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TiO2 nanoparticle/nanotube composites were prepared by a vapor hydrolysis method and were characterized by X-ray diffraction,
transmission electron microscopy, and N2 isothermal adsorption-desorption. The well-crystallized TiO2 nanoparticles were
uniformly deposited onto the surface of TiO2 nanotubes. The photocatalytic activity of the composites was evaluated by the
degradation of acid red G and phenol solution under UV irradiation. The results showed that the photocatalytic activities
of the modified composites were significantly enhanced compared to the pristine nanotubes. In particular, the 50 wt% TiO2

nanoparticle/nanotube composite obtained at 120◦C exhibited a remarkable ARG degradation efficiency of 90% after irradiation
for 30 minutes and a phenol degradation efficiency of 93% after irradiation for 2 hours.

1. Introduction

With the development of technology, the environmental
pollution deriving from artificial products has become a
serious problem. In response to this, materials which can
absorb the harmful pollutants irreversibly and eliminate
them completely have been developed. Among the various
kinds of catalysts, the incorporation of photocatalysts with
adsorbents has gained more attention [1], which offers
a new design of a photocatalytic system. Although some
nanocomposites with high adsorbing capacities as well as
high photocatalytic activities have been prepared, such as
TiO2/zeolite [2], TiO2/activated carbon [3], and TiO2/SiO2

[4], the exploring of new composites for the application in
more industrial purposes is expected. As established, TiO2

nanotubes (TNTs) have been widely used as adsorbents
in different fields because of their tailored pore structures
and high specific surface areas [5, 6]. However, pristine
TNTs are almost without photocatalytic activities and their
applications in photocatalysis are limited. There are two
main techniques to improve the photocatalytic properties
of TNTs: improving crystallinity of the nanotubes and
substance-loaded interaction [7–9].

Calcination and hydrothermal treatment have been
always used to enhance the crystallinity of the nanotubes
[10–12]. Nevertheless, using these two methods is easy to
destroy the nanotubular structure and results in significantly
reduced specific surface area of the nanotubes [10–13]. In
order to solve this problem, Wang et al. [13] have reported
a chemical morphology freezing method to protect TNTs
from unavoidable collapse by filling them with carbon and
coating them with a silica sheath. They have demonstrated
that perfectly crystallized and open-ended TiO2 nanotubes
have been maintained during the calcination process. But
the TNTs obtained in this method are covered with a layer
of SiO2 and the photocatalytic reaction is restricted to the
inside of nanotubes, which limit the further application
of the nanotubes. On the other hand, the photocatalytic
modification of TNTs has also been reported, including
ZnO-supported [14], Au (Pt)-doped [15, 16], and PbS
surface coated nanotubes [7]. These composites still have
some shortcomings in applications, such as the photocor-
rosion of ZnO or the high cost of the precious metals. In
contrast, TiO2 may be more appropriate as a photocatalyst
for the modification because of its high photosensitivity,
nontoxicity, and low cost [17–21]. Therefore, we assume that
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a nanoparticle/nanotube composite consisting of only TiO2

will be a good catalyst in the environmental remediation.
To the best of our knowledge, there are few reports on the
preparation of TiO2 nanoparticle/nanotube composites.

A direct synthesis of TiO2 nanoparticle/nanotube com-
posites through a vapor hydrolysis method was studied in
this work. The degradations of acid red G (ARG) and phenol
under UV illumination were used as model reactions to
evaluate the photocatalytic activities of the composites, and
the effects of the vapor hydrolysis temperature and TiO2

loading content were investigated in detail.

2. Experimental

2.1. Preparation. All of the chemicals used were analytical-
grade reagents without any further purification. TNTs were
synthesized by the hydrothermal method [22], and the
typical synthetic procedure is described as follows: a total of
0.1 g P-25 powder (Degussa, composed of TiO2 with 80% in
anatase and 20% in rutile phase) was placed into 60 mL of
10 M NaOH aqueous solution. After vigorous stirring, the
mixture was transferred into a hydrothermal Teflon-lined
autoclave and heated to 110◦C for 24 hours. The product was
collected by centrifugation and washed by deionized water
for several times until the pH reached 7-8. The remaining
sodium titanate phase was further washed by 0.1 M HNO3,
deionized water and ethanol to exchange the remaining Na+

thoroughly. Finally, the washed TNTs were dried at 80◦C
under vacuum for 24 hours.

