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TiO2–carbon nanotube (CNT) heterojunction arrays on Ti substrate were fabricated by a two-step thermal
chemical vapor deposition (CVD) method. CNT arrays were first grown on Ti substrate vertically, and then
a TiO2 layer, whose thickness could be controlled by varying the deposition time, was deposited on CNTs.
Measured by electrochemical impedance spectroscopy (EIS), the thickness of the TiO2 layer could affect the
photoresponse ability significantly. About 100 nm thickness of the TiO2 layer proved to be best for efficient
charge separation among the tested samples. The optimized TiO2–CNT heterojunction arrays displayed
iO2

arbon nanotube
eterojunction
hotocatalysis

apparently higher photoresponse capability than that of TiO2 nanotube arrays which was confirmed by
surface photovoltage (SPV) technique based on Kelvin probe and EIS. In the photocatalytic experiments,
the kinetic constants of phenol degradation with TiO2–CNT heterojunctions and TiO2 nanotubes were
0.75 h−1 (R2 = 0.983) and 0.39 h−1 (R2 = 0.995), respectively. At the same time, 53.7% of total organic car-
bon (TOC) was removed with TiO2–CNT heterojunctions, while the removal of TOC was only 16.7% with
TiO2 nanotubes. These results demonstrate the super capability of the TiO2–CNT heterojunction arrays in
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. Introduction

TiO2 is by far the most widely studied photocatalytic material
ecause of its high photocatalytic activity, long-term chemical sta-
ility, nontoxicity and low price [1]. The photocatalysis process

nvolves ultraviolet (UV) light to excite an electron from the valence
and of TiO2 to its conduction band, leaving a hole to oxidize organ-

cs in water directly or indirectly [2]. However, this process with
iO2 always suffers from the low quantum yield that is caused by
he rapid recombination of photogenerated electrons and holes [3].

It is well known when a semiconductor is constructed a het-
rojunction with other semiconductors or metals, a space charge
ayer ranging from several tens to hundreds nanometers would be
ormed near the interface to make their Fermi level equal, thus the
lectrostatic force of space charge layer could separate photogener-
ted electrons and holes immediately if photogenerated electrons
ould diffuse into space charge layer. In a conventional photo-

atalytic system, the photogenerated electrons and holes migrate
andomly and most of them recombine before they arrive at the
hotocatalyst surface. Whereas in a photocatalytic system involving
eterojunction, the driving force which comes from interior electric

∗ Corresponding author. Tel.: +86 411 84706140; fax: +86 411 84706263.
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to TiO2-only nanomaterial.
© 2008 Elsevier B.V. All rights reserved.

eld could separate electron–hole pairs efficiently, so the electrons
nd the holes would be driven to the different directions and the
ecombination could be reduced.

On the basis of this principle, nanoscale composites of TiO2 with
t [4], In2O3 [5], SnO2 [6], WO3 [7], SiO2 and ZrO2 [8], CuAlO2 [9],
u2O [10] and Bi2O3 [11] have been fabricated to improve the pho-
ocatalytic ability. With the progress on carbon nanotubes (CNTs)
esearch, CNTs have drawn the interest of a number of researchers
ue to their unique electrical property and high aspect ratio. Many
ndeavors were performed to develop nanocomposite materials of
iO2 and CNTs by a sol–gel method in last decade, and enhanced
hotocatalysis abilities were obtained [12–14]. Nevertheless, the
nhancement was still limited, because it is so difficult to disperse
NTs into the sol uniformly that many TiO2 nanoparticles were far
way from CNTs and some surfaces of CNTs were vacant and even
haded the light. On the other hand, most of the reported TiO2-
ased composite materials were in powder form, which restricted
heir photocatalytic application because of the difficulty in separat-
ng them from aqueous solution. This problem could be overcome
y immobilizing the powders on a solid substrate. Some works have

een carried out to coat nonaligned CNTs with TiO2 on solid sub-
trates [15,16]. And recently, depositing TiO2 on aligned CNTs using
i or SiO2 as the substrates has been reported [17–19]. Although
i and SiO2 are preponderant substrate materials for the growth
f the CNT arrays, they are not suitable for investigating charge

