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High-density arrays of vertically oriented TiO2 nanorods with uniform distribution on Ti foil have been
formed through template-free oxidation of Ti in hydrogen peroxide solutions. Subsequent thermal treat-
ment was applied for growing mixed crystal structures to pursue higher performance. Morphology
characterization using field emission scanning electron microscopy (FESEM) shows a nanorod diameter
in the range of 20–50 nm with a length of 1.5 �m. X-ray diffraction (XRD) measurement demonstrates
the crystallization of the TiO2 nanorods prior to thermal treatment and the formation of anatase and
anorod
itanium dioxide
ixed crystal effect

ensing
hotocurrent

rutile mixed phase after thermal treatment. The mixed crystal TiO2 nanorods show a much higher per-
formance than pure anatase in photoelectrochemical experiments. Steady-state photocurrent resulted
from photocatalytic oxidation of organic compounds by TiO2 nanorods is employed as response signal
in determination of the organics to yield a linear range of 0–1.1 mM for glucose. For other organics, an
excellent linear relationship between the net steady-state photocurrent and the concentration of elec-
trons transferred in exhaustive oxidation for these organics is obtained, which empowers the mixed

serve
crystal TiO2 nanorods to

. Introduction

Titanium dioxide is a versatile material and has been inves-
igated considerably due to its unique photoelectronic and
hotochemical properties [1]. As photocatalyst for water splitting
nd degradation of organics, TiO2 powder may have disadvantage
n practical applications because of the difficulties in separat-
ng and recycling the fine particles [2]. TiO2 nanocrystalline film

hich immobilizes the semiconductor catalyst on a solid support
ill exhibit its advantage in this regard. A number of methods
ave been developed to prepare TiO2 thin films, for instance,
lectron-beam evaporation [3], chemical vapor deposition [4,5],
hysical vapor deposition [6], dip-coating [7,8], spin-coating [9],
nd screen-printing [10,11]. The thin films prepared through those
ethods are usually composed of TiO2 nanoparticles, as illus-

rated in Fig. 1A. The photogenerated electrons transport across
he nanoporous TiO2 layer via the TiO2 network formed by the

nterconnected nanoparticles. However, some of these particles

ay not be interconnected, which results in a limited number of
ffective electron pathways that have the shortest distance and
owest resistance [12]. Furthermore, the structural disorder at the
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as versatile material in organics-sensing application.
© 2011 Elsevier B.V. All rights reserved.

contact between two crystalline nanoparticles leads to enhanced
scattering of free electrons, thus reducing electron mobility [13].
Recently, the use of one-dimensional nanostructures instead of
nanocrystalline films in photoelectrochemistry has been consid-
ered. TiO2 nanorods [14], nanotubes [15,16], nanowires [17,18]
and nanocolumns [19] have been used in highly efficient photo-
voltaic devices and as photocatalysts for hydrogen generation and
degradation of organic pollutants. These one-dimensional nanoma-
terials with ordered architecture (Fig. 1B) allow for an oriented and
much shorter random walk path for photogenerated carriers. As
a result, improved charge separation and charge transport can be
achieved [13].

The formation of one-dimensional nanostructures has been
realized using various techniques. Anodization of Ti foil is now
widely used to prepare TiO2 nanotube arrays [15], but the cor-
rosive etching process in the anodization takes place only when
the toxic F− is added. Although TiO2 nanotubes and nanorods
were also fabricated by templating ZnO nanorod array film through
sol–gel process [20] and liquid phase deposition [21], the formation
and subsequent removal of the ZnO template using wet-chemical
etching complicated these methods. Template-free formation of

one-dimensional TiO2 nanorod arrays was achieved by oxidizing
titanium substrate in an oxidation atmosphere at 850 ◦C [22,23].
Besides, fabrication of TiO2 nanorod arrays on transparent con-
ducting substrates was accomplished in solutions containing HCl
without template [14,18,24]. However, the TiO2 synthesized by

dx.doi.org/10.1016/j.jhazmat.2011.01.125
http://www.sciencedirect.com/science/journal/03043894
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XRD patterns could be indexed to those of anatase. The sample
ig. 1. Schematic diagrams of electron pathways in films composed of disordered
anoparticles and oriented nanoarrays.

