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a b s t r a c t

The unique rutile TiO2 microtubes with the larger specific surface area and the distinct external/internal
surface morphology have been fabricated in large-scale by a sol–gel-hydrothermal method via the readily
available glass fibers as templates. The crystal phase, morphology and surface area of as-obtained samples
were measured by XRD, SEM, TEM and BET. The results indicate that these microtubes with the inner
vailable online 23 December 2010
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ol–gel processes
itanium oxide
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diameter of ca. 8 �m and the wall thickness of 2–3 �m have a novel double-layer structure, which is built
from closely associated TiO2 rod arrays and TiO2 gel film. Detailed electric microscopy investigations on
such TiO2 rod arrays exhibit that they are mainly constructed by flower-like rod clusters, and each TiO2 rod
derives from the assembly of the parallel-growth TiO2 nanowires with the diameter of ca. 10 nm. Such
unique hierarchical nano/micro TiO2 structure enhances the specific surface area of these microtubes
effectively, which makes them have more potential applications in the fields of catalysis, sensors, and
hin film drug delivery.

. Introduction

Fabrication of nanoscopic and microscopic hollow tubular struc-
ures has attracted significant interests from chemical and material
cientists owing to their novel functions in the development of
dvanced devices and systems [1–8]. Among them, metal oxide
icrotubes with the hollow interiors exhibit a range of interesting

roperties including the better monodispersity, chemical stabil-
ty, operability and less obstruction of hollow interior than their
anosized counterparts, which makes them attractive from both
cientific and technological viewpoints in recent years [9–13]. Due
o the lesser specific surface area, however, the microtubes usually
uffer as compared with the nanotubes in some important spe-
ial fields, such as catalysis, drug delivery and sensors. Therefore,
nvestigations on improving this disadvantage are very impor-
ant but challenging. Recently the hierarchical structures based
n the assembly of nanoscale building blocks absorb our atten-
ion. For instance, hierarchically structured nanowires or nanorods

ade of TiO2 [14–28], ZnO [29–32], SnO2 [33], ZnO/TiO2 [34],
nO2/Fe2O3 [35], and V2O5/TiO2 [36] have been prepared via vari-

us routes. No doubt that abundant voids deriving from the stacking
r parallel growth of the building blocks increase the specific sur-
ace area to a large extent. However, heretofore few literatures
ave been concerned on fabricating the tubular hollow struc-
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tures based on the hierarchical assembly of nanosized building
units.

In the strategies to prepare the microtubes, template-assisted
technique is the more feasible and effective way [37]. To date, var-
ious templates including artificial and natural species have been
explored. Yates’s group synthesized TiO2 microtubes by using rod-
shaped calcite as template [38]. Additionally, He et al. reported
the fabrication of titania microtubes with the porous wall by the
replication of human hair [39]. Motojima et al. reported the novel
TiO2 hollow microcoils obtained via the carbon microcoils as the
templates [40,41]. Very recent, the microtubes with the core/shell
structures have been prepared via electrospun fibers as the soft
templates by Jiang’s group [42]. Although these tubular structures
are successfully obtained, these templates are either infrequent or
difficult in preparing. Recent years, the glass fibers, due to their
high strengthen, good flexibility, excellent pH stability (excluding
HF acid) and very low cost, are considered as one particularly desir-
able template for the applications in the large-scale synthesis of
new functional tubular materials. For example, the various polymer
microtubes were prepared based on the glass fibers by Anderson
and co-workers [43] and Fery and co-workers [44]. Yang et al.
reported the successful fabrication of large-scale uniform silver and
copper nano/microtubes by using glass fibers as templates [45].