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:quanxie@dlut.edu.cn
dx.doi.org/10.1016/j.jphotochem.2008.08.007
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eparation and transfer or photoelectrocatalytic ability because
f CNTs scaling off from these substrates very easy together
ith the big connection resistances between CNTs and these

ubstrates.
In our previous work, we have fabricated TiO2–CNT arrays on

i substrate, and studied their charge separation capability [20].
he TiO2–CNT heterojunction arrays exhibited high photocurrent
t zero bias potential, which demonstrated that the photogener-
ted charges were separated successfully owing to the firm and
onductive connections between heterojunctions and Ti substrate.
his TiO2–CNT heterojunction arrays are expected good prospect
n practical applications, especially in photocatalysis. Therefore,
n present work we extended our research to explore the pho-
ocatalytic capability of the TiO2–CNT heterojunction arrays and
onfirmed the super photocatalytic capability shown by the novel
hotocatalyst. Special attention has been paid to the relationship
etween charge separation efficiency and the thickness of TiO2

ayer because we believe that the thickness of TiO2 layer is a key
actor for efficient charge separation and photocatalysis of the het-
rojunction arrays.

. Materials and methods

.1. Fabrication of the heterojunction arrays

The fabrication of CNT arrays on Ti substrate was depicted in the
eference [20]. After growing CNT arrays on Ti substrate at 800 ◦C,
he system was allowed to cool down in argon. When the substrate
emperature fell to 450 ◦C, the air was imported to remove amor-
hous carbon on the surface of CNTs. When the substrate cooled
own continuously to an appropriate temperature, titanium (IV)

sopropoxide (TTIP) was fed by a pump and swept into the reac-
ion zone by an argon flow (1000 mL min−1). After deposition, the
ubstrate was annealed in air for 30 min to convert the amorphous
hase TiO2 to a crystalline one.

.2. Characterization and measurements

The morphologies of the heterojunctions were characterized by
nvironmental scanning electron microscopy (ESEM Quanta 200
EG) and transmission electron microscopy (TEM FEI-Tecnai G2

0). X-ray diffraction (XRD) was carried out on a Shimadzu XRD-
000 X-ray diffractometer with Cu K� radiation (� = 0.154060 nm)
t a scanning speed of 0.02◦ s−1 in the 2� range from 20◦ to 80◦.
lectrochemical impedance spectroscopy (EIS) were recorded by
pplying an AC voltage of 10 mV amplitude in the frequency range
f 105 Hz to 10−2 Hz with the initial potential (0 V vs. a saturated
alomel electrode (SCE)) in 0.01 M sodium sulfate using three-
lectrode cell that was connected to a CHI 650B electrochemical
tation (CH Instruments, Shanghai Chenhua, China), where the
iO2–CNT arrays on Ti substrate acted as the working electrode,
platinum foil as the counter electrode and the SCE as the ref-

rence electrode. A 300-W high-pressure mercury lamp with a
rincipal wavelength of 365 nm (Beijing Huiyixin Light, China) was
sed as the UV light source, and the light intensity was measured
y a radiometer (model UV-A, Photoelectric Instrument Factory
eijing Normal University). Kelvin probe (KP)-based surface pho-
ovoltage (SPV) measurements were carried out on a commercial
P system (KP Technology Ltd., Scotland, UK). The width of the
old reference probe is 1.8 mm. A 500-W xenon lamp and a double

rism monochromator provided monochromatic light, which was
arefully focused on the sample below the probe. The SPV spec-
ra were obtained by scanning the wavelength of the incident light
ver the visible and UV range (600–300 nm) with the rate of about
0 nm min−1.

a
[
t
t
p
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.3. Photocatalytic experiment

Photocatalytic degradation of phenol in the aqueous solution
0.01 M sodium sulfate acted as the electrolyte) was carried out
nder a 300-W high-pressure mercury lamp irradiation in a reac-
or with a quartz window (2 cm × 2 cm) to allow the incident
adiation to enter with minimal attenuation. The TiO2–CNT het-
rojunction arrays serving as the photoanode and a platinum foil
erving as the cathode were connected by a voltaic wire to transfer
he photogenerated electrons from the photoanode to the cath-
de. For comparison, the TiO2 nanotube arrays were prepared by
he procedure described in Ref. [21] and they were used as the
hotoanode by replacing the TiO2–CNT heterojunction arrays. The
pplied areas of both the CNT–TiO2 heterojunctions and the TiO2
anotubes are 2 cm × 2 cm. The concentration of phenol was deter-
ined by high-performance liquid chromatography (HPLC, Waters

695, Separations module) with a SunfireTM C18 (5 �m) reverse-
hase column at 30 ◦C equipped with photodiode array detector
Waters 2996). The mobile phase was 0.5 mL min−1 of methanol
nd water (v:v = 0.55:0.45) and the wavelength was set at 280 nm
or phenol and 254 nm for intermediates, respectively. Total organic
arbon analyzer (TOC-VCPH, Shimadzu, Japan) was employed for
OC determination.

