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Abstract

Mesoporous titania nanorod/titanate nanotube composites were prepared using TiF, and H3BO; as the precursors. The prepared samples were
characterized with TEM, SEM, XRD, HRTEM, and nitrogen adsorption—desorption isotherms. The photocatalytic activities were evaluated by
photocatalytic oxidation of acetone in a gas phase and photocatalytic discolorization of methyl orange aqueous solution in an aqueous phase,
respectively. The results indicated that the photocatalytic activity of the mesoporous titania nanorod/titanate nanotube composites exceeded that of
P25 by a factor of about 2.5 times for the photocatalytic oxidation of acetone. This could be attributed to the fact that the former had a larger specific
surface area and a higher pore volume. Moreover, the mesoporous titania nanorod/titanate nanotube composites, which could be readily separated
after photocatalytic reaction in an aqueous phase, exhibited highly photocatalytic activity for the degradation of methyl orange aqueous solution.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis, a new water and air purifica-
tion technique, has attracted great attention in the past decade
[1-6]. Among various oxide semiconductor photocatalysts, tita-
nia is a very important photocatalyst due to its biological and
chemical inertness, strong oxidizing power, nontoxicity, and
long-term stability against photo and chemical corrosion [1-6].
Despite its great potential, the low photocatalytic efficiency of
TiO» hinders the commercialization of photocatalytic oxidation
technology [7]. Therefore, the further improvement of photoac-
tivity of TiO; is one of the most important tasks from the point
of view of practical use. To achieve this purpose, mesoporous
TiO; has attracted much attention due to its large surface area and
high pore volume [8-10]. Usually, mesoporous TiO, materials
are synthesized through conventional approaches using various
surfactants as templates. However, the obtained samples require
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the removal of these templates by calcination or extraction to
obtain the final products. The calcination at high temperature
may cause the collapse of the framework of mesoporous mate-
rials, and the extraction is time-consuming. On the other hand,
when TiO, powder is used as a photocatalyst for water purifi-
cation, it shows highly photocatalytic activity due to its large
surface area. However, conventional powdered photocatalysts
have a serious limitation—the need for post-treatment separa-
tion in a slurry system after photocatalytic reaction. Though this
can be overcome by immobilizing TiO; particles as thin films
on solid substrates [3,11-13], the formation of TiO; films on the
substrates significantly reduced the specific surface area of TiO;
photocatalysts, resulting in a decrease of photocatalytic activity.
Therefore, it is necessary to develop novel synthesis approach
to prepare mesoporous TiO; photocatalysts, which not only has
highly photocatalytic activity, but also can be steadily separated
after photocatalytic reaction.

Recently, titanate nanotubes with large specific surface area,
and high pore volume have appeared to be a promising, and
important prospect due to their fascinating microstructures, and
promising photo-electrochemical applications since the innova-
tive work was reported by Kasuga et al. [14—19]. Using a simple
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hydrothermal treatment of crystalline TiO» particles with NaOH
aqueous solutions, high-quality nanotubes with uniform diam-
eter of around 10 nm were obtained and their specific surface
area reached more than 400.0 m2/g [14,15]. Unfortunately, the
nanotubes prepared by this hydrothermal method showed almost
no photocatalytic activity for the photocatalytic degradation of
acetone in our experiment. Following the pioneering works, the
obtained nanotubes were actually not TiO,, but might be hydro-
gen titanate [ 17,20]. According to our previous study, the anatase
TiO, particles coated on the surface of the glass fibers showed
a higher photocatalytic activity, and a lower deactivation rate
compared with the TiO; films [6]. Considering the large specific
surface area, high pore volume, and one-dimensional structure
of the titanate nanotubes, it is expected that the combination
of anatase TiO, nanoparticles or nanorods and the titanate nan-
otubes would endow titania with unique properties and multiple
functions. Therefore, it is worthwhile to explore the synthesis of
mesoporous titania nanorod/titanate nanotube composites and
their corresponding photocatalytic activities.

In the present work, titanate nanotubes were first prepared by
a hydrothermal reaction using a 10 M NaOH aqueous solution
and Degussa P25 as precursors. Subsequently, the as-prepared
nanotubes were dipped into the mixed solutions of TiF4 and
H3BOs3 to obtain the mesoporous titania nanorod/titanate nan-
otube composites. The photocatalytic activities of the obtained
samples were evaluated by photocatalytic oxidation of acetone in
a gas phase and photocatalytic discolorization of methyl orange
aqueous solution in an aqueous phase, respectively.

