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a b s t r a c t

Nanoscaled zinc oxide (ZnO) particles with different amounts are coated on titanate nanotubes (TNTs)
by a facile chemical method at room temperature. The characterizations of XPS, TEM, XRD and UV–vis
spectra confirm that pure hexagonal wurtzite ZnO nanoparticles with an average size of about 9 nm are
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distributed on the surfaces of TNTs evenly and attached strongly. The photocatalytic activities of the
ZnO–TNTs nanocomposite are superior to those of P25, ZnO, TNTs and ZnO–anatase TiO2 (TNP) nanocom-
posite in the oxidation of rhodamine B under UV light irradiation. A comparison of the photocatalytic
activities between different catalysts is discussed. Furthermore, we also find that the ZnO–TNT nanocom-
posite shows very favorable recycle use potential, because they have a high sedimentation rate and their
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. Introduction

Recently, titanates with one-dimensional (1D) TiO2 nanostruc-
ures such as nanotubes, nanowires and nanofibers [1–4] have
ttracted a lot of attention due to their significant potential appli-
ations. Among 1D titanate nanostructures, titanate nanotubes
TNTs), which are of layer structure with a hollow cavity, pos-
ess unique physicochemical properties and have become one
f the most promising materials in various fields [5,6]. A great
evelopment has been achieved in the study of synthesis and the
tructure of these nanotubes [7–10]. In the past few years, increas-
ng interests have being focused on the TNTs decorated with active
atalysts, including metal ions and semiconductors in the appli-
ation of catalysis process, such as photocatalysis, electrocatalysis
nd photoelectrocatalysis [11–13]. In fact, the high cation-exchange
haracter as well as the particular tubular structure makes TNTs
ery suitable to act as the substrate and carrier for different cata-
ysts that need to be immobilized. Furthermore, the decoration of
nzymes [14], nanoparticles [15,16] and metal ion [17] with TNTs
as resulted in better catalysis activities, because the unique phys-
cal properties of TNTs, such as open mesoporous morphology and
igh specific surface area, make the reagents easier to transport dur-

ng the catalytic reaction [5]. All these interesting properties of TNTs
ncourage us to investigate it as a support for different catalysts.

∗ Corresponding author. Tel.: +86 20 88586766; fax: +86 20 87112631.
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lightly decreased even after five times of repeated uses.
© 2008 Elsevier B.V. All rights reserved.

Recently, ZnO becomes one of the most widely studied multi-
unctional nanocrystalline semiconductors and attracts attention
or its wide range of applications, such as solar cells, lumines-
ent, electrical and chemical sensors due to the wide band gap
3.2 eV) and large exciton binding energy (60 meV) [18–21]. The
nO–TiO2 nanoparticles have been synthesized successfully and
he researches have proved that utilization of the nanocrystalline
iO2 coupled with nanosized ZnO could improve their photocat-
lytic efficiency due to the synergistic effect on photocatalytic
roperties [22–25].

TNTs have several distinct advantages to be the substrate of
nO–TNTs nanocomposite. Firstly, the high cation exchange prop-
rties make Zn2+ ions adsorb on TNTs more strongly and evenly
26]. Secondly, the surface area of TNTs, which include the inner-
avity and outer surface, is large enough to accommodate more
nO nanoparticles [27]. Thirdly, TNTs are more convenient than
pherical powder catalysts, such as P25, for separating catalysts
rom suspended solution because of the high sedimentation rate
28]. Some studies have shown the use of CdS–TNTs [29,30] or
nO2–TNTs [31] nanocomposite can enhance the performance in
hotocatalysis. However, to the best of our knowledge, there are

ew reports regarding the properties of TNTs coupled with ZnO
anoparticles and their repeated use in photocatalysis. Herein, we

eport the preparation of ZnO–TNTs nanocomposite by a facile
hemical method at room temperature. Their characterizations of
PS, TEM, XRD and UV–vis spectra are also discussed. The prepared
anocomposite show excellent photocatalytic properties on the
egradation of rhodamine B (RhB) under UV irradiation. Further-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wanglsh@scut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.03.080
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2.3. Characterizations

X-ray photoelectron spectroscopy (XPS) measurements were
done with AXis UltraDLD (Kratos). The powder X-ray diffraction
(XRD) patterns were recorded using an XD-3A Cu K� X-ray diffrac-
Fig. 1. (a) XPS survey spectra of TNTs (I) and ZnO–TNTs (II), (b) Ti 2p XP

ore, the recycle of ZnO–TNTs is more convenient and no obvious
ecrease in the photocatalytic activity is observed for the recycled
nO–TNTs.

