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Abstract

Titanate nanotubes were prepared via a hydrothermal treatment of TiO2 powders (P25) in a 10 M NaOH solution at 150 ◦C for 48 h and
then calcined at various temperatures. The as-prepared titanate nanotubes before and after calcination were characterized with XRD, TEM,
HRTEM, SEM, FESEM, and nitrogen adsorption–desorption isotherms. The photocatalytic activity of the as-prepared samples was evaluated
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y photocatalytic oxidation of acetone in air. The effects of calcination temperature on the phase structure, crystallite size, morphology, specific
urface area, pore structures and photocatalytic activity of the titanate nanotubes were investigated. The results indicated that at 400 to 600 ◦C, the
alcined nanotube samples showed a higher photocatalytic activity than Degussa P25. Especially, at 400 and 500 ◦C, the photocatalytic activity of
he calcined nanotubes exceeded that of P25 by a factor of about 3.0 times. This could be attributed to the fact that the former had a larger specific
urface area and pore volume. With further increase in the calcination temperature from 700 to 900 ◦C, the photocatalytic activity of the calcined
anotube samples greatly decreased due to the formation of rutile phase, the sintering and growth of TiO2 crystallites and the decrease of specific
urface area and pore volume.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many efforts have been focused on the semiconductor photo-
atalysts for their environmental applications in air purification,
ater disinfection, and hazardous water remediation since
onda and Fujishima discovered the photocatalytic splitting
f water on the TiO2 electrodes in 1972 [1–9]. Among various
xide semiconductor photocatalysts, titania is a very important
hotocatalyst due to its biological and chemical inertness,
trong oxidizing power, nontoxicity and long-term stability
gainst photo and chemical corrosion [1–9]. Despite its great
otential, the low photocatalytic efficiency of TiO2 hinders
he commercialization of photocatalytic oxidation technology
10]. Therefore, the further improvement of photoactivity of
iO2 is one of the most important tasks from the point of view
f practical use. To achieve this purpose, it is of great interest
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to develop TiO2 photocatalyst with highly photocatalytic
activity.

Recently, TiO2 and/or titanate nanotubes with large specific
surface area and pore volume have appeared to be a promis-
ing and important prospect due to their fascinating microstruc-
tures and promising photo-electrochemical applications since
the innovative work was reported by Kasuga et al. [11–19].
Using a simple hydrothermal treatment of crystalline TiO2 parti-
cles with NaOH aqueous solutions, high-quality nanotubes with
uniform diameter of around 10 nm were obtained and their spe-
cific surface area reached more than 400.0 m2/g [11,12]. By
optimizing the preparation conditions, such as the hydrother-
mal treatment time and temperature, high-yield nanotubes could
be effectively prepared by this simple, cost-effective, and envi-
ronmentally friendly technology [20]. Moreover, several studies
indicated that TiO2 nanotubes possessed better properties in pho-
tocatalysis [21,22] and sensing [23], in comparison to colloidal
or other forms of TiO2. Unfortunately, the nanotubes prepared
by this hydrothermal method showed almost no photocatalytic
activity for the photocatalytic degradation of acetone in our
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experiment. Following the pioneering works, the obtained nan-
otubes were actually not TiO2, but might be hydrogen titanate
[14,24]. Considering their large specific surface area, high pore
volume, and unique morphology, the obtained nanotubes will
offer another possibility to design various TiO2-related materials
by post-treatment methods, such as hydrothermal post-treatment
and well-controlled calcination. Moreover, it is an important
issue to study the structure stability of the nanotubes and their
corresponding crystalline phase at various calcination tempera-
tures from the point of view of practical use of titanate nanotubes.

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 washed and then calcined at various tempera-
tures. The photocatalytic activity of the titanate nanotubes before
and after calcination was evaluated by photocatalytic oxidation
of acetone in air. The effects of calcination temperature on the
phase structure, crystallite size, morphology, specific surface
area, pore structures and photocatalytic activity of the titanate
nanotubes were investigated.