2. Experimental
2.1. Preparation of titanate nanotubes

Titanate nanotubes were prepared using a chemical process
similar to that described by Kasuga et al. [14,15]. TiO; source
used for the titanate nanotubes was commercial-grade TiO, pow-
der (P25, Degussa AG, Germany) with crystalline structure of
ca. 20% rutile and ca. 80% anatase and primary particle size of
ca. 30 nm. In a typical nanotube preparation, 1.5 g of the TiO,
powder was mixed with 140 ml of 10 M NaOH solution followed
by hydrothermal treatment of the mixture at 150 °C in a 200 ml
Teflon-lined autoclave for 48 h. After hydrothermal reaction, the
precipitate was separated by filtration and washed with a 0.1 M
HCl solution and distilled water until the pH value of the rinsing
solution reached ca. 6.5, approaching the pH value of the dis-
tilled water. The washed samples were dried in a vacuum oven
at 80 °C for 8 h.

2.2. Preparation of the mesoporous titania
nanorod/titanate nanotube composites

TiF4 and H3BOj3; were used as the precursors for the
preparation of mesoporous titania nanorod/titanate nanotube
composites. In a typical synthesis, TiF4 and H3BO3 were dis-
solved in distillated water, respectively. Then, the as-prepared
aqueous solutions of TiFs and H3BO3 were mixed, stirred, and
used as the reaction solution. The resultant precursor concentra-

tions of the reaction solution were 0.025 M for TiF4 and 0.075 M
for H3BO3. Subsequently, 0.1 g of the washed titanate nan-
otubes were added into 100 ml of the reaction solution and then
maintained at 60 °C for 12 h. After the reactions, the samples
were filtered, rinsed with distilled water and dried in a vac-
uum oven at 60 °C for 8 h. For comparison, the reaction solution
of TiF4 and H3BO3 in the absence of titanate nanotubes was
mixed and kept at 60 °C for 12h to obtain the TiO; spherical
aggregates.

2.3. Characterization

Morphology observation was performed on a JSM-5610LV
scanning electron microscope (SEM, JEOL, Japan). X-ray
diffraction (XRD) patterns were obtained on a D/MAX-RB X-
ray diffractometer (Rigaku, Japan), using Cu Ko irradiation at a
scan rate (20) of 0.05° s~! and were used to determine the phase
structure of the obtained samples. The accelerating voltage and
the applied current were 15 kV and 20 mA, respectively. Trans-
mission electron microscopy (TEM) analysis were conducted
with a JEM-2010F electron microscope (JEOL, Japan), using
200kV accelerating voltage. Nitrogen adsorption—desorption
isotherms were obtained on an ASAP 2020 (Micromeritics
Instruments, USA) nitrogen adsorption apparatus. All the sam-
ples were degassed at 100 °C prior to BET measurements. The
Brunauer-Emmett—Teller (BET) specific surface area (Spgr)
was determined by a multipoint BET method using the adsorp-
tion data in the relative pressure (P/Pg) range of 0.05-0.25.
Desorption isotherm was used to determine the pore size dis-
tribution using the Barret-Joyner—Halender (BJH) method [21].
The nitrogen adsorption volume at the relative pressure (P/Pg)
of 0.970 was used to determine the pore volume and the average
pore size.

2.4. Photocatalytic oxidation of acetone in a gas phase

Acetone, formaldehyde and other volatile organic com-
pounds (VOCs) are common indoor air pollutants in modern
houses, which have been the subject of numerous complaints
regarding health disorders, such as leukemia, nausea, headache
and fatigue. Therefore, we chose acetone (CH3COCHj3) as a
model contaminate chemical. Photocatalytic oxidation of ace-
tone is based on the following reaction [22-24]:

CH3COCHj3 + 40, — 3CO, + 3H,0 N

The measurement of photocatalytic activities of the prepared
samples was performed in a 15L reaction reactor using the
photodegradation of acetone with an initial concentration of
350 £ 20 ppm. The photocatalysts were prepared by coating an
aqueous suspension of powder samples onto three dishes with
a diameter of ca. 7.0 cm. The dishes containing catalysts were
dried at 100 °C, and then cooled to room temperature before
being used. The weight of the catalysts used for each experiment
was kept at ca. 0.5 g. After the catalysts were placed in the reac-
tor, a small amount of acetone was injected with a syringe into
the reactor. The reactor was connected to a CaCl,-containing
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Fig. 1. (a) TEM image of the as-prepared titanate nanotubes; (b) SEM image of the TiO; spherical aggregates obtained in the absence of titanate nanotubes.