he two above mentioned methods was rutile phase due to the
igh temperature and strong acidic medium applied during respec-
ive synthesis. Among the three different crystal structures of TiO2,
utile, anatase, and brookite, rutile is the thermodynamically sta-
le phase, whereas anatase has been generally accepted to have a
igher photocatalytic activity than rutile owing to its anomalously

arge Born effective charge tensor as the result of the presence of
nhanced Ti(3d states)-O(2p states) hybridization [25]. The photo-
atalytic activity of anatase TiO2 can be greatly improved by mixing
utile nanostructures due to the mixed crystal effect [26,27]. There-
ore, safe and simple formation of TiO2 nanorod arrays with anatase
r anatase/rutile structure is significant for their application in pho-
ovoltaic devices and photocatalysis.

In recent years, TiO2 film composed of nanoparticles has been
sed as a sensor for water quality assessment based on the pho-
ocatalytic oxidation of organics [28]. Electrocatalysis of some
ovel electrodes, such as PbO2 modified electrode [29], RhO2/Ti
lectrode [30], copper electrode [31,32], boron-doped diamond
lectrode [33,34], have been used in determination of chemical oxy-
en demand (COD) based on the measurement of currents or charge
enerated from electrocatalytic oxidation of organic compounds.
hotocatalytic oxidation approach, which utilizes TiO2 as photo-
atalyst, can offer superior oxidation ability for oxidizing a much
ider spectrum of organic compounds [35]. Therefore, there is a
romising application for TiO2 photocatalysis in determination of
rganics in aqueous solution by analyzing the photocurrents corre-
ponded to the photocatalytic oxidation of the organics. However,
he application of one-dimensional TiO2 nanostructures in this field
as seldom reported.

In this paper, a simple and undefiled method was introduced to
abricate large-scale, uniformly distributed and vertically oriented
iO2 nanorod arrays on a titanium substrate using H2O2 solutions
s the oxygen source in the oxidation of Ti at a low temperature. The
repared TiO2 was in anatase phase and mixed phase after thermal
reatment. The TiO2 nanorod arrays with mixed phase were verified
o have a higher photocatalytic activity, and were used as sen-
ors to assemble photoelectrochemical cells for organics-sensing
pplication in aqueous solutions.

. Experimental
Formation and characterization of TiO2 nanorod arrays: Ti foil
purity 99.99%) was purchased from Shanghai Zhenming nonfer-
ous metal material Co., Ltd. The other chemicals were analytical
aterials 188 (2011) 363–368

grade and used as received from Sinopharm Chemical Reagent Co.,
Ltd. Ti foil sized 2 cm × 2 cm × 0.1 mm was degreased by sonication
in acetone, 2-propanol, and ethanol to remove the contamination,
subsequently rinsed with ultrapure water (18.2 M�), and finally
dried in a nitrogen stream. After rinsing, Ti foil was soaked in a
H2O2 solution (30 mL, 30 wt%). Then the solution was heated up
to 80 ◦C, and kept at 80 ◦C for 72 h. Finally, the sample was taken
out and rinsed with copious amounts of ultrapure water followed
by thermal treatment in a muffle furnace at different temperature.
Morphology of TiO2 nanorod arrays was characterized by a field
emission scanning electronic microscopy (FESEM, S-4800, Hitachi,
Japan). The crystal structure of TiO2 nanorods was investigated by
an X-ray diffraction technique (XRD, D/max 2550 V, Rigaku, Japan)
with Cu K� (� = 1.54 Å) radiation at 40 kV and 200 mA in 2� ranging
from 20◦ to 80◦. The mass fraction of rutile (XR) in the samples was
calculated using the following equation [36]: XR = (1 + 0.8IA/IR)−1,
where IA and IR were the main intensities of anatase (1 0 1) peak
and rutile (1 1 0) peak, respectively.

Photoelectrochemical measurements: Solutions needed in the
whole experiment were prepared by dissolving the regents in ultra-
pure water (18.2 M�). All photoelectrochemical experiments were
performed at room temperature in a three-electrode photoelec-
trochemical cell containing NaH2PO4 (1 M) solution with a quartz
window for UV illumination. TiO2 nanorod arrays with an area of
0.25 cm2 served as working electrode. An Ag/AgCl (3 M KCl) and a
platinum wire acted as reference electrode and counter electrode,
respectively. The measurements were carried out on a Zennium
electrochemical workstation and a controlled intensity modulated
photo spectroscopy (CIMPS) system (Zahner, Germany) interfaced
to an ultraviolet light emitting diode with maximum intensity of
3.8 mW cm−2 at wavelength of 365 nm. Linear sweeping voltam-
mograms (LSVs) were performed at a scan rate of 5 mV s−1, and
all photocurrent responses and steady-state photocurrents were
obtained under UV illumination of 2.0 mW cm−2.