TiO2 nanoparticle/nanotube composites were prepared
through a vapor hydrolysis method illustrated in Scheme 1.
0.1 g of as-prepared TNTs was dispersed into 7 mL ethanolic
solution which contained 100 μL to 200 μL tetrabutyl titanate
(TBOT). After an ultrasonic dispersion for 3 minutes,
the solution was quickly transferred into the vapor-phase
hydrolysis device. 3 mL of deionized water was added at
the bottom of the device to act as the vapor producing
liquid phase when the temperature was elevated. The closed

device was heated at different temperature (100◦C, 120◦C,
and 150◦C, resp.) for 12 h. The final products were collected
by centrifugation and rinsed several times with deionized
water and ethanol to remove impurities and then dried
under vacuum at 80◦C for 12 hours. For comparison, the
TNTs without TiO2 loadings and the bare TiO2 nanoparticles
were also obtained through the vapor hydrolysis method. All
the samples were named according to the content of TiO2

loading and the vapor hydrolysis temperature. For instance,
the sample of pristine TNTs steamed at 100◦C was denoted as
TNTs-0-100 and the composite with 50 wt% of TiO2 loading
steamed at 100◦C was denoted as TNTs-50-100. Here, the
content of TiO2 loading was based on the amount of the TiO2

derived from the hydrolysis of TBOT in the preparation,
excluding the crystallization of the nanotubes.

2.1.1. Characterization. The crystalline phase of the as-pre-
pared products was identified by X-ray diffraction (Model D/
Max-2550, Rigaku Co. Tokyo, Japan) using Cu K α radiation
(λ = 1.5406 Å) at 40 kV and 100 mA. The morphologies of
the TiO2 nanoparticle/nanotube composites were observed
by high-resolution transmission electron microscope
(HRTEM) (Model JEM-2100F, JEOL, Tokyo, Japan), and
the specific surface area was calculated by the Brunauer-
Emmett-Teller (BET) method. The samples were outgassed
for 24 hours at 150◦C to remove loosely adsorbed species
prior to N2 isothermal adsorption-desorption. Pore size
distribution and pore volume were calculated by the Barrett-
Joyner-Halenda (BJH) method according to the measured
isothermal adsorption-desorption (Model Autosorb-1MP,
Quantachrome Instruments Co., USA).

2.2. Photocatalytic Experiment. The photocatalytic activity of
TiO2 nanoparticle/nanotube composites was evaluated by
the degradation of two organic pollutants: ARG and phenol.
Firstly, the experiment was carried out in a Pyrex photo-
reactor which contained 0.1 g of the photocatalysts and
500 mL of 50 ppm aqueous ARG (phenol). Prior to the
irradiation, the solution was stirred in the dark for 20
minutes to reach the adsorption-desorption equilibrium
[23, 24]. Then, a 300 W mediate pressure Hg lamp without
a filter was used as a source of UV light and O2 was bubbled
into aqueous suspension at a flow rate of 100 mL min−1. The
suspensions were collected at regular intervals and separated
through centrifugation. The concentration of the ARG
solution was measured by a UV-vis spectrophotometer at the
wavelength of 530 nm (Model Lambda 35, Perkin Elmer Co.,
USA). The concentration of phenol solution was monitored
at wavelength of 270 nm.

3. Results and Discussions

3.1. The Formation Mechanism of TiO2 Nanoparticle/Nano-
tube Composites. The main method of vapor hydrolysis was
illustrated in Scheme 1, and the formation mechanism could
be described as follows. The ethanolic solution of TBOT
which served as the Ti precursor and the deionized water
were put into the bottom of the vapor-phase hydrolysis
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Figure 1: XRD patterns of TNTs (a), TNTs-0-100 (b), TNTs-0-120
(c), TNTs-0-150 (d), and TNTs-50-120 (e).

device together. As the temperature rose, the ethanol evap-
orated first due to its low boiling point and TBOT was
adsorbed onto the surface of the TiO2 nanotubes. When
the boiling point of water was reached, TBOT would be
hydrolyzed by the water vapor, and the well-crystallized
anatase TiO2 nanoparticles would be formed if the reaction
temperature was raised further. Meanwhile, some supporting
TiO2 nanotubes would also crystallize into anatase TiO2 and
kept in a unique tube-like morphology.

