure 2d). With the meso-
pores partially filled with Vitamin E TPGS, the TiCl4 should
mainly adsorb on the outer surface and defect sites. Mean-
while, there are no TiO2 fibers grown on the bare glass slides
(Figure 2e), which further demonstrates the importance of
the mesopores for formation of TiO2 nanofibers on the silica
films.

Figure 3. XRD patterns of TiO2 nanofibers growing on film A after heating
at 170, 250, 500, 560, and 600°C.

Figure 4. SEM images of film B after heating at 400°C.
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When the amount of Vitamin E TPGS was changed in
the DAM-1 recipe, film D was prepared with bigger pores
(3.78 nm) and pore volume (0.42 cm3/g) in the silica film.
Additionally, the mesoporous film is more ordered than film

A (50 nm). After impregnation with TiCl4 and after hydroly-
sis, the resulting TiO2 morphology was ribbon-like as shown
in Figure 4. The TiO2 ribbons formed on the surface of the
silica film, with a diameter of 200 nm, which is much bigger
than those grown on film A. The increased diameter of TiO2

may be a result of the bigger pore size in film D; in addition,
the bigger pore volume may allow more TiCl4 to be filled
into the film, which may lead to thicker TiO2 fibers.

To further investigate the effects of pore size and pore
volume on the formation of TiO2 nanofibers, a mesoporous
silica film E with a pore size of 1.7 nm was created by using
P123 and CTAB as co-templates. For film E, uniform TiO2

nanofibers exhibited a diameter of∼30 nm as shown in
Figure 5c. When P123 was used by itself to prepare film F,
the pore size and pore volume of the silica film were
increased to 3.8 nm and 0.56 cm3/g, respectively (as seen in
Table 1), which is less than usual, because the pore size
changes with reaction temperature and time.43 In this case,
the mesoporous silica film was made at room temperature,
and the reaction time of the precursor before making the
silica film was about 3 h. On the surface of film F, larger
TiO2 nanofibers were produced and the diameter was∼100
nm which is consistent with the bigger pore size and the
bigger pore volume. The SEM image in Figure 6b suggests
the TiO2 nanofibers are composed of many nanofibers fused
together.

Conclusion

A novel mesh of TiO2 nanofibers has been prepared by
filling a mesoporous silica film with TiCl4 at 90°C, followed
by hydrolysis in air. The size and morphologies of nanofibers
appear to change with the pore size and pore volume of the
silica layer. XRD patterns of the TiO2 films indicate the TiO2

is largely amorphous as made but crystallizes to anatase
above 250°C.
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Figure 5. SEM images of film E after heating at 400°C, where images (a)-(c) are top views and image (d) is a cross section.

Figure 6. SEM images of film F after heating at 400°C, where images
(a) and (b) are top views and image (c) is a cross section.
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