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1. INTRODUCTION

With the rapid development of industry, the volume of
wastewater and gas generated has increased significantly. To
date, there is still not an effective way to purify the wastewater or
gas. So it is urgent to develop a new technology that can be used
to effectively address these issues. TiO2 has been extensively used
in a wide range of applications (such as gas sensor, solar cell,
batteries and so on), since the discovery of its application in
photocatalysis.1�5 In particular, nanosize TiO2 has attracted
considerable attention in photocatalytic applications due to its
unique properties such as quantum confinement and high surface
to volume ratio.6�9 However, TiO2 nanoparticles are prone to
aggregate, resulting in an adverse effect on the photocatalytic
activity. Consequently, great efforts have been made to block the
aggregation of TiO2 nanoparticles, such as supported technol-
ogy, coating method and so on.10�12

To date, there has been great interest in preparation of the
supported catalysts, for instance, carbon nanotubes compo-
sites,13�15 magnetic composites,16,17 graphene composites,18�20

etc., because of their enhanced photocatalytic activity or mag-
netic separation. Halloysite nanotubes (HNTs) are two-layered
aluminosilicate clay and have exhibited promising results as a
catalyst support because of their inherent hollow nanotube struc-
ture and different outside and inside chemistry.21,22 Deposited
the TiO2 nanoparticles onto HNTs is a promising method to
block their aggregation. Furthermore, HNTs possess advantages
of high stability, resistibility against organic solvents and ease of
disposal or reusability.23 Compared to carbon nanotubes (CNTs),
HNTs are an economically available raw material and have some

unique characteristics, such as different outside and inside chem-
istry and adequate hydroxyl groups on the surface of HNTs.24,25

Then HNTs can be directly used to support the TiO2 nanopar-
ticles because of these hydroxyl radicals. Therefore, the combina-
tion of TiO2 and HNTs is promising to simultaneously possess
excellent photocatalytic activity and adsorptivity, which could
deliver exceptional performances in photocatalytic degradation
of pollutants. Recently, Papoulis et al. have reported the fabrication
of clay-supported TiO2 composites by templating TiO2 sol solu-
tions on halloysite nanotubes and subsequently hydrothermal
treatment.26 To improve relevance for TiO2/HNTs applications,
the synthesis approach should be simple and effective.

Herein, a one-step solvothermal method was applied to pre-
pare TiO2/HNTs composites. TiO2 nanoparticles were depos-
ited on the surface of HNTs, as illustrated in Scheme 1. The
TiO2/HNTs simultaneously covered their excellent properties
of TiO2 andHNTs, exhibited high photocatalytic activity and pH
sensibility, and endowed this material with a bright perspective in
degradation of organic pollutant.

2. EXPERIMENTAL SECTIONS

2.1. Materials and Reagents. The halloysite nanotubes (HNTs)
were obtained from Wenzhou Xincheng Shenfei Aluminum Alloy Co.,
Ltd., China. Pure TiO2 was purchased from Degussa Co. Ltd., butyl
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titanate and isopropanol were purchased from Shanghai Chemical
Co., Ltd. All reagents were analytical grade and used without further
purification.
2.2. Preparation of TiO2/Halloysite Nanotube Compo-

sites. In the typical preparation, butyl titanate (2 mL) was dissolved
in 40 mL of isopropanol to obtain the precursor solution. Then the
halloysite nanotubes (1 g) were added to the above solution under
constant stirring, and the pH of solution was adjusted to 4 by hydro-
chloric acid (0.1 M). Next, the resultant solution transferred into a
Teflon-lined stainless steel autoclave, followed by a solvothermal treat-
ment at 160 �C for 24 h. After cooled to room temperature, the preci-
pitates were washed with deionized water and ethanol five times and
dried in a vacuum oven at 60 �C for 12 h. At last, the TiO2/HNTs
composite containing 31.8 wt % TiO2 was obtained.
2.3. Characterization. The morphology and microstructure of

TiO2/HNTs were analyzed with a SIEMENS Diffraktometer D5000
X-ray diffractometer using Cu Kα radiation source at 35 kV, with a scan
rate of 0.02� 2θ s�1 in the 2θ range of 10�70�, ULTRA-55 field-
emission scanning electron microscopy (FE-SEM) and transmission
electron microscopy (TEM) (JSM-2100) equipped with an energy dis-
persive X-ray spectrum (EDS, Inca Energy-200) at an accelerating
voltage of 200 kV. Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet 5700 spectrophotometer using KBr pellets for
samples. The Brunauer�Emmet�Teller (BET) specific surface area of
the samples were determined by a high speed automated area and pore
size analyzer (F-Sorb3400, China).
2.4. Measurement of Photocatalytic Activity. The photoca-