. Experimental

.1. Reagents and measurement

Zinc acetate, sodium hydroxide and RhB were of analytical
eagent grade purchased from Guangzhou Chemical Reagents
actory (Guangzhou, China) and used without further purification.
eionized water was used in all aqueous solution preparations
nd washings.

.2. Synthesis

.2.1. Titanate nanotubes synthesis
TNTs were prepared following the literature procedure [32].

riefly, 2 g of commercial anatase TiO2 nanoparticles (TNP) was
dded to 50 mL of 10 M NaOH solution and heated for 24 h at 130 ◦C
n a Teflon-lined autoclave. After cooled naturally in air, the mixture
as centrifuged at a speed of 4000 rpm and the precipitates were

ollected. The white powder was thoroughly washed with water
hen with 0.1 M HCl, followed by vacuum drying at 70 ◦C.

.2.2. Preparation of ZnO–TNTs nanocomposite
The ZnO–TNTs nanocomposite was synthesized by the following
ethod. Stoichiometric amount of pure TNTs and zinc acetate was
ispersed in 50 mL absolute ethanol by stirring for 6 h. Then the
bsolute ethanol solution of sodium hydroxide (50 mL, 0.2 M) was
radually added with vigorous stirring at room temperature. After
he mixture was stirred for 10 h, a white precipitate was obtained.

F
Z

tra of ZnO(20 wt.%)–TNTs, (c) Zn 2p XPS spectra of ZnO(20 wt.%)–TNTs.

hen the white powder was collected by centrifugation and then
ashed several times with deionized water and ethanol for several

imes. In addition, the ZnO–TNP was prepared by using in a similar
ay in order to make a comparison of the photocatalytic properties
ith that of the ZnO–TNTs.
ig. 2. X-ray diffraction patterns of (a) TNTs, (b) ZnO(10 wt.%)–TNTs, (c)
nO(20 wt.%)–TNTs and (d) ZnO nanoparticles.
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ig. 3. TEM images of samples (a) as-prepared TNTs, (b) ZnO(10 wt.%)–TNTs nanoco
e) high magnification images showing the single ZnO particle is supported on nano

ometer (� = 15.418 Å, Japan). Transmission electron microscope
TEM) measurement was conducted using a JEM-2010HR (JEOL Co.
td.). The UV–vis spectra were checked by a UV3100 spectropho-
ometer (Shimadzu Co., Kyoto, Japan).

.4. Photocatalytic activity measurements

All the photocatalytic experiments were performed in 200 mL
ollow cylindrical photoreactor equipment equipped with a glass
ater jacket (Prexy). A 300-W high-pressure mercury lamp was
ositioned in the inner part of the photoreactor and cooling water
irculated through the water jacket surrounding the lamp. The

verage light intensity in the solution was about 8 mW cm−2.
atch experiments were conducted at 30 ◦C. In a typical reac-
ion, 150 mL of 12 mg L−1 RhB solution and 200 mg photocatalysts
as added in reactor under the magnetic stirring for 15 min in
ark firstly and then the mercury lamp was turned on. At regular

3

c
i
Z

ite, (c) ZnO(20 wt.%)–TNTs nanocomposite, (d) ZnO(30 wt.%)–TNTs nanocomposite,
and (f) EDX of ZnO(20 wt.%)–TNTs nanocomposite.

rradiation time intervals, the dispersion was sampled (3 mL) and
entrifuged to separate the samples. The residual RhB concentra-
ion was detected by UV–vis. For cycling use experiments, after the
nO–TNTs nanocomposite were separated from suspended solu-
ion by sedimentation for 1 h, we removed the upper clear solution,
nd then the ZnO–TNTs nanocomposite were dispersed in 150 mL
hB aqueous solution for another cycling use.

. Results and discussion

.1. Characterizations of ZnO–TNTs nanocomposite
.1.1. XPS analysis
XPS measurements were performed to determine the chemical

omposition of the prepared samples and the valence states of var-
ous species. Fig. 1a shows the XPS survey spectra of pure TNTs and
nO–TNTs nanocomposite. It can be seen that the obvious peaks
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ig. 4. UV–vis spectra of (a) TNTs and ZnO–TNTs nanocomposite with different ZnO
oncentrations (b) 10 wt.%, (c) 20 wt.% and (d) 30 wt.%.

ainly attribute to the Ti, O and C element. For the TNTs coated with
nO, the additional peaks of the Zn 2p appear in the survey spectra
f the ZnO–TNTs nanocomposite. These XPS spectra can serve as an
vidence for the formation of ZnO–TNTs nanocomposite and indi-
ate that the nanocomposite contain not only Ti, O and C elements
ut also Zn element, which is the component of ZnO molecules.
he high-resolution XPS spectra in Fig. 1b and c shows the charac-
eristic peaks of Ti 2p and Zn 2p of ZnO–TNTs nanocomposite. The
inding energy peaks located at 1021.3 and 1044.1 eV are attribute
o the spin–orbit splitting of the Zn 2p components, which are in
ood agreement with those of zinc oxide powder (Fig. 1c) [33]. Sim-
larly, the peaks located at 456.8 and 462.6 eV are attribute to the
pin–orbit splitting of the Ti 2p components, which are in good
greement with the titanium(IV) species (Fig. 1b) [34]. Therefore,
t is evident that the zinc and titanium in the nanocomposite are
resent in the 2-valent state and 4-valent state, respectively.