. Results and discussion

.1. Thickness control of the TiO2 layer

The thickness of the TiO2 layer could be controlled by vary-
ng the deposition time. Fig. 1 illustrates the morphologies of
iO2–CNT arrays with different TiO2 deposition times. Observing
rom Fig. 1(a–d), the thickness of TiO2 layer increased with the
ncrease of deposition time. As shown in Fig. 1(e), the length of
eterojunction array was about 4 �m, and the nanotubes were uni-

orm in the axial direction except for their top, which was like a ball,
nd its diameter was bigger than that of the bottom nanotube. In
rder to estimate the thickness of the TiO2 layer from the uniform
arts, the details of TiO2–CNT heterojunction nanotubes were dis-
inguished in Fig. 2. For the TiO2–CNT heterojunction with 5 min
f TiO2 deposition, a CNT wall and a TiO2 layer about 10 nm were
learly seen in Fig. 2(a), and their lattice fringes were d = 0.34 and
.35 nm, respectively, which matched those of the (0 0 2) crystallo-
raphic planes of graphitic sheets and the (1 0 1) crystallographic
lanes of anatase TiO2. For the sample with depositing TiO2 for
0 min, the total diameter of a heterojunction nanotube was obvi-
usly larger than that of the sample for 5 min and the boundary
f CNT and TiO2 could not be observed by TEM due to a thicker
iO2 layer. However, it could be seen from a crack in a piece of
iO2–CNT heterojunction nanotube in Fig. 2(b) that the diameters
f CNT and TiO2–CNT heterojunction nanotube were about 50 and
50 nm, respectively, so the thickness of TiO2 layer was estimated
bout 100 nm. For the samples with 15 and 20 min of TiO2 depo-
ition, the thickness of TiO2 layer was apparently much more than
00 nm.

Because TiO2–CNT heterojunction arrays were grown on
he conductive substrate, they could be used as electrode for
nvestigation of photoelectrochemical properties. As a widely
sed electrochemical method, EIS is very effective to investi-
ate the properties of the electron-transfer process across the
iO2–electrolyte interfaces under light [22–24]. The less impedance

rc radius in Nyquist plots indicates the faster electron transfer
25]. EIS measurements of TiO2–CNT heterojunctions with different
hickness of TiO2 layer were performed to determine the optimal
hickness for good charge separation, as shown in Fig. 3. The Nyquist
lot of CNTs was almost a line with a big angle between the real
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ig. 1. SEM images of TiO2–CNT heterojunction with depositing TiO2 for different tim
ith depositing TiO2 for 10 min.

xis, which indicated that the photoresponse of the CNTs could be
gnored. From the Nyquist plots of samples after coating TiO2, it
as found that the size of the arc radius decreased with increasing

hickness of TiO2 layer in initial stage. After arriving at its minimum,
he size of the arc increased with increasing thickness. These phe-
omena revealed that the thickness of the TiO2 layer affected the
lectron transfer ability of the heterojunction significantly. There-
ore, the thickness of the TiO2 layer should be designed carefully to
ealize efficient photocatalysis. For samples with 5 min deposition
f TiO2, the TiO2 layer was not thick enough (only about 10 nm) for
nducing sufficient electrons and holes although their recombina-
ion could be inhibited availably. On the other hand, for samples
ith 15 or 20 min deposition of TiO2, the TiO2 layer was too thick

much more than 100 nm) that not only the light arrived at space
harge layer was attenuated by excess TiO2 but also the recombi-
ation was elevated in these TiO2 because the TiO2 layer might be
hicker than space charge layer. In general, the optimal thickness for
he photocatalysis was about 100 nm (depositing TiO2 for 10 min).
onsequently, about 100 nm of the TiO2 layer was selected in the
ubsequent experiment.