3. Results and discussion

3.1. Morphology and phase characterization of TiO2 nanorod
arrays

After oxidizing with the 30 wt% H2O2 solution for 72 h at 80 ◦C,
the Ti foil had lost its metallic luster and turned grayish white,
while white precipitations appeared in the solution. The color of
the solution also changed slowly from colorless to yellow after
the oxidation began, and then faded to colorless again at the end
of the reaction. The color came from the formation of the com-
plex [TiO(H2O2)]2+ [37], and its disappearance resulted from the
decomposition of the complex caused by forming TiO2 precipi-
tation with higher stability. Fig. 2A shows the typical images of
as-prepared samples. Vertically oriented TiO2 nanorods with high
density have been uniformly formed on a large scale on the Ti sub-
strate. These nanorods have diameters of 20–50 nm with lengths
of 1.5 �m. Fig. 2B shows the image of TiO2 nanorod arrays after
thermal treatment at 500 ◦C, which indicates that the morphology
of the samples didn’t change and the expected nanoarrays shown
in Fig. 1B for efficient electron transport were successfully con-
structed. Fig. 3 shows the XRD patterns of Ti foil and samples with
and without thermal treatment at various temperatures. The TiO2
nanorods had been crystallized prior to thermal treatment, and
was partially converted into rutile (13%) after thermal treatment at
300 ◦C. The rutile content gradually increased from 15% to 21% with
the thermal treatment temperature rising from 400 ◦C to 500 ◦C.
Finally, a mixture of anatase and rutile nanorods was finally formed.
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Fig. 4. (A) LSVs of (a) as-prepared TiO2 nanorods, (b) TiO2 nanorods annealed at
300 ◦C, (c) 400 ◦C and (d) 500 ◦C. (B) Photocurrent responses of (a) as-prepared TiO2
ig. 2. (A) Typical images of as-prepared TiO2 nanorods; inset is high magnification
f TiO2 nanorods. (B) TiO2 nanorods after thermal treatment at 500 ◦C.

.2. Photoelectrochemical characterization of TiO2 nanorod
rrays

The photoelectrochemical properties of the samples were eval-
ated by linear sweeping voltammograms performed under UV

llumination of 2.0 mW cm−2 (Fig. 4A). The results showed that
he photocurrent increased with the increased potential applied
or each sample before leveling off to a saturated photocurrent.
his suggests that the separation of the photogenerated electrons
nd holes is the rate-limiting step within the low potential region
−0.4 V to +0.1 V). The photocurrent leveled off at higher poten-

ials (+0.1 V to +0.8 V) indicating that the charge separation was
ot the rate-limiting process any longer [38]. Higher responsive
hotocurrent means lower recombination of electrons and holes
nd higher photoelectron transfer efficiency for the TiO2 nanorod

ig. 3. XRD patterns of (a) Ti substrate, (b) as-prepared TiO2 nanorods, and TiO2

anorods annealed at (c) 300 ◦C, (d) 400 ◦C, and (e) 500 ◦C.
nanorods, (b) TiO2 nanorods annealed at 300 ◦C, (c) 400 ◦C and (d) 500 ◦C measured
at a potential bias of 0 V, and (e) TiO2 nanorods annealed at 500 ◦C measured at a
potential bias of 0.4 V.

