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bstract

In this article, the ZnO nanorods embedded in highly ordered TiO2 nanotube arrays (ZnO/TiO2 NR/Ts) electrodes were fabricated through two
teps: (1) electrosynthesis of TiO2 nanotube arrays (TiO2 NTs) in HF solution by anodization method; (2) followed by cathodic electrodeposition of
nO embedded in the TiO2 nanotube arrays. The morphological characteristics and structures of ZnO/TiO2 NR/Ts electrodes were examined by field-
mission scanning electron microscopy (FE-SEM), energy dispersive X-ray (EDX) spectroscopy, X-ray diffraction (XRD) analysis, and UV–vis

pectra. The linear-sweep photovoltammetry response on the ZnO/TiO2 NR/Ts electrode was presented and the photocurrent was dramatically
nhanced on the ZnO/TiO2 NR/Ts electrode, comparing with that on bare TiO2 NTs electrode. The photocatalytic and photoelectrocatalytic activity
f ZnO/TiO2 NR/Ts electrode was evaluated in degradation of methyl orange (MO) in aqueous solution.

2008 Published by Elsevier B.V.
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. Introduction

Since Fujishima and Honda found a TiO2 anode could split
ater into H2 and O2 under UV irradiation [1], enormous

fforts have been devoted to the research of TiO2 nanomate-
ials [2–16]. Recently, the research of vertically oriented, highly
rdered TiO2 nanotube arrays (TiO2 NTs) was becoming of
mportance in a variety of fields, such as fabrication of dye-
ensitized solar cells (DSCCs) and environmental protection,
nd received considerable attention [17–27]. The aligned uni-
orm nanotube structure dramatically improved charge transport
roperties, which greatly contributed to the superior photoelec-
rochemical performance.

As another promising heterogeneous photocatalyst, semi-

onductor ZnO has also been intensively investigated for
nvironmental remediation or photovoltaic devices [28–32]. The
odification of the TiO2 nanomaterials with other semiconduc-
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ors could alter the charge transfer properties between TiO2 and
he surrounding environment [33]. In this study, the ZnO was
athodic deposited inside the TiO2 nanotube channels to fabri-
ate the ZnO nanorods embedded TiO2 nanotubes (ZnO/TiO2
R/Ts) hybrid nanomaterials. In this process, the ZnO was
sed as photoelectrochemical modifying reagent. The photo-
lectrochemical performance was significantly enhanced on the
nO/TiO2 NR/Ts electrode compared that on pure TiO2 NTs.
he semiconductor energy band theory can be used to explain

he photoelectrochemical mechanism of ZnO/TiO2 NR/Ts. As
he ZnO/TiO2 NR/Ts absorb the UV light, a great number of
lectrons are promoted from the valence band (VB) to the con-
uction band (CB) of ZnO and TiO2, leading to the generation
f electron/hole (e−/h+) pairs. Though the ZnO possesses an
nergy band similar to that of TiO2, it still plays an important
ole in electron transport. The electrons transfer from the CB of
nO to the CB of TiO2, and conversely, the holes transfer from
he VB of TiO2 to the VB of ZnO, that give rise to decrease of the
airs’ recombination rate. The charge transport in the ZnO/TiO2
R/Ts is no doubt a key step for increasing the photoelectro-

hemical performance. The formation of photocurrent is due

mailto:ltjin@chem.ecnu.edu.cn
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o the photogenerated electrons driven by the applied positive
otential to the counter electrode. ZnO can increase the concen-
ration of free electrons on the CB of TiO2; this result implies
hat the charge recombination reduces in the process of electron
ransport. All the above results increase the availability of the
hotogenerated holes on the surface of the ZnO/TiO2 NR/Ts
nd consequently an improvement of the photoelectrochemical
erformance can be expected.

In the present work, we used ZnO/TiO2 NR/Ts electrodes to
tudy the photocatalytic and photoelectrocatalytic degradation
f azo dye, such as methyl orange (MO). MO is selected as a
odel dyeing pollutant because it is one of the most important

ommercial dyes, has a very short excited-state lifetime, and
s stable to visible and near UV light [34]. The TiO2 NTs, in
his study, were used not only as photocatalytic semiconductor

aterials but also as template, which provided a general way to
repare novel hybrid nanomaterials.

. Experimental details

.1. Materials

Pieces of titanium sheets (purity > 99.7% and dimension:
5 mm × 7 mm × 0.5 mm) were purchased from Tite Inc.,
hanghai. Zinc nitrate, hydrofluoric acid, sodium sulfate, methyl
range, and ethanol were of analytical grade from Shanghai
hemical Reagent Company (China) without further purifica-

ion. All solutions were prepared with doubly distilled deionized
ater.