2. Experimental

2.1. Preparation of titanate nanotubes

Titanate nanotubes were prepared using a chemical process
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ples were degassed at 100 ◦C prior to BET measurements. The
Brunauer–Emmett–Teller (BET) specific surface area (SBET)
was determined by a multipoint BET method using the adsorp-
tion data in the relative pressure (P/P0) range of 0.05–0.25.
Desorption isotherm was used to determine the pore size dis-
tribution using the Barret–Joyner–Halender (BJH) method [25].
The nitrogen adsorption volume at the relative pressure (P/P0)
of 0.970 was used to determine the pore volume and the average
pore size.

2.3. Measurement of photocatalytic activity

Acetone (CH3COCH3) is a common chemical that is used
extensively in the industrial and domestic fields. Therefore, we
chose it as a model contaminate chemical. Photocatalytic oxi-
dation of acetone is based on the following reaction [26–29]:

CH3COCH3 + 4O2 → 3CO2 + 3H2O (1)

The measurement of photocatalytic activity of the titanate
nanotubes before and after calcination was performed in a 15 L
reaction reactor using the photodegradation of acetone with
an initial concentration of 350 ± 20 ppm. The powder catalysts
were prepared by coating an aqueous suspension of powder sam-
ples onto three dishes with a diameter of ca. 7.0 cm. The dishes
containing catalysts were dried at 100 ◦C and then cooled to
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imilar to that described by Kasuga et al. [11,12]. TiO2 source
sed for the titanate nanotubes was commercial-grade TiO2 pow-
er (P25, Degussa AG, Germany) with crystalline structure of
a. 20% rutile and ca. 80% anatase and primary particle size
f ca. 30 nm. In a typical preparation, 1.5 g of the TiO2 powder
P25) was mixed with 140 ml of 10 M NaOH solution followed
y hydrothermal treatment of the mixture at 150 ◦C in a 200 ml
eflon-lined autoclave for 48 h. After hydrothermal reaction, the
recipitate was separated by filtration and washed with a 0.1 M
Cl solution and distilled water until the pH value of the rinsing

olution reached ca. 6.5, approaching the pH value of the dis-
illed water. The washed samples were dried in a vacuum oven
t 80 ◦C for 8 h and then calcined at 300, 400, 500, 600, 700,
00 and 900 ◦C in air for 2 h, respectively.

.2. Characterization

X-ray diffraction (XRD) patterns were obtained on a
/MAX-RB X-ray diffractometer (Rigaku, Japan) using Cu K�

rradiation at a scan rate (2θ) of 0.05◦ s−1 and were used to deter-
ine the identity of any phase present and their crystallite size.
he accelerating voltage and the applied current were 15 kV
nd 20 mA, respectively. Transmission electron microscopy
TEM) analyses were conducted with a JEM-2010FEF elec-
ron microscope (JEOL, Japan), using 200 kV accelerating
oltage. Morphology observation was performed on a JSM-
700F field emission scanning electron microscope (FESEM,
EOL, Japan) and a JSM-5610LV scanning electron micro-
cope (SEM, JEOL, Japan). Nitrogen adsorption–desorption
sotherms were obtained on an ASAP 2020 (Micromeritics
nstruments, USA) nitrogen adsorption apparatus. All the sam-
oom temperature before being used. The weight of the cata-
ysts used for each experiment was kept at ca. 0.5 g. After the
atalysts were placed in the reactor, a small amount of acetone
as injected with a syringe into the reactor. The reactor was

onnected to a CaCl2-containing dryer used for controlling the
nitial humidity in the reactor. The acetone vapor was allowed
o reach adsorption–desorption equilibrium with catalysts in the
eactor prior to UV light irradiation. Integrated UV intensity in
he range of 310–400 nm striking the coatings, measured with
UV radiometer (Model: UV-A, made in Photoelectric Instru-
ent Factory of Beijing Normal University), was 2.5 mW/cm2,
hile the peak wavelength of UV light was 365 nm. The concen-

ration analysis of acetone, carbon dioxide and water vapor in the
eactor was conducted on line with a Photoacoustic IR Multigas

onitor (INNOVA Air Tech Instruments Model 1312). The pho-
ocatalytic activity of the catalyst samples can be quantitatively
valuated by comparing the apparent reaction rate constants. The
hotocatalytic oxidation of acetone is a pseudo-first-order reac-
ion and its kinetics may be expressed as follows: ln(C0/C) = kt
27,28], where k is the apparent reaction rate constant, C0 and

are the initial concentration and the reaction concentration of
cetone, respectively.