Herein, we report a facile approach to fabricate large-scale TiO2
microtubes with the high length-diameter ratio by using low-cost
glass fibers as templates. Different to TiO2 microtubes mentioned
above, this tubular structure derives mainly from the hierarchical
nano/micro TiO2 structures on the surface of glass fibers. Such kind
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http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:weiliu@ouc.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.12.113


3420 W. Liu et al. / Journal of Alloys and Compounds 509 (2011) 3419–3424

F TiO2 g
a

o
f
a
s

2

g
C
t
1
t
t
fi
c
s
t
1
t
1
s
i
t
d
f

m
t
a
t
s
c
b

ig. 1. Low- and high-magnification SEM images of (a and b) the glass fibers with
nd (e and f) the TiO2 microtubes.

f the stacking or parallel growth of the building blocks increases
urther the specific surface area of these microtubes, and hence
ccelerates their potential applications in the fields of catalysis,
ensors, and drug delivery.

. Experimental

Titanium n-butoxide [Ti(OC4H9)4], ethanol, hydrochloric acid, polyethylene
lycol, hydrofluoric acid (HF, 48%) and acetone were purchased from Sinopharm
hemical Reagent Company in the highest available purity and used without fur-
her purification. Commercial amorphous glass fibers with the average diameter of
0 �m (Taishan Fiberglass Inc.) were ultrasonic cleaned by ethanol and nitric acid
o get rid of the impurity, and then dried in the oven at 70 ◦C after rinsed with dis-
illed water for three times. The micro/nano structures on the surface of the glass
bers were fabricated via the sol–gel technology and hydrothermal method. A typi-
al experimental procedure was described as follows. Firstly, a semitransparent TiO2

ol was formed through continuously stirring a mixed solution, composed of ethanol,
etrabutyltitanate, water and polyethylene glycol in the molar ratio of 12:3:1:3 for
h. Secondly, after being soaked in the resultant sol for 1 min under ultrasonic,

he well-cleaned glass fibers were pulled up and placed vertically in the oven at
00 ◦C for half hour. Such sol–gel cycles were repeated for four times. Thirdly, the
uitably-sized glass fibers coated with TiO2 gel were put into an autoclave contain-
ng a Ti(OBu)4–HCl–H2O solution and hydrothermally treated at 150 ◦C for various
ime to obtain the hierarchical TiO2 rod arrays on the glass fibers. Finally, the well-
efined TiO2 microtubes were freed from the templates by dissolving in 24 wt.% HF
or 24 h to fully get rid of the glass fibers.

The powder X-ray diffraction (XRD) patterns of as-synthesized samples were
easured on a X-ray diffractometer (Bruker D8 ADVANCE) using monochroma-
ized Cu K� (� = 0.15418 nm) radiation under 40 kV and 100 mA. The morphologies
nd microstructures of as-prepared samples were examined with a scanning elec-
ron microscopy (SEM, JSM-6700F) and equipped with an energy-dispersive X-ray
pectroscope (EDS). Transmission electron microscopy (TEM) observations were
arried out on a JEOL JEM-2100 instrument with accelerating voltage of 200 kV in
right-field and selected-area electron diffraction (SAED) modes. The specimens
el film; (c and d) the glass fibers with TiO2 gel film after hydrothermal treatment

used for TEM studies were dispersed in absolute ethanol by ultrasonic treatment.
Nitrogen adsorption–desorption measurements were conducted on a Micromerit-
ics Tristar 3000 analyzer after the samples were degassed at 200 ◦C for 6 h. The
Brunauer–Emmett–Teller (BET) surface area was estimated using adsorption data.

3. Results and discussion

Fig. 1a gives the typical SEM image of the glass fibers coated with
TiO2 gel film. It shows that the glass fibers used here are generally
very long and the diameter is in the range of ca. 10 �m. Magnified
image (Fig. 1b) exhibits that TiO2 gel film on the surface of glass
fibers are smooth and no obvious splits can be observed except for
some small uplifts, displaying the good adhesion between the glass
fibers and the TiO2 gel film. After hydrothermal treatment, these
glass fibers become opaque white but still keep good mechanic
strengthen (Fig. S1). Accompanying with the distinct surface mor-
phology and microstructure modification of the glass fibers, the
diameter enlargement of such fibers can also be noticed (Fig. 1c). A
close observation shows that a mass of TiO2 rods with the length
of ca. 1 �m grow densely on the surface of the glass fibers, form-
ing a large area of crystal rod array to cover the whole surface of
glass fibers (Fig. 1d). After the glass fiber templates are removed by
HF acid, the microtubes with the hollow interior can be obtained,
though parts of these tubular fibers have been broken due to their