arrays, which will eventually benefit the corresponding photo-
electrocatalysis [39]. The saturated photocurrent of the anatase
and rutile mixed crystal TiO2 nanorod arrays was higher than
that of anatase TiO2 nanorod arrays. The higher photocurrent may
be attributed to two aspects. One resulted from the complete
crystallization brought by thermal treatment. High-temperature
treatment usually improves the crystallinity of TiO2 nanomateri-
als, but the process in turn can induce the aggregation of small
nanoparticles [35]. The narrowing widths of the anatase diffraction
peaks (Fig. 3) also demonstrate the grain growth. Other works con-
firmed the anatase TiO2 after thermal treatment at 400–500 ◦C had
a higher photoactivity, while the photoactivity decreased due to the
sharp drop of the specific surface area after thermal treatment at
higher temperature [30–42]. The other contribution to the higher
photocurrent was ascribed to the mixed crystal effect because of
the band match between anatase and rutile crystals. The photogen-
erated electrons on the conduction band (CB) of anatase could be
injected to the CB of rutile nearby and the photogenerated holes on
the valence band (VB) of rutile injected to the VB of anatase, which
improved the charge separation and generated an improved pho-
tocurrent response [43]. All those effects resulted in the final fact
that the increase of rutile content led to an increase in photocur-

rent, but the increasing rate was gradually depressed. Displayed in
Fig. 4B are the photocurrent responses of TiO2 nanorod arrays when
applied potential biases were 0 V and +0.4 V, respectively. The rise
and fall of the photocurrent corresponded well to the UV illumi-
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ig. 5. (A) LSVs of TiO2 nanorods annealed at 500 ◦C under UV illumination of various
ntensities. (B) The plots of photocurrent against UV illumination intensity using
arious potential biases.

ation being switched on and off for all the samples. The current
esponses in the dark were negligible, which meant that no elec-
rochemical oxidation occurred. In the case of UV illumination, an
pparently boosted photocurrent response appeared indicating the
appening of photoelectrocatalysis. The sample with thermal treat-
ent at 500 ◦C showed much higher photocurrent than the other

amples, whereas the same increasing trend as that of the LSVs
as observed. However, a significant increase could be obtained

f the absent bias was replaced by +0.4 V. The stronger photocur-
ent is mainly due to the enhanced separation of electrons and holes
enefited from the potential bias, and improved photocatalytic effi-
iency could be expected [44].

Fig. 5 presents the effect of illumination intensity on the pho-
ocurrent originated from the photocatalysis of TiO2 nanorod arrays
nnealed at 500 ◦C. The saturated photocurrent increased regularly
f linearly increased illumination intensity was applied (Fig. 5A).
ig. 5B derived from Fig. 5A shows the dependence of photocurrent
n the illumination intensity when using various potential biases.
linear relationship was observed if the potential bias was over 0,

ut the linearity did not remain good when the applied potential
ias was negative. The photocurrents were on the low side because
he photoelectrons were not fully transported to external circuit by
ower biases. The higher the intensity the more positive potential

s needed for effective charge separation. It can be drawn from the
bove that the photoelectrons transported are proportional to light
ntensity as long as the applied potential bias is positive enough
45]. Therefore, a constant potential bias of +0.4 V was used for the
ollowing experiments to maximize the photocatalytic efficiency.
Fig. 6. Photocurrent responses of TiO2 nanorod arrays annealed at 500 ◦C to various
concentrations of glucose.

3.3. Photoelectrochemical performance for organics-sensing
application

The above investigations demonstrated that the sample with
thermal treatment at 500 ◦C had the best photoelectrocatalytic
activities among the four samples. The sample was therefore used
to oxidize various organic matters in order to verify its suitability
for organics-sensing application. Fig. 6 shows the photocurrent of
the 500 ◦C thermally treated sample measured in the photoelec-
trochemical cell containing solutions with various concentrations
of glucose. The dark currents are almost zero without UV illumi-
nation for all glucose concentrations, which indicates that glucose
was not electrocatalytically oxidized, although a potential bias of
+0.4 V had been applied on the TiO2 nanorod arrays electrode.
Under UV illumination, a tremendous increase in current instanta-
neously appeared due to the preadsorption of water and glucose
on the electrode [46]. The photocurrent decayed once the cur-
rent reached its peak, and a steady state of the current (denoted
as iss) was subsequently achieved. Moreover, an increasing tend
of iss with the increased concentration of glucose could be seen.
For the solution without glucose, the steady-state photocurrent
(denoted as iblank) mainly resulted from the oxidation of water,
while iss was composed of two different components, one resulting
from the oxidation of organics and the other from the oxidation
of water [28]. The net steady-state current inet originated from
the oxidation of the organics can be obtained by subtracting iblank
from iss in the presence of organic compounds: inet = iss − iblank.
inet can be used to quantify the concentration of the organic
compounds in aqueous solutions, because the mass transport of
organics to the electrode surface within a certain range of concen-
trations was a limiting step in the photoelectrocatalytic oxidation
process [46].