dryer used for controlling the initial humidity in the reactor.
The acetone vapor was allowed to reach adsorption—desorption
equilibrium with catalysts in the reactor prior to UV light irra-
diation. Integrated UV intensity in the range of 310-400 nm
striking the coatings, measured with a UV radiometer (Model:
UV-A, made in Photoelectric Instrument Factory of Beijing Nor-
mal University), was 2.5 mW/cm?, while the peak wavelength
of UV light was 365 nm. The concentration analysis of acetone,
carbon dioxide and water vapor in the reactor was conducted
on line with a Photoacoustic IR Multigas Monitor (INNOVA
Air Tech Instruments Model 1312). The photocatalytic activ-
ity of the catalyst samples can be quantitatively evaluated by
comparing the apparent reaction rate constants. The photocat-
alytic oxidation of acetone is a pseudo-first-order reaction and its
kinetics may be expressed as follows: In(Co/C) =kt [23], where
k is the apparent reaction rate constant, Cp and C are the ini-
tial concentration and the reaction concentration of acetone,
respectively.

2.5. Photocatalytic discolorization of methyl orange in an
aqueous phase

The evaluation of photocatalytic activity of the prepared sam-
ples for the photocatalytic discolorization of methyl orange
aqueous solution was performed at ambient temperature. Exper-
imental process was as follows: the prepared samples (0.02 g)
were dispersed in a 25mL methyl orange aqueous solution
with a concentration of 3.1 x 107> molL™! in a rectangular
cell (52W x 155L x 30H mm). A 15-W 365 nm UV lamp (Cole-
Parmer Instrument Co.) was used as a light source. The average
light intensity striking on the surface of the reaction solution was
about 112 wW cm™2, as measured by a UV meter (made in the
photoelectric instrument factory of Beijing normal university)
with the peak intensity of 365 nm. The concentration of methyl
orange was determined by an UV-vis spectrophotometer (UV-
2550, Shimadzu, Japan). After UV irradiation for some time,
the reaction solution was filtrated to measure the concentration
change of methyl orange.

3. Results and discussion

3.1. Morphology and phase structure of the titanate
nanotubes and the mesoporous titania nanorod/titanate
nanotube composites

Fig. 1(a) shows TEM image of the as-prepared titanate nan-
otubes obtained by a hydrothermal reaction using Degussa P25
and 10 M NaOH aqueous solution as the precursors at 150 °C for
48 h. A large amount of nanotubes with diameters of 7-12 nm
and lengths of several hundreds nanometers are obtained. Fur-
ther observation indicates that the prepared nanotubes possess
uniform inner and outer diameters along their length, in good
agreement with the previous reports [16,17]. The correspond-
ing XRD pattern of the obtained nanotubes (Fig. 2(a)) indicates
that the crystal structure of the resulted nanotubes is similar
to that of HpTi307 (NaxTizO7) [16,17], Na,H,_,TizO7 [20],
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Fig. 2. XRD patterns of: (a) the as-prepared titanate nanotubes; (b) the TiO,

spherical aggregates obtained in the absence of titanate nanotubes; (c) the meso-

porous titania nanorod/titanate nanotube composites; (d) the treated titanate
nanotubes in distilled water at 60 °C.



584 H. Yu et al. / Journal of Hazardous Materials 147 (2007) 581-587

Fig. 3. (a) TEM image of nanorod/titanate nanotube composites and high-magnification TEM image (inset in a), and (b) HRTEM image of the TiO, nanorods.

H, Tio— /40,1404 (x=0.75) [25], probably due to their simi-
lar layered titanate family. Similar phase structure was also
found in the titinate nanoribbons reported in our previous study
[26]. EDX analysis clearly demonstrated the absence of sodium
ions in the obtained nanotubes (not shown here). Therefore, the
sodium ions were substituted completely by protons after the
nanotubes were washed with HCI aqueous solution and dis-
tilled water. Considering the absence of Na in the nanotubes,
the obtained nanotubes may be described as Hy Ti,O2,,+1-xH2O
and can be attributed to hydrogen titanate [27].