3.2. Morphologies and Structural Analysis of TiO2 Nano-
particle/Nanotube Composites. The X-ray diffraction pat-
terns of the samples obtained under different conditions
were shown in Figure 1. Compared to the weak peaks of
pristine TNTs (Figure 1(a)), the characteristic XRD patterns
for TiO2 crystallites could be observed from Figure 1(b) to
Figure 1(d). The peaks at 2θ of 25.4◦, 37.9◦, 48.1◦, 54.1◦,
55.2◦, and 62.7◦ were corresponding to the (101), (004),
(200), (105), (211), and (204) crystal planes of anatase TiO2,
respectively. It was demonstrated that the anatase TiO2

was formed through the vapor hydrolysis process. When
the reaction temperature was raised, the intensity of the
characteristic peaks increased obviously, which indicated
that the crystallization of the TNTs had improved. Moreover,
a good crystallinity of TNTs-50-120 was noticed as well
(showed in Figure 1(e)) and its intensity of the peaks had
no visible change compared to that of TNTs-0-120. The
actual TiO2 loading of the TiO2 nanoparticle/nanotube
composites was derived from the hydrolysis of TBOT and
the crystallization of the TiO2 nanotubes. It was suggested
that the TiO2 nanoparticles obtained from the hydrolysis of
TBOT was in anatase phase and the size of them was close to
that of the TiO2 crystalline in the TNTs.

The TEM image of the TNTs was observed in Figure 2(a).
The pristine nanotubes presented a hollow tubular structure
with two open ends. The length of the nanotubes ranged
from 100 to 400 nm, and the average diameters ranged
between 6 and 8 nm. Most of the TNTs were multiwalled
and in the form of bundles [25–27]. After vapor hydrolysis at

Table 1: Summary of the specific surface area, pore volume, and
pore diameter of the as-prepared samples.

Samples SBET (m2·g−1)a V b (cm3·g−1) Dc (nm)

TNTs 463 2.18 14.9

TNTs-0-100 356 1.83 17.8

TNTs-0-120 185 0.65 12.0

TiO2-23-100 348 1.73 16.3

TiO2-30-100 331 1.62 16.2

TiO2-50-100 305 1.42 16.1

TiO2-23-120 183 0.52 9.8

TiO2-30-120 177 0.48 9.6

TiO2-50-120 121 0.46 8.0
a
Specific surface area; bpore volume; cpore diameter.

100◦C for 12 hours, the TNTs with TiO2 nanoparticles could
be found in Figure 2(b). The multilayered nanostructure of
the TNTs was reopened in a mild way during the vapor
hydrolysis process, and some of the tubes transformed into
small flakes. The flakes would load onto the surface of
the nanotubes, crystallize, and reunite. The corresponding
high-resolution TEM image of TNTs-0-100 was showed
in Figure 2(c). The clear lattice structure of the TiO2

nanoparticles and nanotubes was formed which indicated
that both the TNTs and the flakes derived from the TNTs
had crystallized in the vapor hydrolysis process. The spacing
between adjacent lattice fringes was 0.34 nm, which was close
to the basal spacing of the plane (101) of anatase TiO2

[28]. Moreover, Figure 2(d) showed the TEM micrographs of
TNTs-23-120. The amount of TiO2 nanoparticles in TNTs-
23-120 had increased apparently. When TBOT hydrolyzed,
the formed TiO2 nanoparticles were gradually loaded onto
the surface of TNTs at random. Meanwhile, the growth in
size of the TiO2 nanoparticles deposited onto the surface
of the nanotubes could be seen when the vapor hydrolysis
temperature increased.

The specific surface area, pore volume, and pore size
distribution of the samples were characterized by nitrogen
adsorption and desorption isotherms. As shown in Figure 3,
the nitrogen adsorption-desorption isotherms of the samples
had a small hysteresis loop at a relative pressure range of 0.8–
0.9, which was a typical characteristic of mesoporous mate-
rial. The corresponding BJH desorption pore size distribu-
tions were also plotted alongside each of the isotherms. The
specific surface area of the pristine TNTs was 463 m2·g−1,
and the pore sizes were mainly concentrated at about
14.9 nm, which suggested that the TNTs had a relatively
high surface-to-volume ratio. As shown in Table 1, TNTs-0-
100 still retained a high specific surface area of 356 m2·g−1.
Moreover, with the increase of TiO2 loading (from 23 to
50 wt%), the specific surface area of the samples declined
gradually. It could be assumed that the TiO2 nanoparticles
formed after the hydrolysis of TBOT had gathered onto the
pore structure of TiO2 nanotubes. Nevertheless, when the
vapor hydrolysis temperature was elevated to 120◦C, the
specific surface area of the TNTs dropped from 356 m2·g−1

to 185 m2·g−1 and the corresponding pore size reduced from
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Figure 2: TEM images of TNTs (a) and TNTs-0-100 (b), HRTEM image of TNTs-0-100 (c), and TEM image of TNTs-23-120 (d).

17.8 nm to 12 nm. It might be related to the decreasing
quantity of the TNTs and the increase of the TiO2 crystallite
size with the elevated temperature.