.2. Preparation of ZnO/TiO2 NR/Ts

Two processes were applied to the preparation of ZnO/TiO2
R/Ts

Process A: The electrochemical anodic oxidation technique
was used to fabricate the TiO2 NTs. Prior to anodization, the
Ti sheets were first mechanically polished with different abra-
sive papers and rinsed in an ultrasonic bath of cold distilled
water for 10 min. Then the cleaned Ti sheets were soaked in
a mixture of HF and HNO3 acids for 1 min (the mixing ratio
of HF:HNO3:H2O is 1:4:5 in volume). After rinsed with ace-
tone and deionized water for 10 min, the Ti sheets were dried
in air at room temperature. The TiO2 NTs were fabricated in
a cylindrical electrochemical reactor (the radius is 30 mm and
height is about 70 mm). 0.5 wt% hydrofluoric acid was used as
the electrolyte and a platinum electrode served as the cathode
during the entire process. A potential of 20 V was used and
anodization time of 20 min was spent in this study. Anodized
Ti sheets were annealed in dry oxygen environment at 500 ◦C
for 1 h; heating and cooling rates were kept at 2.5 ◦C min−1.
The high density, well ordered and uniform TiO2 nanotubes
array was fabricated.

Process B: Direct cathodic electrodeposition of ZnO nanorods
was performed in the TiO2 NTs. The TiO2 NTs served as
the working electrode in a conventional three-electrode sys-
tem, and a saturated calomel electrode (SCE) and a platinum

o
e
a
d
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electrode served as the reference and counter electrode, respec-
tively. The electrolyte was prepared by dissolving 1 mM
Zn(NO3)2 in deionized water. The cathodic potentials were
used at −1.0 V with deposition times ranging from 20 to 60 min
at 350 K. The electrochemical deposition reactions to prepare
ZnO nanorods are proposed as follows:

Zn(NO3)2 → Zn2+ + 2NO3
− (1)

NO3
− + H2O + 2e− → NO2

− + 2OH− (2)

Zn2+2OH− → Zn(OH)2 (3)

Zn(OH)2 → ZnO + H2O (4)

After that, the ZnO nanorods were embedded into the TiO2
anotubes (ZnO/TiO2 NR/Ts).

.3. Characterization of ZnO/TiO2 NR/Ts

For verification of the formation of ZnO/TiO2 NR/Ts, the
eld-emission scanning electron microscopy (FE-SEM, Hitachi
-4800) under the voltage of 15 kV, energy dispersive X-ray
EDX Genesis fitted to the Hitachi FE-SEM S4800) analysis, X-
ay diffraction (XRD, Model D/max 2550 V, Rigaku Co., Japan)
nalysis, and UV–vis absorption spectrum measurements (Var-
an Model Cary 50) were performed with BaSO4 as a reflectance
tandard in this experiment [35].

.4. Photoelectrochemical experiments

All photoelectrochemical measurements and photoelectro-
atalytic application were conducted in a single photoreactor,
s shown in Fig. 1. The ZnO/TiO2 NR/Ts electrode with an
ctive area of 1.0 cm2 was placed in the photoreactor as the
orking electrode, and a SCE and a platinum electrode served

s the reference and counter electrode, respectively. All the
otentials were referred to SCE unless otherwise stated in this
aper. Photocurrent and photopotential were measured using a
H Instruments 1232 electrochemical workstation (CH Instru-
ents Inc., USA). An 11 W UV lamp with central wavelength of

53.7 nm and maximal light intensity of 10 mW/cm2 was used
s light source to measure the degradation efficiency of photo-
lectrocatalytic degradation of MO. A 0.5 M Na2SO4 aqueous
olution (pH 6.2) was used as supporting electrolyte. MO aque-
us solution (5 × 10−5 M) was used in the photoelectrocatalytic
eaction and the pH value of the solution was not controlled
uring the reactive process.

.5. Analytical methods

The UV–vis absorbance of MO solution showed two max-
ma: the first one was observed at 270 nm and the second

ne, more intensive, was observed at 470 nm. There existed an
xcellent linear relationship between the absorbance at 470 nm
nd the concentration of MO solution. The chemical oxygen
emand (COD) values, whose decrease represented the removal



Z. Zhang et al. / Journal of Hazardous Materials 158 (2008) 517–522 519

F Ts ele
e lectro

o
[

3

3
e

s
t
a

t
t
c
g
d
s
d
t

F
(

ig. 1. Schematic diagram of photoelectrochemical reactor. (1) ZnO/TiO2 NR/
lectrode; (6) counter electrode; (7) outlet of cooling water; (8) UV lamp; (9) e

f organic compounds, were estimated by COD standard method
36].