.2. Optimization of the deposition temperature and annealing
emperature of TiO2

Fig. 4 shows the XRD patterns of TiO2–CNT heterojunction arrays
ith different annealing temperature. The peaks corresponded to

raphite, TiO2 and TiC reflection, respectively. The appearance of
iC peaks revealed the existence of a TiC layer between the Ti sub-
trate and the bottom of CNTs [20]. In our fabrication process, CNT
rrays began to grow on Ti substrate at 800 ◦C, and at this tempera-
ure, Ti is easily to form covalent bond carbide with CNTs according

o titanium–carbon binary phase diagram [26]. The formation of
onductive TiC could remove the barrier from the CNT–Ti interface
hus permitting electrons to pass through more easily [27,28]. In
ig. 4, the crystalline signals of anatase TiO2 were enhanced with
ncreasing of annealing temperature. But the temperature near or

t
l
b
T
b

) 5 min, (b) 10 min, (c) 15 min, (d) 20 min and (e) profile of TiO2–CNT heterojunction

bove 450 ◦C was not a advisable selection, because the CNTs had
een annealed from 450 ◦C in the cooling down step of our fabri-
ation process for the appropriate surface to connect with TiO2, if
he annealing temperature after TiO2 deposition was higher than
50 ◦C, some carbon at the TiO2–CNT interface would be further
emoved and impaired the connection between the CNTs and TiO2.

Jokiniemi and coworkers [29] investigated the chemical vapor
eposition (CVD) process of TTIP, and they found the morphology of
he deposits was very different depending on the deposition tem-
erature. In this work, diffusion-controlled CVD took place at 320 ◦C
esulting in the formation of the small nanoparticles, which could
iffuse easily into the space between each CNT. With the increase
f the deposition temperature, the TiO2 nanoparticles with big size
ere produced and increased gradually in the gas phase. They

ssembled together and tampered the diffusion of TiO2 into the
pace between each CNT, that is to say, the nanostructure films with
ncorporated particles would be formed on the CNT array surface
nstead of on the wall of each CNT.

According to the above discussion, the deposition temperature
nd annealing temperature of TiO2 in the following experiments
as 320 and 430 ◦C, respectively, for taking full advantage of the
eterojunction arrays.

.3. Superior mode for charge transfer

TiO2–CNT heterojunction arrays with optimal conditions could
rovide a different mode of electrons transfer from aligned simplex
iO2, such as TiO2 nanotube arrays. In a TiO2 nanotube, most TiO2
anoparticles are far away from the electron-collecting substrate
electrode), and photogenerated electron in one TiO2 particle must
op or tunnel through too many boundaries from one TiO2 conduc-

ion band to another until it finally enters the electrode that has a
imited surface area (Fig. 5(a)), therefore most electrons will recom-
ine with holes presenting in other TiO2 particles. However, the
iO2–CNT heterojunction arrays would provide more advantages
ecause of the different mode of electrons transfer, as shown in
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Fig. 2. TEM image of (a) TiO2–CNT heterojunction with depositing TiO2 for 5 min
and (b) SEM image of TiO2–CNT heterojunction with depositing TiO2 for 10 min.

Fig. 3. Nyquist diagrams (Z′′ vs. Z′) of TiO2–CNT heterojunctions with different TiO2

deposition times under UV illumination.

Fig. 4. XRD patterns of TiO2–CNT heterojunctions on Ti substrate with different
annealing temperatures.

Fig. 5. Schematic diagram of electron transfer in (a) TiO2 nanotube and (b) TiO2–CNT
heterojunction.
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ig. 6. SPV spectra of optimized TiO2–CNT heterojunctions and TiO2 nanotubes with
op illumination taken on KP. (The data had been normalized.)

ig. 5(b). The thickness of TiO2 layer in heterojunctions approaches
he space charge layer, therefore photogenerated electrons and
oles could be separated by electrostatic force and the separated
lectrons transport into other semiconductor or metal rather than
iO2. Consequently, the recombination would be inhibited.

.4. Photoresponse in the air or in the solution

SPV is a well-established technique for the characterization of
emiconductors, mainly reflecting the carrier separation and trans-
er behavior with the aid of light [30]. The signal of photovoltage
s attributed to the changes of surface potential barriers before and
fter illumination, and the changes are modulated by the separation
f photogenerated hole–electron pairs. Fig. 6 displays the surface
hotovoltage spectra of the TiO2–CNT heterojunctions and TiO2
anotubes. For TiO2–CNT heterojunctions, a positive SPV response
anged from 550 to 300 nm, which was broader than that of TiO2
anotube. The surface photovoltage signal of heterojunctions was
tronger than that of TiO2 nanotubes over the whole tested wave-
ength range, suggesting that a high photocatalytic activity could
e expected for TiO2–CNT heterojunctions.