3.3. Photocatalytic Activity. The photocatalytic activities of
the as-prepared catalysts were investigated by the photoox-
idation of two organic pollutants: ARG and phenol. The
percentage of residual organic pollutants in water at different
illumination times was studied. The photocatalytic activities
of the pristine TNTs and the TNTs steamed at different
temperature were compared, and the results were illustrated
in Figure 4, where C referred to the residual concentration
of aqueous organic pollutants at different reaction time and
C0 referred to the initial concentration of aqueous organic
pollutants. The photodegradation of ARG in the 20 minutes
prior to UV illumination was related to the dark adsorption
process of aqueous ARG by the catalysts. According to the
trend, the pristine TiO2 nanotubes showed a very poor
activity. As the vapor hydrolysis temperature was elevated, an
enhancement in the degradation rate was achieved. It might
be attributed to the improved crystallinity of the TNTs.

The photocatalytic activities of TiO2 nanoparticles/ nan-
otubes composites with different content of TiO2 loading
at 120◦C were also studied, and the degradation of ARG
with the bare TiO2 nanoparticles prepared at 120◦C and
the commercial TiO2 (Degussa P25) was tested for the
comparison. As presented in Figure 5, it could be found that
all the nanotubes modified by TiO2 nanoparticles exhibited
the enhanced photocatalytic performances compared to
TNTs-0-120 and the bare TiO2 nanoparticles. As the TiO2

loading amounts increased, the photocatalytic activities of
the composites had improved and TNTs-50-120 took the
shortest photooxidation time, which was close to that of
Degussa P25. The bare TiO2 nanoparticles were easy to
agglomerate microspheres in size of 1∼2 μm [27], and
compared to the dispersed nanoparticles, the diffusion of
ARD molecules into the interior of the spheres was more
difficult. Also, the interior of microspheres was a much
darker zone resulting from the scattering and absorption of
the TiO2 nanoparticles on the surface. So, the slow diffusion
of ARG molecules and the poorer light harvesting resulted
in the reduction of the photocatalytic efficiency of the bare
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Figure 3: Nitrogen adsorption-desorption isotherm of the as-
prepared samples with the corresponding pore size distribution
curve inserted: TNTs (a), TNTs-0-120 (b), and TNTs-23-120 (c).
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Figure 4: The concentration changes in ARG (50 ppm) over the
catalysts under different experimental temperature.
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Figure 5: The concentration changes in ARG (50 ppm) over the
composites with different content of TiO2 loadings, Degussa P25
and the bare TiO2 nanoparticles prepared at 120◦C.

TiO2 microspheres. However, in the preparation of TiO2

nanoparticles/nanotubes composites, the TiO2 nanoparticles
could be highly dispersed on the surface of the nanotubes
and the utilization of TiO2 in photocatalysis had been raised.
The mesoporous structure of the composites also provided
more channels to adsorb dye molecules. In addition, in
this work, the walls of TiO2 nanotubes were composed
of anatase TiO2 nanoparticles which helped to capture
the conduction band electrons. When irradiated with UV
light, the well-crystallized TiO2 nanocrystals would reduce
the recombination of photogenerated electron-hole pairs
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and the open-ended nanotubes would allow photons and
reactants easy access to the nanotube surface [13]. Both the
effects led to the enhanced photocatalytic efficiency.

Contrary to dyes, phenol is more difficult to degrade.
Figure 6 shows the photocatalytic degradation rate of 50 ppm
phenol solution using the modified composites with different
TiO2 loading amounts at 120◦C. It took nearly 100 minutes
for TNTs-0-120 to degrade 50% of the phenol solution.
After loading with TiO2 nanoparticles, the photocatalytic
activities of the composites improved greatly. It took only
50 minutes for TNTs-50-120 to degrade 50% of the phenol
solution, and it was attributed to the increase of active surface
sites. The amount of TiO2 loadings and the crystallization
level of the composites were crucial to the improvement
of photocatalytic efficiency. All the results demonstrated
that the as-prepared TiO2 nanoparticle/nanotube com-
posites with enhanced photocatalytic activity were appro-
priate for the application in the degradation of organic
pollutants.

4. Conclusion

In summary, TiO2 nanoparticle/nanotube composites were
synthesized via a vapor hydrolysis method in the presence
of TNTs as a support. Since the open-ended TNTs had
a large surface area and interstitial region, the anatase
TiO2 nanoparticles which provided more photoelectrons and
holes to join the photocatalytic reaction could adhere to the
surface of them at random. In addition, the walls of the
TNTs were also composed of anatase TiO2 nanoparticles.
They could help to capture the conduction band electrons.
Both the effects led the composites to show the improved
photocatalytic activities for the degradation of organic
pollutants under UV illumination, and the sample with
50 wt% of TiO2 loading heated at 120◦C obtained the highest
photocatalytic activity.
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