.1.2. XRD analysis and TEM images
The XRD profile for TNTs, ZnO(10 wt.%)–TNTs, ZnO(20 wt.%)–

NTs and pure ZnO samples are displayed in Fig. 2 We can observe
hat the characteristic XRD patterns for TNTs and ZnO crystallites
re visible in the nanocomposite. The obvious peaks of TNTs are
ound at 24.4◦, 28.2◦ and 48.2◦ corresponding to (1 1 0), (3 1 0)
nd (0 2 0) crystal planes, respectively [35–38]. Meanwhile, there
re additional peaks at angles (2�) of 31.7◦, 34.4◦, 36.2◦, 56.5◦,
2.8◦ and 67.5◦, which could be assigned to the ZnO phase (1 0 0),
0 0 2), (1 0 1), (1 1 0), (1 0 3) and (1 1 2) crystal planes, respectively
JCPDS 36-1451) [39,40]. This reveals that the resultant nanopar-
icles formed on TNTs are the hexagonal ZnO nanoparticles with a
urtzite structure. According to the Scherrer’s formula, the average

ize of the ZnO particles in TNTs is estimated to be about 9 nm.
Fig. 3 shows the TEM images of the as-prepared TNTs and

nO–TNTs nanocomposite coated with different amounts of ZnO.
he typical morphologies of the as-prepared TNTs are displayed
n Fig. 3a. The TEM images show that the TNTs present uniform
istribution in an average diameter of 10 nm with a layered struc-
ure, and the hollow nature of tubes opening on both ends can also
e observed clearly. A single nanotube is multi-layed wall with an

nter shell spacing of 0.8 nm and 5–6 nm in the inner diameter. The
orphologies of TNTs change greatly after TNTs are decorated with
nO particles. Fig. 3b–d shows the representative TEM images of
he nanotubes after the decoration with different concentration of
nO nanoparticles. It can be seen that most of the nanosized ZnO
anoparticles are distributed on the surfaces of TNTs evenly and
ensely and only a small amount of ZnO are encapsulated in the

o
t
e
T
t

ig. 5. Effect of illumination time on the degradation of RhB when using different
atalysts.

avity of TNTs. In addition, the amount of ZnO nanoparticles formed
n TNTs varies and more ZnO nanoparticles surround the surface
f TNTs with the increase of Zn2+ ions concentration. These images
ndicate that the morphology of ZnO–TNTs nanocomposite can be
hanged by adjusting the concentrations of the precursors. Fig. 3e
epicts an HRTEM image demonstrating that the ZnO nanoparticles
re adsorbed on the walls of TNTs and the ZnO nanocrystals have
imensions of about 9 nm, which is consistent with the analysis of
RD data. The EDX in Fig. 3f confirm the elemental composition
f Zn and also show the signals of copper, titanium and oxygen
riginated from copper grid and TNTs.

.1.3. UV–vis diffuse reflection spectroscopy
The UV–vis diffuse reflection spectra of TNTs, ZnO(10 wt.%)–

NTs, ZnO(20 wt.%)–TNTs and ZnO(30 wt.%)–TNTs samples are
resent in Fig. 4. As shown in Fig. 4, the maximum adsorption
avelengths of TNTs and ZnO(10 wt.%)–TNTs are 360 and 385 nm,

ndicating an obvious red shift of ZnO–TNTs composite compared
ith TNTs. In addition, it also has been found that the slight red shift

ccurs with the increase of the concentration of ZnO decorated on
NT. It has been reported that wavelength of the absorption edge
f ZnO and TiO2 was 391 and 365 nm, respectively [41]. Therefore,
he light absorption scope of ZnO–TNTs nanocomposite is enlarged
hen compared with TNTs due to the existence of ZnO that modifies

he optical absorption edge.