Fig. 7 shows the relationship between the glucose concentra-
tions and the inet values. For all the investigated samples, inet

increased as the glucose concentration increased, while different
linear range was obtained. The sample with thermal treatment at
500 ◦C exhibited the most excellent performance which had the
widest linear range with an upper limit of 1.1 mM. In compari-
son, upper limits of 0.9 mM and 0.7 mM could be achieved by the
samples annealed at 400 ◦C and 300 ◦C, respectively. For the sam-
ple without thermal treatment, inet gradually deviated from the
straight line when glucose concentration only reached 0.5 mM. The

lower upper limit was due to the inefficient photocatalysis which
depressed the oxidation of glucose. As a result, the photocatalysis
took the place of mass transport and gradually became the limiting
step as the glucose concentration increased. These results conform
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Table 1
The number of transferred electrons (n) in exhaustive oxidation for the investigated
organic compounds.

Organic compounds Molecular structure n

Ethanol CH3CH2OH 12

Succinic acid

O

O

OH
HO

14

Acetone
O

16

Trisodium citrate

OH

O O

O

O

OO

Na

Na

Na

18

Glucose

C
H O

OHH

HHO

OHH 24
Fig. 7. The plots of inet value against glucose concentration for each sample.

o the aforementioned observation in the photoelectrochemical
haracterization of the samples.

For the determination of other organics, the sample with best
erformance was used to carry out photocatalysis in order to
emonstrate its sensibility to organic compounds in aqueous solu-

ions. Fig. 8A shows the relationship between the inet values and the
oncentrations of various organics. It was found that the inet was
irectly proportional to the concentration for all the investigated
rganic compounds. Photocatalysis is actually a process which
hotogenerated holes capture electrons from organic compounds.

ig. 8. (A) The plots of inet values against concentrations of various organics. (B)
he plot of inet value against concentration of electrons transferred in exhaustive
xidation for various organics.

OHH

H2C OH

Potassium hydrogen phthalate (KHP)
OH

O

30
O

O

K

Different organic compounds will contribute different number of
electrons when exhaustively oxidized into H2O and CO2. The num-
ber of electrons (n) transferred in exhaustive oxidation for the
selected organic compounds are listed in Table 1. The concentra-
tion of these electrons can be obtained through multiplying the
concentration of the organics by the number of transferred elec-
trons (n). Then, a new relationship for the inet was established
by replacing the concentration of organics with the concentration
of transferred electrons, as shown in Fig. 8B. Excellent linearity
(R2 = 0.9977) between the inet and the concentration of transferred
electrons was obtained. The detection limit was 0.2 mM for the
transferred electrons based on three times the standard deviation
(S/N = 3) of the blank solution with 11 parallel measurements. Con-
sequently, the detection limit for each organic compound could
be obtained by dividing 0.2 mM by the corresponding number of
transferred electrons. For example, the detection limits were 8 �M
and 14 �M for glucose and succinic acid, respectively. Moreover,
the prepared TiO2 nanorod arrays had good adhesion to the Ti sub-
strate, and did not easily lifted off in continuous operations, which
resulted in an excellent reproducibility in determination of organ-
ics. The relative standard deviation was 1.32% for 0.5 mM glucose
at 10 repetitive measurements. These results suggest a potential
application of the TiO2 nanorod arrays as a sensor not only for indi-
vidual organic compound but for a group of organic compounds.

4. Conclusion
The present paper demonstrated high-density arrays of verti-
cally oriented TiO2 nanorods on Ti foil by a simple and undefiled
method via oxidizing Ti foil in H2O2 solution. This method was
template-free, and the formed TiO2 nanorod arrays were in anatase
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hase prior to thermal treatment or mixed phase after thermal
reatment. The photoelectrochemical experiments indicated that
he TiO2 nanorod arrays in mixed phase presented higher pho-
ocatalytic activity than the anatase TiO2 nanorod arrays. Sensing
bility for organics in aqueous solutions by steady-state photocur-
ent resulted from photocatalysis of TiO2 nanorod was exhibited.
he inet was directly proportional to the concentration for all the
nvestigated organic compounds. The mixed crystal TiO2 nanorod
rrays which had the highest photocurrent exhibited the best per-
ormance in determination of organics in aqueous solution.
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