. Results and discussion

.1. Morphology and structure of titanate nanotubes

Fig. 1a shows TEM image of titanate nanotubes obtained by a
ydrothermal reaction using Degussa P25 and 10 M NaOH aque-
us solution as precursors at 150 ◦C for 48 h. A large amount of
anotubes with a diameter of 7–15 nm and a length of several
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Fig. 1. TEM image and XRD pattern of the as-prepared titanate nanotubes.

hundreds nanometers were obtained. HRTEM image (inset in
Fig. 1a) indicated that the prepared nanotubes possessed uniform
inner and outer diameters along their length. Further observation
indicated that the nanotubes were multi-layered and open-ended,
in good agreement with the previous reports [13–15]. Fig. 1b
shows the corresponding XRD pattern of the obtained nan-
otubes. After hydrothermal treatment of P25 in a 10 M NaOH
solution for 48 h, the XRD pattern of the resulted powder (nan-
otubes) could not correspond to anatase, rutile, brookite or their
mixtures. The crystal structure of the nanotubes was similar
to that of H2Ti3O7 (Na2Ti3O7) [13,14], NaxH2−xTi3O7 [24],
HxTi2−x/4�x/4O4 (x = 0.75) [30], probably due to their same
layered titanate family. EDX analysis clearly demonstrated the
absence of sodium ions in the obtained nanotubes. Therefore, the
obtained nanotubes can be attributed to the hydrogen titanate.

3.2. Effects of calcination temperature on the
microstructures and morphology of the titanate nanotubes

XRD was used to investigate the changes of phase structure
and crystallite size of the nanotubes before and after calcina-
tion at different temperatures. Fig. 2 shows the XRD patterns of
the titanate nanotubes calcined at various temperatures. It can
be seen that all the diffraction peaks of the samples calcined at
300–600 ◦C can be indexed with the anatase phase of TiO2. In the
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and post-treatment conditions. With increasing calcination tem-
perature from 300 to 600 ◦C, the peak intensities of anatase
increased significantly, indicating the improvement of crystal-
lization of anatase phase. Simultaneously, the width of the (1 0 1)
peak became narrower, suggesting the growth of anatase crystal-
lites. At 700 ◦C, the diffraction peaks of both anatase and rutile
phases were present in the calcined samples. This indicated that
the phase transformation temperature of anatase to rutile was ca.
700 ◦C. Tsai and Teng [33] found that the onset temperature for
the anatase-to-rutile phase transformation varied with the syn-
thesis temperature of nanotube, and the phase transformation
temperature of anatase to rutile was ca. 900 ◦C when the synthe-
sis temperature of nanotubes was 150 ◦C. Though the present
phase transformation temperature (700 ◦C) was lower than the
above result (900 ◦C), it was in good agreement with that of
pure TiO2 samples. Usually, for pure TiO2 samples, the rutile
phase starts to appear at ca. 700 ◦C [5]. When the calcination
temperature reached 800 ◦C, only rutile phase was found in the
XRD pattern, indicating a narrow temperature range of phase
transformation from anatase to rutile. It has been reported that

F

revious studies, different phase structures were obtained after
he calcination of titanate nanotubes. On one hand, Suzuki and
oshikawa [31] demonstrated the formation of TiO2 (B) phase

a metastable polymorph of titanoium dioxide) after calcination
nd no anatase phase was found. On the other hand, Bruce and
o-workers [32] reported that after calcination at 400–600 ◦C,
ayered hydrogen titanates nanowires were converted to the
itanium dioxide polymorph TiO2-B, while layered hydrogen
itanates nanotubes were transformed to anatase with the loss
f the tubular morphology. Many other researchers [24,30,33]
lso found that only anatase phase was formed after the calci-
ation of hydrogen titanate nanotubes, in good agreement with
ur present results. The difference in the phase structure of the
alcined nanotubes may be attributed to different preparation
 ig. 2. XRD patterns of the titanate nanotubes calcined at various temperatures.
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Table 1
Effects of calcination temperature on phase structure and average crystallite size (nm) of titanate nanotubesa