. Results and discussion

.1. SEM images and EDX analysis of ZnO/TiO2 NR/Ts
lectrode
The SEM image of the TiO2 NTs formed on the Ti sub-
trate by anodization method is shown in Fig. 2a, which reveals
hat high density, well ordered and uniform nanotube arrays
re formed. The diameters of these nanotubes range from 30

N
t
i
E

ig. 2. (a) Top-view SEM image of TiO2 NTs. (b and c) Top-view SEM images of Z
d) EDX spectrum of ZnO/TiO2 NR/Ts sample.
ctrode; (2) inlet of cooling water; (3) magnetic stirrer; (4) stirrer; (5) reference
chemical workstation; (10) computer.

o 90 nm, with wall thicknesses of approximately 10 nm and
heir lengths range from 200 to 300 nm. After 20 min of ZnO
athodic deposition on TiO2 NTs, as shown in Fig. 2b, the ZnO
rows oriented through the TiO2 nanotube inner channels, which
escribes the growing intergradation of ZnO nanorods. Fig. 2c
hows the ZnO/TiO2 NR/Ts SEM image after 60 min of cathodic
eposition, the epitaxial growth of oriented ZnO nanorods inside
he TiO2 nanotube channels are formed and spilled over the TiO2

Ts. The lengths of ZnO nanorods are about 100–200 nm outer

he TiO2 nanotube channels. The EDX analysis is carried out to
dentify the elemental composition of ZnO/TiO2 NR/Ts, and the
DX spectrum has been shown in Fig. 2d, which shows strong

nO cathodic deposition on TiO2 NTs substrate for 20 and 60 min, respectively.
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maximum photocurrent at a positive potential of 0.4 V. This indi-
cates that the photogenerated electrons can be effectively driven
by positive potential. The significant higher photocurrent den-
sity and the photocurrent onset shift to negative potentials on
Fig. 3. XRD patterns of TiO2 NTs and ZnO/TiO2 NR/Ts samples.

diffraction peaks of elemental Ti at 4.51 and 4.92 keV, the K�
iffraction peak of elemental O at 0.52 keV, and the diffraction
eaks of 8.61 and 9.56 keV for Zn has appeared in this EDX
nalysis. The approximate ratio of Zn/Ti was estimated and the
esult indicated that the embedded amount of ZnO in the TiO2
Ts is circa 9.41 wt%.

.2. XRD analysis of ZnO/TiO2 NR/Ts electrode

Fig. 3 shows the XRD patterns of TiO2 NTs and ZnO/TiO2
R/Ts. The TiO2 NTs demonstrate a regular anatase crystal

tructure, which is ascribed to the appearance of characteristic
iffraction peaks at 2θ = 25.3◦. In addition, ZnO/TiO2 NR/Ts
xhibits not only characteristic anatase diffraction peaks, but
lso other new XRD peaks at 31.9◦, 34.6◦, 36.4◦, 47.7◦, and
6.7◦, which are ascribed to the hexagonal crystal system of
nO.

.3. Optical properties
Fig. 4 shows the UV–vis absorption spectra of TiO2 NTs
nd ZnO/TiO2 NR/Ts, which indicate the band gap absorption
dges are around 372 and 410 nm, respectively. The relationship
f the absorption coefficient and the incident photon energy of

ig. 4. UV–vis absorption spectra of TiO2 NTs and ZnO/TiO2 NR/Ts samples.

F
(
a
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emiconductor are given by the following equation [37]:

(hν) ∝ (hν − Eg)n (5)

here α is absorption coefficient, hν is the energy of the incident
hoton, n is 0.5 and 2.0 for a direct transition semiconductor
nd indirect transition semiconductor, respectively. According
o Eq. (5), the band gap energy of ZnO/TiO2 NR/Ts is 3.03 eV
nd that of TiO2 NTs is about 3.34 eV. The significant red shift
f 0.31 eV may be owing to the high crystalline of ZnO and
ignificant differences in the surface state, which promote the
eparate efficiency of photogenerated charges and extend the
ange of excited spectrum, and this finding is supported by data
rom other study [38].

.4. Photoelectrochemical properties

The photoelectrochemical performance of ZnO/TiO2 NR/Ts
s assessed using linear-sweep photovoltammetry, as shown in
ig. 5. The photovoltammetry can evaluate both the “dark” elec-

rochemical behavior and the photoelectrochemical response in
ne experiment and under identical experimental conditions.
he rise and fall of the photocurrent corresponded well to the

llumination being switched on and off. The current response on
oth TiO2 NTs and ZnO/TiO2 NR/Ts in dark is insignificant even
t a potential of up to 1.4 V, which means that no electrochemical
xidation occurred. Under illumination, a significant increase in
he photocurrent is observed throughout the potential window.

oreover, the photocurrent is potential dependent. It increases
s the applied potential is scanned toward more positive poten-
ial, particularly at potentials >0.1 V and this trend reaches a
ig. 5. Linear-sweep photovoltammograms with 0.1 Hz chopped irradiation of
a) TiO2 NTs, and (b) ZnO/TiO2 NR/Ts. Photovoltammograms were obtained
t 2 mV/s using the full output of an 11 W UV lamp.
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ig. 6. Photoelectrocatalysis, photocatalysis, photolysis, and electrochemical
xidation processes of MO degradation using ZnO/TiO2 NR/Ts electrode. Initial
oncentration of MO 5 × 10−5 M, applied potential 0.6 V.

nO/TiO2 NR/Ts are due to the higher separate efficiency of
hotogenerated charges than that on TiO2 NTs.