brittleness (Fig. 1e). The cross-sectional view of such microtubes
(Fig. 1f) exhibits that the glass fibers can be completely removed by
the corrosion of HF acid, giving rise to the formation of the micro-
scopic tubular structure with the inner diameter of ca. 8 �m and
the wall thickness of ca. 2.5 �m.
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ig. 2. XRD patterns of (a) the glass fibers with TiO2 gel film and (b) the TiO2 micro-
ubes.

The phase and purity of the glass fibers coated with the TiO2 gel
lm and the TiO2 microtubes were investigated by the XRD mea-
urement. The XRD pattern of the glass fibers with the TiO2 gel

lm (Fig. 2a) shows a sole broad peak in the 2� angle range from
5◦ to 35◦, which is ascribed to the amorphous phase of the glass
ubstrate. No other peaks in the pattern reveal that TiO2 gel film
n the glass fibers is amorphous. The XRD pattern of TiO2 micro-
ubes (Fig. 2b) displays that all the peaks can be readily indexed

ig. 3. (a) Cross-sectional SEM image of the TiO2 microtubes; (b) close observation of
icrotubes; (d and e) high magnification SEM photos of the outer surface and inner surfa
pounds 509 (2011) 3419–3424 3421

as pure tetragonal rutile phase (PDF no. 65-0190), indicating that
the TiO2 nanorod arrays formed on the surface of glass fibers in the
hydrothermal process are rutile crystalline phase.

Fig. 3 shows the typical SEM images of the rutile TiO2 microtubes
grown at 150 ◦C for 4 h. Differing to other microtubes reported
previously, as-made TiO2 microtubes exhibit a hollow tubular
structure with the distinct internal/external surface morphologies.
As shown in the magnified SEM photo (Fig. 3a), the entire outer
surface of such microtubes has been covered uniformly by the TiO2
rod arrays to form the rough external surface, whereas the inter-
nal surface is relatively smooth. The further enlarged view (Fig. 3b)
of the microtubes demonstrates the double-layer structure of the
microtube wall, which can be constituted of the TiO2 rod array layer
and the gel film layer. Since the TiO2 gel film layer is very thin, the
tubular structure can also be described as the self-rolling forma-
tion of TiO2 rod arrays. Actually, this novel external/internal surface
morphological diversity is mainly attributed to the two various
preparing stages of such microtubes. The smooth internal surface
reviews the feature of TiO2 gel film produced by sol–gel method,
while the rough external surface constructed by the TiO2 rod arrays
is formed in the subsequent hydrothermal process.

Although having the low proportion in the microtubes, TiO2 gel
film layer has the strong impact on the formation of these TiO2
microtubes. The corresponding experimental results have proved

that TiO2 rod crystals cannot grow successfully on the surface of
the glass fibers without the existence of TiO2 gel film. This can be
explained that the smooth surface of the amorphous glass fibers
cannot apply for stable nucleation sites for TiO2 nuclei. Few tiny
holes on the microtube surface can be further confirmed it (Fig. 3c),

the wall of as-made microtubes; (c) SEM image of the hole on the surface of the
ce; (f) SEM image of the flower-like rod clusters.
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ig. 4. SEM image of the glass fibers with the TiO2 gel film (a) and the time-depend
or (b) 1 h, (c) 2 h,(d) 3 h, (e) 4 h and (f) 8 h.