Nanotubes 300 ◦C 400 ◦C 500 ◦C 600 ◦C 700 ◦C 800 ◦C 900 ◦C

DA 0 5.3 11.6 18.34 28.7 41.3 0 0
DR 0 0 0 0 0 62.5 >200 >200

a DA and DR denote the average crystallite size of anatase and rutile in the calcined titanate samples, respectively.

the phase transformation temperature and the temperature range
of phase transformation mainly depend on the particle sizes,
morphologies of crystals, and the addition of additives [34]. In
this study, the narrow temperature range of phase transformation
from anatase to rutile (ca. 700–800 ◦C) may be attributed to the
formation of pure TiO2 phase due to the dehydration of hydro-
gen titanate [35]. The average crystallite size of the calcined
nanotube samples calculated using Scherrer’s equation for the
main diffraction peak, is presented in Table 1. With increasing
calcination temperature from 300 to 600 ◦C, the crystallite size
of anatase increased from 5.3 to 28.7 nm. At 700 ◦C, rutile began
to form, resulting in an obvious increase in crystallite size. When
the calcination temperature was over 700 ◦C, the crystallite size
of rutile reached over 200 nm due to the phase transformation
from antase to rutile and the sintering and growth of rutile.

The nitrogen adsorption–desorption isotherms of the titanate
nanotubes before and after calcination are presented in Fig. 3. It
can be seen that all the samples show a type H3 hysteresis loop
according to BDDT classification [25], indicating the presence
of mesopores (2–50 nm). Moreover, as for the titanate nan-
otubes calcined at a temperature lower than 800 ◦C, the observed
hysteresis loops approach P/P0 = 1, suggesting the presence of
macropores (>50 nm) [36]. On the other hand, with increasing
calcination temperature, the hysteresis loops shift to the region
of higher relative pressure and the areas of the hysteresis loops
gradually become small. When the calcination temperature was
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titanate nanotubes strongly depend on the calcination tempera-
ture. Prior to calcination, the nanotubes exhibit a wide pore size
distribution ranging from 1.5 to more than 100 nm. This was
in good agreement with the previous studies, though different
TiO2 sources were used as the precursors [33,36]. Considering
the morphology of the nanotubes observed in Fig. 1a, the smaller
pores (<10 nm) may correspond to the pores inside the nanotubes
and the diameters of these pores are equal to the inner diame-
ter of the nanotubes, while the larger pores (10–100 nm) can be
attributed to the aggregation of the nanotubes [36]. With increas-
ing calcination temperature, the pore size distribution of the
nanotubes gradually becomes narrower. At 500 ◦C, the smaller
pores (<10 nm) disappeared due to the collapse of the tube struc-
ture in the nanotubes during calcination (Fig. 4). With further
increase in the calcination temperature from 500 to 700 ◦C, the
pore size distribution range of the nanotubes further becomes
narrower. When the calcination temperatures were over 700 ◦C,
the peaks of pore size distributions could not be observed. This
can be attributed to the formation of rutile phase and sintering
and growth of TiO2 crystallites (Fig. 2 and Table 1). Textu-
ral parameters derived from the nitrogen adsorption–desorption
isotherm data are summarized in Table 2. When P25 transformed
into the titanate nanotubes, there was a significant increase for
SBET from 49.3 to 355.7 m2/g and for pore volume from 0.092
to 1.54 cm3/g due to the formation of nanotube structures. With
increasing calcination temperature, the S and pore volumes
s
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igher than 700 ◦C, the hysteresis loops of the samples were
ifficult to be observed.