When the mixed solution of 0.025M TiF4 and 0.075M
H3BO3 was incubated at 60°C for 12h in the absence of
titanate nanotubes, TiO» spherical aggregated particles with a
size of 1-3 wm (Fig. 1(b)) were formed. The corresponding
XRD pattern (Fig. 2(b)) indicated that the crystal structure of
these aggregated particles was anatase phase. However, when
the titanate nanotubes were added into the above mixed reac-
tion, the TiO, nanorods were uniformly coated on the surface
of the titanate nanotubes (Fig. 3(a)). Therefore, it was deduced
that the TiO; nanorods on the surface of the titanate nanotubes
were formed via a surface-promoted heterogeneous nucleation
and growth mechanism. The diameters and lengths of the TiO»
nanorods were 5—-10nm and 15-40nm, respectively. Corre-
sponding XRD pattern (Fig. 2(c)) exhibited obvious diffraction
peaks of anatase TiOp, suggesting that the obtained titania
nanorod/titanate nanotube composites contained anatase phase.
To clarify the formation of anatase phase in the Fig. 2(c), the as-
prepared titanate nanotubes were dipped into the distilled water,
and then kept at 60 °C for 12 h at the same conditions (without
the addition of TiF4 and H3BO3). The XRD pattern (Fig. 2(d))
exhibited no diffraction peaks of anatase TiO; in addition to the
diffraction peaks of titanate. This indicates that the anatase phase
in the Fig. 2(c) can be attributed to the TiO; nanorods coated on
the surface of the titanate nanotubes. Though the nanotube-like
structure cannot be clearly observed in the TEM image due to
the coating of the TiO; nanorods, it can be clearly seen that the
diameter corresponding to the nanotube has no obvious change
after the formation of the titania nanorod/titanate nanotube com-
posites, as indicated by arrow (Fig. 3(a), inset). A representative

HRTEM lattice image of the TiO, nanorods coated on the surface
of the titanate nanotubes is shown in Fig. 3(b). By measuring the
lattice fringes, the resolved inter-planar distance is ca. 0.35 nm,
corresponding to the (10 1) planes of anatase TiO,. This fur-
ther confirms that the crystalline structure of the TiO, nanorods
coated on the titanate nanotubes is anatase phase.

3.2. Sper and pore structures of the mesoporous titania
nanorod/titanate nanotube composites

The nitrogen adsorption—desorption isotherms of the titanate
nanotubes and the mesoporous titania nanorod/titanate nan-
otube composites (inset) are presented in Fig. 4. It can
be seen that the as-prepared titanate nanotubes show the
type IV isotherm with type H3 hysteresis loop according to
BDDT classification [21], indicating the presence of mesopores
(2-50nm). Moreover, the observed hysteresis loop approaches
P/Py =1, suggesting the presence of macropores (>50 nm) [28].
As for the titania nanorod/titanate nanotube composites, the
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Fig. 4. Nitrogen adsorption—desorption isotherms of the titanate nanotubes and
mesoporous titania nanorod/titanate nanotube composites (inset).
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Fig. 5. Pore size distributions of the titanate nanotubes and the mesoporous
titania nanorod/titanate nanotube composites.

adsorption—desorption isotherm of the sample is a combination
of type I and IV (BDDT classification), with two very distinct
regions of the low (0-0.2) and high (0.4-0.8) relative pressure.
At the low relative pressure, the sample exhibits high adsorption,
indicating the presence of micropores (type I). At high relative
pressure (0.4-0.8), the curve exhibits an obvious hysteresis loop,
indicating the presence of mesopores (type IV). Compared with
the as-prepared titanate nanotubes, the titania nanorod/titanate
nanotube composites shows almost no hysteresis loop at high rel-
ative pressure between 0.8 and 1.0, indicating the disappearance
of the macropores (>50 nm).