ecause they may derive from the coating inhomogeneity of TiO2
el. Although TiO2 gel are amorphous, the organic groups of TiO2
el can form the chemical bonding with the amounts of Ti(OBu)4,
nd hence accelerate the heterogeneous nucleation and the growth
f TiO2 crystals on the surface. The inner surface morphology of
hese microtubes (Fig. 3d) shows that there are amounts of streaks
istributed randomly in the TiO2 gel film layer, possibly result-

ng from the stress effect of the growing TiO2 rod crystals under
ydrothermal conditions. The close observation of the external sur-

ace (Fig. 3e) reveals that TiO2 rods grow radially on the TiO2 gel
lm in the random pattern. The TiO2 rods are tetragonal in shape
ith the apical top. One interesting point is the discovery of a novel
ower-like growth pattern of TiO2 rods. This kind of flower-like
od clusters is constructed by the various kinds of crystal rods,
hich can be classified with petal-like, stamen-like and pistil-like

nes, illustrated by Fig. 3f. As the pistil-like rods, a large cylindrical
rystal occupies the center of the flower-like rod cluster. Around
t, several stamen rods with the small size grow in parallel and
losely surround the pistil-like rods, forming together the heart of
he flower-like cluster. Being nearly perpendicular to the stamen
nd pistil rods, the petal rods grow out from the center of the clus-
ers and extend along the surface of the substrate, giving rise to
he formation of the whole flower-like structure. Abundant of such

ower-like clusters distribute compactly on the surface and form
he external nanorod layers, which further construct the hollow
ubular structure with TiO2 gel layers.

Although as-obtained TiO2 microtubes exhibit the complex
ierarchical structures, the surfacial microstructue and morphol-
SEM images of growing hierarchical TiO2 structures after hydrothermal treatment

ogy of these microtubes can be easily controlled by changing the
experimental parameters, such as reaction time. The growth pro-
cess of TiO2 rods on the surface of TiO2 gel films is demonstrated
in Fig. 4, showing the dependence of the rutile TiO2 rod scales with
the reaction time. Fig. 4a displays that the homogenous coating
of TiO2 sol on the surface of glass fibers leads to a smooth TiO2
gel layer. After hydrothermal treated for 1 h, a few of tiny protu-
berances appear distinctly on the surface of the TiO2 gel film and
serve as the original crystal seeds to further guide the TiO2 rods’
subsequent growth (Fig. 4b). Part of them have further evolved
into small nanorods with the length of ca. 500 nm and the diam-
eter of ca. 100 nm as seen in Fig. S2. When the time increases to
2 h, amounts of TiO2 rods with the flower-like structure appear
and occupy the large area of the TiO2 gel film surface (Fig. 4c).
Besides the flower-like structure, we also observe the cross-like
and three-leg structures with the relatively low proportion. After
hydrothermally treating for 3 h, the petal of such rod flowers grow
longer enough to intersect with those of the neighboring flowers,
resulting in a net-like structure of nanorods (Fig. 4d). At the same
time, more branched rod crystals start to grow from the central
long rod (Fig. S3), giving rise to the more compact flower-like struc-
ture. Due to the growth of individual and branched rods, the TiO2
gel film has been covered completely by the unaligned TiO2 rod

array as seen in Fig. 4e. Prolonging the duration to 8 h, the length
and the diameter of the TiO2 rods further increase to ca. 5 �m and
1 �m, respectively (Fig. 4f). Generally, both the length and diam-
eter of the TiO2 rods augment proportionately with the increase
of the hydrothermal reaction time, which means that it is feasi-
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ig. 5. TEM images of (a) the top part and (b) the end part of a single TiO2 rod; (c) S
mage recorded from a single nanowire of the end part of the TiO2 rod (circle).

le to control product morphologies by simply tuning the reaction
ime.