Fig. 4 shows the corresponding pore size distributions of the
itanate nanotubes before and after calcination at various tem-
eratures. It can be seen that the pore size distributions of the

ig. 3. Nitrogen adsorption–desorption isotherms of the titanate nanotubes cal-
ined at various temperatures.
BET
teadily decreased. At 600 ◦C, the SBET and pore volume of the
anotubes decreased to 64.3 m2/g and 0.34 cm3/g, respectively.
his was due to the collapse of the tube structure and the growth
f TiO2 crystallites (Table 1). However, it should be noted that
ll the TiO2 products obtained at calcination temperatures lower

ig. 4. Pore size distributions of the titanate nanotubes calcined at various tem-
eratures.
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Fig. 5. SEM images of the titanate nanotubes calcined at 400 ◦C (a and b), 600 ◦C (c and d), and 700 ◦C (e and f).

than 700 ◦C exhibited a higher SBET and pore volume than that
of the precursor P25. Especially, at 400 ◦C and 500 ◦C, the cor-
responding SBET of the obtained samples was higher than that
of P25 by a factor of about 4.4 and 2.0 times, respectively; while
the pore volume was greater than that of P25 by a factor of about
11.0 and 5.6 times, respectively. This indicated that compared
with the P25 powders, the advantage of high specific surface area

Table 2
Effects of calcination temperature on the BET specific surface area (SBET) and
pore parameters of titanate nanotubes

Samples SBET (m2/g) Pore volume (cm3/g) Pore size (nm)

Nanotubes 355.7 1.545 17.3
400 219.2 0.992 18.1
500 99.2 0.503 20.3
600 64.3 0.347 31.5
700 16.1 0.066 44.8
800 3.29 0.007 8.2
900 0.64 0.002 7.2
P25 49.3 0.092 8.3

and pore volume of the obtained nanotubes could be preserved,
which was beneficial to the enhancement of photocatalytic activ-
ity. Further observation from Table 2 indicated that the average
pore size of the samples increased from 18.1 to 31.5 nm with
increasing calcination temperature (400–600 ◦C). According to
the above facts, there were two factors resulting in the increase
of average pore size. One was that the smaller pores inside the
nanotubes endured greater stress than the bigger pores formed
by the aggregates of nanotubes, so the tube structure collapsed
firstly during calcination (Fig. 4) [29]. The other was that the
growth of TiO2 crystallites could result in the formation of bigger
pores (Table 1) [29]. At 700 ◦C, there was an obvious decrease
in the SBET and pore volumes due to the phase transition from
anatase to rutile, and its values reached 16.1 m2/g and 0.06 m3/g,
respectively. With further increase in the calcination temperature
(700–900 ◦C), the calcined nanotubes showed a further decrease
in SBET and pore volumes. This can be attributed to the formation
of rutile and sintering and growth of TiO2 crystallites.

Fig. 5 shows SEM images of the titanate nanotubes calcined
at 400 (a and b), 600 (c and d), and 700 ◦C (e and f). It can be
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Fig. 6. FESEM images (a and b) and TEM (c) and HRTEM images (d) of the titanate nanotubes calcined at 500 ◦C.

seen that the surface morphologies of the calcined nanotubes
are obviously different at different calcination temperatures. At
400 ◦C, the calcined nanotubes consisted of TiO2 particles with a
wide particle size distribution from several hundreds of nanome-
ters to several micrometers. Further observation indicated that
the TiO2 particles were porous and were the aggregates of many
TiO2 nanofibers with a diameter of 8–15 nm, resulting in a large
SBET and high pore volume (Table 2). When the calcination
temperature was increased to 600 ◦C, the surface morphology
of the calcined nanotubes retained a porous structure similar to
that of the sample calcined at 400 ◦C, as shown in Fig. 5c and
d. However, the amount of fiber-shaped TiO2 particles obvi-
ously decreased due to a higher calcination temperature. At
700 ◦C, the surface morphology of the calcined nanotubes had
an obvious change. The porous structure and fiber-shaped mor-
phology were difficult to be observed and the calcined nanotubes
were some aggregates of dense TiO2 particles with diameters of
100–300 nm. This can be attributed to the phase transformation
of anatase to rutile, resulting in an obvious growth of TiO2 crys-
tallites (Table 1).