.2. Photocatalytic activity of ZnO–TNTs nanocomposite

The kinetic curves of the photocatalytic RhB degradation with
ifferent catalysts in the presence of O2 through magnetic stirring
re shown in Fig. 5. Compared with the pure TNTs, P25 and ZnO pho-
ocatalysts, enhanced photocatalytic properties of the ZnO–TNTs
anocomposite can be observed as expected. The results of higher
hotocatalytic activity are primarily attributed to the coupling
ffect of TNTs and ZnO particles. Fig. 6 shows the mechanistic
cheme of the charge separation and photocatalytic reaction for
nO–TNTs photocatalysts [42–44]. As illustrated in this scheme, the
hoto-generated electrons inject into the conduction band of TNTs
rom that of the excited ZnO nanoparticles. On the other hand, the
ransfer of photo-generated hole also occurs from the valence band

f TNTs to that of ZnO similarly. Such an efficient charge separa-
ion increases the lifetime of the charge carriers and enhances the
fficiency of the interfacial charge transfer to adsorbed substrates.
hus, the photocatalytic properties increase because the possibili-
ies of recombination between photo-generated electron and hole
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Fig. 6. A schematic diagram illustrating the principle of charge separation and pho-
tocatalytic activity for the ZnO–TNTs system.
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ig. 7. Photocatalytic activity of ZnO–TNTs nanocomposite with different ZnO con-
ent.

re reduced through facilitating their separation. In addition, we
lso find that the photocatalytic activity of ZnO–TNTs is higher than
nO–TNP with the same fraction of ZnO in RhB degradation accord-
ng to Fig. 5. Compared with ZnO–TNP, it indicated that the larger
urface area as well as the unique tubular structure of TNTs might

acilitate the moving of photo-produced electron and the contact
f organic molecules, which are both beneficial for the degradation
eaction [45].

Fig. 7 shows that the photocatalytic activity of ZnO–TNTs
anocomposite is related to the content of ZnO coated on TNTs.

ig. 8. Sedimentation for 1 h in aqueous suspensions of (a) ZnO (20 wt.%)–TNTs, (b)
NP, (c) TNTs and (d) P25 (concentration: 0.5 g/L, ultrasonic treatment for 15 min).
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ig. 9. Photocatalytic activity of the ZnO(20 wt.%)–TNTs nanocomposite for RhB
egradation with three times of cycling uses. Inset: overall degradation rate constant
vs. times of cycling uses for RhB degradation of ZnO(20 wt.%)–TNTs photocatalysts.

hen the proportion of ZnO is low (10 wt.%), the effect of charge
eparation induced by ZnO is not obvious because of the insuffi-
iency of ZnO. However, when the concentration of ZnO increases
o 30 wt.%, quite a number of ZnO nanoparticles would surround
ome active sites of TNTs and hinder the contact between TNTs
nd oxygen contained species, which result in the decrease of pho-
ocatalytic properties. According to Fig. 7, the ZnO(20 wt.%)–TNTs
anocomposite is considered as the optimal ZnO content among the
repared nanocomposite at different quantity of ZnO nanoparticles.

As well known, the spherical catalysts powders with small size
resent a superior activity due to the large surface-to-volume
atios. However, in a particular photocatalytic process, the sepa-
ation of these powdered photocatalysts from suspended solution
fter reaction could be very difficult for the recycle use. The pho-
ocatalysts of titanate nanotubes have taken an advantage over
pherical powder catalysts for separating catalysts by sedimenta-
ion [46]. In our experiment, one of the advantages of ZnO–TNTs is
hat they may be conveniently separated to recycle the catalysts.
ccording to Fig. 8, the TNTs and ZnO–TNTs nanocomposite sed-

mentated from an aqueous suspension in 1 h, while the aqueous
uspension of P25 and TNP is still relatively turbid. In addition, the
atalytic activity of the repeated ZnO–TNTs nanocomposite is also
tudied. As shown in Fig. 9, after a five-time recycling of ZnO–TNTs
anocomposite, there is still appreciable degradation of RhB in the
queous solution upon irradiation. In fact, the rate constant in the
hotocatalytic activity for the repetitive uses of the same ZnO–TNTs
hotocatalysts has no obvious reduction.

. Conclusion

In summary, the ZnO–TNTs nanocomposites with different
mount of ZnO have been synthesized by a simple chemical method
t room temperature. The obtained ZnO–TNTs nanocomposite is
haracterized by different methods, including XPS, TEM, XRD and
V–vis absorption measurements. As expected, the ZnO–TNTs
anocomposite exhibits higher activity for photodegradation of
hB than pure TNTs, P25 and ZnO. Furthermore, the ZnO–TNTs
onocomposites are also easy to recycle for photocatalytic purpose
n that their activity remains similar after five repeated cycles. The
nO–TNTs nanocomposite with the properties of higher photocat-
lytic activity and easier separation for recycle use show promising
rospect as photocatalysts for the degradation of organic pollutant
rom water in future industrial application.
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