Transmission electron microscopy (TEM) and electron diffrac-
ion (ED) analysis were examined to further investigate the growth
abits of these TiO2 rods. As shown in Fig. 5a, a typical TEM image
aken from an individual rod shows that the TiO2 rods are not single
rystalline, but the assembly of a large amount of TiO2 nanowires
ith oriented attachment. As seen in the SEM view of the end part of

he TiO2 rod (Fig. 5b), some detached nanowires appear at the frac-
ure part of the rods. These nanowires are very thin and the average
iameter is ca. 10 nm. The selected area ED patterns from one rod
SAED, Fig. 5c) show that such rod has the single crystal feature due
o only a few isolated symmetrical spots in the diffraction patterns,
hich indicates that the nanowires are packed in a highly ordered
anner. High-resolution TEM image of one single TiO2 nanowire is

hown in Fig. 5d. The lattice fringes indicate that TiO2 nanowires are
ell crystallized. The spacing between two fringes is 0.321 nm, cor-

esponding to the interplanar distance of the (1 1 0) index planes of
he rutile TiO2, indicating that as-prepared TiO2 rods via hydrother-

al approach are the rutile structure, which is consistent with the
esult of XRD. Furthermore, it is observed that the (1 1 0) crystal
lanes are perpendicular to the c-axis, which suggests that TiO2
anowires grow along the [0 0 1] direction. As is well known, the
utile TiO2 crystal structure is built of TiO6 octahedra chains along
he c-axis [46]. According to PBC theory [47,48], the direction of
he strongest chemical bond is usually the direction in which the
rystal has the fastest growth velocity. Due to the stronger chem-
cal bonds in the TiO6 octahedral chains than those between the
hains, for rutile TiO2 crystal, the growth velocity along the [0 0 1]
irection is faster than that of the [1 1 0] direction, giving rise to the
ormation of the rutile TiO2 crystal rod arrays.

This kind of double-layer microtubular structure endows as-
btained TiO2 microtubes with more unique feature. In term of
he specific surface area, the rather rough external surface built of
he crystal rod arrays extends effectively the specific surface area
f these microtubes. The BET analysis indicates that the specific

urface area of as-obtained TiO2 microtubes can reach to 60 m2/g,
orresponding to 1.42 m2/g for the glass fibers with the TiO2 gel.
herefore, the enlargement of the surface area will enhance con-
picuously the potentials of such microtubes in the large-scale
attern obtained from the top (rectangle) of the TiO2 rod; (d) High-resolution TEM

applications as catalyst carriers, sensors, and sorbents. On the
other hand, the distinct external/internal surface microstructures
of these microtubes achieve possibly the simultaneous delivery
for various drugs. Especially for their distinctive mesocrystalline
structure of the external surface, small molecules may be able to
penetrate the TiO2 rods through the mesoscale interstices among
the nanowires.

4. Conclusions

The novel TiO2 microtubes with the inner diameter of ca. 8 �m
and the wall thickness of 2–3 �m have been successfully prepared
in large-scale via the glass fiber templates by using of the sol–gel
and hydrothermal methods. Differing to other tubular structures,
the microtubes reported here have the unique double-layer struc-
ture, the thick outer layer of which is constructed by the thick rutile
TiO2 nanorod arrays, and the thin inner layer of which is made by
TiO2 gel film. Such close attached double layers endow these micro-
tubes the unique surface morphology. In the TiO2 crystal rod array,
the novel flower-like TiO2 rod clusters, made of petal-like, stamen-
like and pistil-like rods, are observed for the first time. Additionally,
it is also found that these TiO2 crystal rods are not single crys-
talline, but the assembly of abundant of the parallel growing TiO2
nanowires with the average diameter of ca. 10 nm. Such hierarchi-
cal nano/micro TiO2 structures enhances the specific surface area
of as-made TiO2 microtubes effectively, which makes them have
much bigger potentials in the large-scale applications as catalyst
carriers, sensors, sorbents and drug delivery. Besides TiO2, the sim-
ilar hierarchical nano/micro tubular structures of other meal oxides
such as ZnO, SnO2, CuO, even heterogeneous ones, can also be facile
fabricated via the same method.
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