Fig. 5 shows the corresponding pore size distributions of the
as-prepared titanate nanotubes and the titania nanorod/titanate
nanotube composites. Prior to the coating of the TiO, nanorods,
the titanate nanotubes exhibit a wide pore size distribution
(1.5 nm to more than 100 nm) with a maximum peak of 17.4 nm.
This was in good agreement with the previous studies, though
different TiO; sources were used as the precursors [28,29]. Con-
sidering the morphology of the nanotubes observed in Fig. 1,
the smaller pores (<10 nm) may correspond to the pores inside
the nanotubes and the diameters of these pores are equal to
the inner diameter of the nanotubes, while the larger pores
(10-100nm) can be attributed to the aggregation of the nan-
otubes [28]. After the coating of the TiO, nanorods, the larger
pores (10—100 nm), resulting from the aggregation of the titanate
nanotubes, almost disappear completely due to the coating of
the TiO, nanorods on the surface of the titanate nanotubes,
leading to a narrow pore size distribution (~10 nm) with a max-
imum peak of 4.9nm. Considering the morphologies of the
titania nanorod/titanate nanotube composites (Fig. 3), the pores
(<10nm) in the sample can be attributed to two contributions.
One is attributed to the aggregation of the TiO, nanoparticles in
the TiO, nanorods and the other is ascribed to the pores within
the titanate nanotubes. The textural parameters derived from the
nitrogen adsorption—desorption isotherm data are summarized in
Table 1. For comparison, the SggT and pore structures of the P25
sample and the TiO; spherical aggregates are also tested under
the identical conditions. When P25 transforms into the titanate

Table 1

BET specific surface area (Sggt) and pore parameters of the titanate nanotubes,
TiO; spherical aggregates, P25, and the mesoporous titania nanorod/titanate
nanotube composites

Samples SBET (mzlg) Pore volume (cm3/g) Pore size (nm)
Nanotubes 355.7 1.55 17.3
TiO; spheres 36.2 0.04 2.0
Composites 225.4 0.23 4.5
P25 49.3 0.09 8.3

nanotubes, there is a significant increase for Spgr from 49.3 to
355.7m?/g and for pore volume from 0.09 to 1.55cm>/g due
to the formation of tube-like structures. After the coating of the
TiO; nanorods on the surface of the titanate nanotubes, the SggT
and pore volumes decreased obviously, which are 225.4 m?/g
and 0.23 cm?3/g, respectively. However, it should be noted that the
titania nanorod/titanate nanotube composites exhibit a greater
SBeT and a higher pore volume than the precursor P25. The
corresponding Sger and the pore volume of the obtained sam-
ples are higher than that of P25 by a factor of about 4.6 and
2.6 times, respectively. The large specific surface area and high
pore volume of the prepared samples are expected to result in a
wider application in photocatalysis, selective adsorption, separa-
tion, sensing and as functional-filling materials in textile, paints,
paper and cosmetics. Without the addition of titanate nanotubes,
the Sgpr and pore volume of the TiO;, spherical aggregates
decreased to 36.2m?/g and 0.04 cm3/g, respectively. This can
be attributed to the formation of solid spheres.

3.3. Photocatalytic activity

The photocatalytic activity of the mesoporous titania
nanorod/titanate nanotube composites was evaluated by photo-
catalytic oxidation of acetone in air. Fig. 6 shows the comparison
of apparent rate constants (k) of titanate nanotubes, TiO; spher-
ical aggregates, mesoporous titania nanorod/titanate nanotube

/4 P25

\wTiO2 spherical aggregates
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‘ . : . 2 . .
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Fig. 6. The comparison of apparent rate constants of P25, titanate nanotubes,
TiO, spherical aggregates and mesoporous titania nanorod/titanate nanotube
composites.
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composites and commercial photocatalyst P25. Prior to the coat-
ing of the anatase TiO; nanorods, the nanotubes almost showed
no photocatalytic activity in spite of its high SpgT and pore vol-
ume. After the anatase TiO, nanorods were coated on the surface
of the titanate nanotubes, the obtained sample showed highly
photocatalytic activity. Compared with the as-prepared titanate
nanotubes, the highly photocatalytic activity of the mesoporous
titania nanorod/titanate nanotube composites could be ascribed
to the formation of dispersed anatase TiO, nanorods on the sur-
face of the titanate nanotubes. The k of the mesoporous titania
nanorod/titanate nanotube composites reached ca. 8.7 x 1073,
which exceeded that of P25 by a factor of about 2.5 times (Fig. 6).
The k was determined to be 3.47 x 1073 for Degussa P25, which
is well known to have good photocatalytic activity. The supe-
rior activity of the mesoporous titania nanorod/titanate nanotube
composites can be ascribed to their larger Sggr and higher pore
volume (Table 1). Larger specific surface area allows more reac-
tants to be absorbed on the surface of the photocatalyst, while
higher pore volume results in a more rapid diffusion of various
reactants and products during the photocatalytic reaction [24].
Of course, the smaller crystallite in the TiO, nanorods also con-
tributed to the higher photocatalytic activity. As for the TiO;
spherical sample, it showed a lower photocatalytic activity than
the P25 owing to the aggregated structure, lower SggT and pore
volume.