Fig. 7 shows the Nyquist plots of TiO2–CNT heterojunctions and

iO2 nanotubes. The arcs of both heterojunctions and TiO2 nan-
tubes were very big in dark, which indicated that there were few
lectrons across the TiO2–electrolyte interfaces. While under the
V illumination, the arc of heterojunctions was much smaller than

ig. 7. Nyquist diagrams (Z′′ vs. Z′) for TiO2 nanotubes and TiO2–CNT heterojunctions
n dark or under UV illumination.

a
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F

ig. 8. Degradation of phenol under UV illumination (2.0 mW cm−2) with TiO2 nan-
tubes and optimized TiO2–CNT heterojunctions.

hat of TiO2 nanotubes. EIS analysis illuminated that TiO2–CNT het-
rojunctions displayed a smaller resistance than TiO2 nanotubes at
he TiO2–electrolyte interface.

.5. Photocatalytic abilities

As shown in Fig. 8, the experiments of photocatalytic degrada-
ion of phenol using TiO2 nanotubes and TiO2–CNT heterojunctions
ere carried out. As a control experiment, the degradation of phe-
ol in dark with the TiO2–CNT heterojunctions (connected with a
latinum foil by a voltaic wire) was also performed, and the result

ndicated that phenol was very stable without UV light irradiation
nd the adsorption on TiO2–CNT heterojunctions could be negli-
ible. Under UV light irradiation, in 4 h, the degradation efficiency
f phenol in photocatalytic process was up to 99.1% involving het-
rojunctions, whereas it was 78.7% on TiO2 nanotube photoanode.
he phenol degradation followed the pseudo-first-order kinetics,
nd the kinetic constants involving TiO2–CNT heterojunctions and
iO2 nanotubes were 0.75 h−1 (R2 = 0.983) and 0.39 h−1 (R2 = 0.995),
espectively. The kinetic constant with this heterojunction arrays
as 1.92 times as great as the value with the TiO2 nanotube arrays.
The intermediate products during the phenol degradation were
lso detected (Fig. 9). The concentration of hydroquinone and ben-
oquinone (main ring intermediates from phenol oxidation [31])
ept increasing using the heterojunctions until 90 min, and then

ig. 9. Concentration of intermediate products during the phenol degradation.



306 H. Yu et al. / Journal of Photochemistry and Photo

F
t

d
a
T
i
a
t
q
i

e
5
1
n
s
p
fi
m

4

T
c
a
a
fi
u
(
o

t
t
b
S
w
p

A

P
t
w
U

R

[

[
[

[
[
[
[

[
[

[
[
[
[
[
[

[

ig. 10. The TOC removal of phenol with TiO2 nanotubes and TiO2–CNT heterojunc-
ions.

ecreased during 90–180 min. After 180 min, both hydroquinone
nd benzoquinone were completely degraded. Whereas using the
iO2 nanotube arrays, the concentration of intermediate products
ncreased quickly during the initial 90 min, and then intermedi-
te products were decomposed slowly. This phenomenon indicated
hat the intermediate products of phenol degradation were subse-
uently oxidized rapidly by heterojunction anode, but accumulated
n the solution with TiO2 nanotubes.

To further illuminate the photocatalytic ability of TiO2–CNT het-
rojunctions, the TOC was measured and shown in Fig. 10. In 4 h,
3.7% of TOC was removed with TiO2–CNT heterojunctions and
6.7% with TiO2 nanotubes, respectively. The TOC removal of TiO2
anotubes was less than that of heterojunctions, because con-
iderable intermediate products were accumulated at the end of
hotocatalytic experiment using TiO2 nanotubes. The result con-
rmed that the TiO2–CNT heterojunction arrays possessed a higher
ineralizing ability than the TiO2 nanotube arrays.

. Conclusions

As a key factor for enhancing the photocatalytic ability of
iO2–CNT heterojunction arrays, the thickness of the TiO2 layer
ould be controlled by varying the deposition time of TiO2. In
photocatalytic system involving the TiO2–CNT heterojunction
rrays, the separated electrons could be driven by electrostatic
eld of space charge layer and flow into counter electrode simply
sing a thin voltaic wire connected between the working electrode
TiO2–CNT heterojunction arrays) and the counter electrode with-
ut applying the external bias, and the holes might accumulate on

[
[
[
[
[
[
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he surface of the working electrode and lead to oxidative reac-
ions. As a result, the TiO2–CNT heterojunction arrays showed much
etter photocatalytic capability than that of TiO2 nanotube arrays.
uch a material is foreseen its potential application in removal of
ide spectra of toxic organic pollutants from water due to its good
hotocatalytic capability in TOC removal.
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