talytic activity of TiO2/HNTs was investigated by the photodegradation
of methanol. The photodegradation experiments were carried out in a
closed box. UV radiation source was 100W high-pressure mercury lamp,
its wavelength range was 209�450 nm and the peak intensity was
365 nm (model OCRS-I, Kaifeng Hxsei Science Instrument Factory,
China). No pure oxygen was supplied because it had enough oxygen for
oxidation photodegradation under continuously stirring in atmosphere
in previous experiment. Twenty mg of TiO2/HNTs catalyst was sus-
pended in 5 mL 5 vol % methanol aqueous solution at different pH (4.0,
6.9, and 9.2), which was adjusted by standard buffer solution. The
temperature of the reactant solution was maintained below 283 K by a
flow of cooling water during the reaction. The amount of CO2 evolved
was analyzed using an online gas chromatography (GC, Agilent 6890).
Acetic acid was also used as the model pollutant for UV photocatalysis,
20 mg of the catalyst (TiO2/HNTs and pure TiO2) was dispersed in
5 mL of 5 vol % acetic acid aqueous solution, and then investigated by
the method as aforementioned.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of HNTs (A) and the as-
prepared TiO2/HNTs (B). For the HNTs sample, all of the
observed peaks mainly can be indexed to the characteristic peaks
of halloysite as shown in Figure 1A.27 However, the two new
peaks at 2θ = 48 and 53.9� and a stronger peak at 2θ = 25.3� can
be observed as well as the reduction of the halloysite peaks after
the solvothermal treatment. According to JCPDS 21�1272, all
of the characteristic peaks of TiO2 can be ascribed to the (101),
(004), (200), (105), (211) planes of anatase structure TiO2. This
indicates that the TiO2/HNTs were successfully prepared.

The FT-IR spectra of the HNTs and TiO2/HNTs were used
to investigate the composition and structure of the resultant
samples. As shown in Figure 2, the TiO2/HNTs possess some
signals due to HNTs, such as the deformations of Al�O�Si and
Si�O�Si at 536 and 462 cm�1, respectively, the O�H groups of
the inner hydroxyl groups at 909 cm�1. Compared to HNTs,
no other characteristic signals are detected in TiO2/HNTs, but
the Si�O broad stretching band at about 1010 cm�1 shifts to
about 1026 cm�1, which indicates the existence of hydrogen
bonding between TiO2 and outer surfaces of HNTs.

26Moreover,
some properties of HNTs are still preserved after solvothermal

Scheme 1. Schematic Structure of TiO2/HNTs and the
Photocatalytic Process over TiO2 /HNTs

Figure 1. XRD patterns of HNTs (A) and TiO2/HNTs (B).
(h: halloysite).

Figure 2. FT-IR spectra of HNTs (A) and TiO2/HNTs (B).
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treatment because there is no significant change in the spectrum
of HNTs.

The structure and morphology of HNTs were characterized
by their corresponding FE-SEM and TEM images. As shown in
Figure 3A, the majority of the samples consist of cylindrical tubes
50�70 nm in diameter and 0.5�2μm in length. HNTs are rather
ploydisperse in length. FE-SEM image reveals the empty lumen
structure of HNTs (see arrow in Figure 3A), which is consistent
with the corresponding TEM image (Figure 3B). Moreover, the
empty lumen of HNTs is 15�25 nm in diameter.

A one-step solvothermal method was applied to prepare
TiO2/HNTs. The successful preparation of TiO2/HNTs was
confirmed by their corresponding FE-SEM and TEM images. A

large amount of nanoparticles deposited on halloysite nanotubes
can be found in Figure 4A, which is in accordance with the TEM
results (Figure 4C). The TiO2 nanoparticles are irregularly dis-
persed on the surface of halloysite nanotubes, which makes the
surface of TiO2/HNTs becomemore rough (Figure 4B). In addi-
tion, the porosity was also confirmed by the pore analysis based
on N2 adsorption measurement (see Figure S1 in the Supporting
Information), which indicates the existence of mesopores and
macropores. The BET surface area of HNTs and TiO2/HNTs
are around 38.72 and 30.51 m2/g, respectively (Table S1 in the
Supporting Information). The reduction of the BET surface area
of TiO2/HNTs can be attributed to the deposition of the TiO2

nanoparticles. The high magnification TEM image (Figure 4D)

Figure 3. FE-SEM (A) and TEM (B) images of HNTs.