The photocatalytic activities of the as-prepared titanate nan-
otubes and the mesoporous titania nanorod/titanate nanotube
composites were further evaluated by photocatalytic discoloriza-
tion of methyl orange aqueous solution. Fig. 7 shows the plots
of absorbance (A) versus irradiation time (#) for the prepared
samples. [llumination in the absence of photocatalysts did not
result in the photocatalytic discolorization of methyl orange
solution. It was found that the as-prepared nanotubes showed
no photocatalytic activity, similar to the above result of photo-
catalytic oxidation of acetone in a gas phase. After the anatase
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Fig. 7. Plots of absorbance (A) vs. irradiation time (¢) for the titanate nanotubes,
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Fig. 8. Change of absorption spectra of the methyl orange aqueous solu-
tion during its photocatalytic discolorization using the mesoporous titania
nanorod/titanate nanotube composites as the photocatalyst.

TiO, nanorods were uniformly coated on the surface of the
titanate nanotubes, the obtained sample showed highly photo-
catalytic activity and the concentration of the methyl orange
decreased rapidly with increasing UV irradiation time. Fig. 8
shows the change of absorption spectra of the methyl orange
aqueous solution during its photocatalytic discolorization using
the mesoporous titania nanorod/titanate nanotube composites
as the photocatalyst. For comparison, the absorption spectrum
of the distilled water was also measured under the same con-
ditions. It could be seen that the absorption peak gradually
decreased with increasing UV irradiation time. After UV irra-
diation for ca. 2h, the absorption peak of the methyl orange
aqueous solution was very weak. Moreover, experimental obser-
vation indicated that the color of the methyl orange aqueous
solution changed from orange to near no color after UV irra-
diation for ca. 2 h, indicating a nearly complete degradation of
methyl orange. When the P25 powder was used as the photocata-
lyst for the degradation of methyl orange, similar discolorization
phenomenon in the aqueous solution was also found. However,
the P25 powder could not be readily separated from the reaction
system after photocatalytic reaction. In this investigation, the
mesoporous titania nanorod/titanate nanotube composites were
prepared and their length was usually in the range of several
hundreds of nanometers (Fig. 3). Compared with the nanosized
powder photocatalysts such as P25 photocatalyst, the meso-
porous titania nanorod/titanate nanotube composites could be
readily separated from a slurry system after photocatalytic reac-
tion owing to their long structure. Though the prepared TiO»
microspheres could also be readily separated from a slurry sys-
tem, the TiO, spherical samples showed a low photocatalytic
activity. Therefore, we think that the titania nanorod/titanate nan-
otube composites are one of the ideal and novel photocatalysts
for the applications of anatase nanoparticles in the environmen-
tal purification and water treatment and this investigation may
provide new insights into preparing novel highly photoactive
catalysts to avoid the disadvantages of the powder and thin
film photocatalysts. Therefore, the prepared mesoporous tita-
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nia nanorod/titanate nanotube composite photocatalysts with
highly photocatalytic activity may be suitable for the applica-
tion of anatase photocatalysts at industrial scale, which has been
seriously impeded by the high cost for separating the catalyst
nanocrystals [30].

4. Conclusions

Mesoporous titania nanorod/titanate nanotube composites
were successfully prepared using TiF4 and H3BOs as the pre-
cursors. It was found that the obtained mesoporous titania
nanorod/titanate nanotube composites showed a larger specific
surface area and a higher pore volume, which is higher than
that of P25 by a factor of about 4.6 and 2.6 times, respec-
tively, leading to an obvious enhancement of the photocatalytic
activity for the photocatalytic oxidation of acetone. Moreover,
the mesoporous titania nanorod/titanate nanotube composites,
which could be readily separated after photocatalytic reaction,
exhibited highly photocatalytic activity for the degradation of
methyl orange aqueous solution.
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