.5. Photoelectrocatalytic degradation of MO on ZnO/TiO2

R/Ts electrode

To investigate the photoelectrocatalytic activity of ZnO/TiO2
R/Ts electrode, several photoelectrocatalytic experiments
ere carried out for MO degradation. The MO removal in

he various degradation processes, that is, photoelectrocatalytic,
hotocatalytic, electrochemical oxidation, and direct photolysis
rocesses, are presented in Fig. 6. It was obviously observed that
he photoelectrocatalysis is the most powerful way to degrade
he MO in aqueous solution. The complete removal of MO
99.5%) was observed after 90 min, while only 39.6% of the

O removal was obtained in photocatalytic process with the
dentical degradation time. The removal rate with direct pho-
olysis was insignificant, which proved that the MO was stable
ith UV illumination. The result with electrochemical oxida-

ion was also in good agreement with the data in Fig. 5, that
s, the electrochemical oxidation did not occur evidently in this
rocess.

The photoelectrocatalytic degradation of MO was performed
sing ZnO/TiO2 NR/Ts electrode, and TiO2 NTs electrode. The
esults were presented in Fig. 7. The removal rate of MO using
nO/TiO2 NR/Ts electrode was 85.8% after 40 min, while that
sing TiO2 NTs was only 78.2% with the same time. After
0 min, the removal rates of MO on both ZnO/TiO2 NR/Ts
lectrode and TiO2 NTs were almost 100%. The removal rate
ould illustrate the degradation of MO. However, MO could not
ndergo complete degradation to produce CO2 and H2O, as a
esult, the intermediates were produced during the process. In
rder to show the mineralization rate of MO, COD removal was
lso investigated. As shown in Fig. 7, the removal rate of COD

alues on ZnO/TiO2 NR/Ts electrode was 71.1% after 90 min,
nd that on TiO2 NTs was 50.2% with the identical time, which
eant that two of the electrodes were effective and the ZnO/TiO2
R/Ts electrode presented higher photoelectrocatalytic activity.

d
R

ig. 7. The removal rate of MO and COD values by photoelectrocatalytic pro-
ess on ZnO/TiO2 NR/Ts electrode and TiO2 NTs electrode. Same experimental
onditions as those in Fig. 6.

The Langmuir–Hinshelwood kinetic model formula has
sually been applied to describe the photocatalytic and pho-
oelectrocatalytic reactions. In this study, the experimental
esults can well fit the first-ordered reaction model equation,
n(C0/C) = f(t) = kt (k is rate constant). The corresponding
eaction rate constant k can be obtained from the degrada-
ion efficiency of MO. These reaction rate constants were
anked as ZnO/TiO2 NR/Ts PEC (k = 0.0591 min−1) > TiO2
Ts PEC (k = 0.0515 min−1) > ZnO/TiO2 NR/Ts PC

k = 0.0043 min−1) > TiO2 PC (k = 0.0025 min−1). There-
ore, the superior photoelectrocatalytic activity of ZnO/TiO2
R/Ts is ascribed to the TiO2 NTs configuration and the ZnO
anorods embedded modification in the tube channels. The
nO/TiO2 NR/Ts promotes the separation of photogenerated
oles and electrons and improves the light energy harvest by
xpanding the excited spectrum range.

. Conclusions

In this paper, the ZnO nanorods embedded in highly ordered
iO2 nanotube arrays electrodes were first prepared via two
lectrochemical steps. The TiO2 NTs electrode was fabricated
y anodization method. The direct cathodic electrodepostion
ethod was used to embed ZnO nanorods into TiO2 nanotubes.
he photoelectrochemical properties of ZnO/TiO2 NR/Ts elec-

rode were studied and the photocurrent was dramatically
nhanced on the ZnO/TiO2 NR/Ts electrode, compared with
hat on bare TiO2 NTs electrode. The ZnO nanorods embedding
odification can improve the photoelectrocatalytic activity of
iO2 NTs. The TiO2 NTs were used not only as photocatalytic
emiconductor materials but also as template, which provided a
eneral way to prepare novel hybrid nanomaterials.
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