Figure 4. Panoramic FE-SEM (A) and corresponding magnified FE-SEM images (B) of TiO2/HNTs, TEM (C) and corresponding magnified TEM
images (D) of TiO2/HNTs.
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of a portion of the TiO2/HNTs shows that TiO2 nanoparticles
consist of TiO2 polyhedra with sizes between 5 and 15 nm. The
chemical elemental component of the resultant samples was
characterized by energy-dispersive X-ray spectrometry (EDS),
which indicates the TiO2/HNTs are composed of the elements
Al, Si, Ti, and O (Figure S2 in the Supporting Information).

The photocatalytic activity of TiO2/HNTs samples was eval-
uated by the degradation of methanol and acetic acid. Figure 5
shows the amount of CO2 evolution against irradiation time on
photocatalytic degradation of methanol under various pH. After
UV irradiation for 1 h, the CO2 evolution rate reaches 729.37 (
10.00 μmol h�1 g�1 under the acidic environment (pH 4.0)
(details were shown in Table S2 in the Supporting Information).
The value is about 2.42 and 6.72 times higher than that at neutral
and alkaline conditions, respectively. According to previous studies,
the effect of pH on the photocatalytic reaction is generally attri-
buted to the surface charge of TiO2 and support.

28�30 As it is know,
the surface of TiO2 catalyst is positively charged at pH values lower
than6.3 andnegatively charged at higher pHvalues due to the point
of zero charge (pzc) of TiO2 is at a pH value of 6.3.31Moreover, the
surface ofHNTs is negatively charged above pH 2.4, thus positively
charged molecules can be easily adsorbed on the HNTs and then
effectively degraded.32 Therefore, any charged molecules can be
adsorbed on the surface of TiO2/HNTs at acidic environment,
which results in higher photocatalytic activity.

The process of the photocatalytic degradation of methanol can
be mainly divided into two steps: (a) The formation of for-
maldehyde and formic acid, which result from the oxidation of
methanol. (b) Photocatalytic degradation of formic acid to
produce CO2 and H2O. The UV irradiation activates TiO2 to
generate strongly oxidative holes (hVB

+) in valence band and
reductive electrons (eCB

�) in conduction band. The hVB
+ can

oxidize themethanol directly or react withH2O to generate a free
radical 3OH and H+, and H+ subsequently react with the absor-
bed O2 to yield 3OH. The free radical 3OH could also oxidize
the methanol to form formaldehyde and formic acid, and further
oxidize to CO2 and H2O (Scheme 1).33�35

TiO2 sf
hv

e�CB þ hþVB
hþVB þH2O f 3OHþHþ

O2 þ 2Hþ þ 3e�CB f 3OHþOH�

CH3OH sf
3OHor hþVB

HCHOsf
3OHor hþVB

HCOOHsf
3OHor hþVB

CO2þH2O

Higher photocatalytic activity of the TiO2/HNTs samples was
also confirmed by the degradation of acetic acid. As shown in
Figure 6, the amount of CO2 evolution increases with irradiation
time for the pure TiO2 and TiO2/HNTs samples. However, in
the case of TiO2/HNTs, the CO2 evolution rate reach around
1744.31 ( 7.63 μmol h�1 g�1 comparing with the 1053.12 (
7.23 μmol h�1 g�1 for pure TiO2 sample after UV irradiation for
2 h (details were shown in Table S3 in the Supporting Informa-
tion). The higher CO2 evolution rate for TiO2/HNTs sample
may be attributed to the adsorptivity of halloysite and the crys-
talline TiO2 nanoparticles in which enhance the photocatalytic
activity by facilitating the access to the reactive TiO2.

36 More-
over, the homogeneous dispersion of TiO2 nanoparticles onHNTs
blocks the aggregation of them. Compared the CO2 evolution rate
on the degradation of methanol and acetic acid, a higher degrada-
tion rate can be found in the latter case. We speculated that most of
active radical (such as 3OH) is consumed to form formaldehyde
and formic acid during the degradation ofmethanol, resulting in the
lower rate of CO2 evolution.

4. CONCLUSION

In summary, a one-step solvothermal method has been devel-
oped to prepare the TiO2/halloysite composite. The as-prepared
samples show pH sensibility and high photocatalytic activity on
the degradation of methanol which is resulted from the coopera-
tion of the unique structure of halloysite and properties of TiO2

nanoparticles. Comparing the photocatalytic degradation for
methanol and acetic acid, the latter exhibits a higher degradation
rate for few radical need to be consumed during the degradation
reaction. Therefore, the combination of the photocatalytic prop-
erty of TiO2 and the adsorptivity of halloysite endowed this
material with a bright perspective in purification of wastewater.
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Figure 5. Relationship between the amount of CO2 evolved and irra-
diation time for photocatalytic degradation of methanol aqueous solu-
tion at various pH.

Figure 6. Relationship between the amount of CO2 evolved and irradia-
tion time for photocatalytic degradation of acetic acid aqueous solution.
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