Further insights into the effect of calcination temperature on
the surface morphology and phase structure of the nanotubes
can be obtained from FESEM and TEM observations. Fig. 6a
and b show the FESEM images of the titanate nanotubes cal-
cined at 500 ◦C. It can be seen that the nanotubes calcined at
500 ◦C are composed of many TiO2 nanofibers with a diam-

eter of 8–15 nm and a length of several hundreds of nm. TEM
image (Fig. 6c) indicates that the obtained TiO2 sample is mainly
composed of TiO2 nanorods with a length of 40–120 nm and
a diameter of 8–15 nm, in agreement with the previous results
[33,37]. HRTEM images (Fig. 6d) suggest that the obtained TiO2
nanorods are mainly a single crystalline structure in anatase
phase. The inter-planar spacing of the nanorods is calculated
to be ca. 0.35 nm, corresponding to the (101) crystal plane of
anatase. Moreover, there is a layer of amorphous phase close to
the outside surface of well-crystallized TiO2 nanorods, similar
to the results found in the titanate nanorods by Lan et al. [37].

3.3. Photocatalytic activity of the titanate nanotubes after
calcination at various temperatures

The photocatalytic activity of the titanate nanotubes after cal-
cination at various temperatures was evaluated by photocatalytic
oxidation of acetone in air. Fig. 7 shows the relationship between
the apparent rate constants (k) of acetone degradation and calci-
nation temperatures. For comparison, the photocatalytic activity
of commercial photocatalyst P25 was also tested under identi-
cal conditions. Prior to calcination, the nanotubes showed no
photocatalytic activity, in contrast to the results reported by Zhu
et al. [38]. It was found that the as-prepared hydrogen titanates
exhibited decent photocatalytic activity for the photocatalytic
oxidation of sulforhodamine (SRB) [38]. The difference in pho-
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Fig. 7. The dependence of apparent rate constants (k) of the titanate nanotubes
on the calcination temperature.

tocatalytic activity of the hydrogen titanates may be attributed to
the different experimental conditions. When the calcination tem-
perature was below 400 ◦C, the calcined samples also showed
no photocatalytic activity. This can be due to the absence or low
crystallization of anatase phase in the calcined nanotube samples
[39–41].

With increasing calcination temperature, the photocatalytic
activity of the calcined nanotube samples increased. When the
calcination temperature was kept at 400 or 500 ◦C, the cal-
cined nanotubes showed a very high photocatalytic activity and
the corresponding value (k) reached ca. 10.4 × 10−3, which
exceeded that of P25 by a factor of about 3.0 times (Fig. 7). The
k was determined to be 3.47 × 10−3 for Degussa P25, which
is well known to have good photocatalytic activity. The supe-
rior activity of the nanotube samples calcined at 400 and 500 ◦C
can be ascribed to their higher SBET and pore volume (Table 2).
Larger specific surface area allows more gaseous reactants to
be absorbed onto the surface of the photocatalyst, while higher
pore volume results in a rapider diffusion of various gaseous
products during the photocatalytic reaction. All these factors
contributed to an enhancing photocatalytic activity. However, it
should be noted that the factors resulting in the high photoactiv-
ity were different in the nanotube samples calcined at 400 and
500 ◦C. Compared with the nanotube sample calcined at 400 ◦C,
the sample calcined at 500 ◦C showed a better crystallization in
anatase phase (Fig. 2). Therefore, the high photocatalytic activ-
i
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4. Conclusions

The effects of calcination temperature on the microstructures
and photocatalytic activity of the titanate nanotubes were investi-
gated and discussed. It was found that the crystalline phase, crys-
tallite size, morphology, specific surface area, pore structures
and photocatalytic activity of the titanate nanotubes strongly
depended on the calcination temperature. When the calcination
temperature was below 400 ◦C, the calcined samples showed no
photocatalytic activity due to the absence or weak crystalliza-
tion of anatase phase. At 400–600 ◦C, the photocatalytic activity
obviously exceeded that of Degussa P25. Especially, at 400 and
500 ◦C, the photocatalytic activity of the calcined samples was 3
times higher than that of P25. This could be attributed to the fact
that the former had a larger specific surface area and higher pore
volume. With further increase in the calcination temperature
from 700 to 900 ◦C, the photocatalytic activity of the calcined
samples greatly decreased due to the formation of rutile phase,
the sintering and growth of TiO2 crystallites and the decrease of
specific surface area and pore volume.
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