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Nitrogen doped TiO,/Ti photoelectrodes were prepared by a sequence of anodization and plasma based
ion implantation (PBII). The properties of this photoelectrode were characterized by scanning electronic
microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction (XRD), X-ray photoelectron spec-
trometry (XPS), Ultra violet/visible light diffuse reflectance spectra (UV/vis/DRS), surface photovoltage
(SPV), etc. Photoelectrocatalytic (PEC) performance of N-doped TiO,/Ti photoelectrode was tested under
visible light irradiation. Their photocatalytic activity was evaluated by degradation of Rhodamine B (Rh.B).

gg:;’?‘;fﬁotoelectrode The results of XPS showed that nitrogen element was in form of three species, i.e. 3-N, molecular y-N
Anodization and O-Ti-N, which existed in the lattices of TiO, and gaps between molecules. The results of UV/vis/DRS
Plasma based ion implantation (PBII) spectra and SPV revealed that proper doping of nitrogen could expand the response of photoelectrodes
Nitrogen towards visible light and diminish the recombination of photo-generated holes and electrons, respec-

tively. The photoelectrocatalytic activity of N-doped TiO,/Ti photoelectrodes was superior to those of
undoped one under visible light region irradiation.

Photoelectrocatalysis

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of water splitting on TiO, surfaces by photo-
irradiation, TiO; has attracted extensive interest. In the past three
decades, titanium dioxide has been extensively studied through-
out the world and considered as promising photocatalyst in the
degradation of organic pollutants, sewage treatment, and disinfec-
tion due to its superior photocatalytic activity [1-6], which can
decompose organic contaminants in wastewater to CO, and H,O
effectively, as well as eliminate hazardous gases in atmosphere [7].

Unfortunately, TiO, photocatalyst has a band gap of 3.2 eV, and
can only be activated by UV radiation (A <387 nm) that constitutes
only a small fraction (3-5%) of the solar spectrum. Thus, the use
of visible light (400-750 nm), which constitutes ~45% of the solar
spectrum, is limited due to its wide band gap [8]. In addition, the
high recombination rate of electron-hole pairs on the surface and
in the bulk phase of TiO,, and the low quantum yield holds back its
practical applications as photocatalytic materials [9].

Therefore, developing a novel method that provides photocat-
alyst with sufficient photosensitivity in the visible light region has
been the major research effort in the recent years. For this pur-
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pose, many methods have been investigated, including transition
metal and rare earth element doping, noble metal deposition, semi-
conductor coupled and dye sensitization, etc [10-14]. Recently, it
has been found that TiO, doped with some elements such as N, S,
F and C would extend the photoactive region to the visible light.
Nitrogen doping seems to be more attractive among all of these
anionic elements due to its comparable atomic size with oxygen,
small ionization energy, metastable center formation and stability
[15]. Among the nonmetals (C, N, F, P and S) studied for doping,
theoretical calculations predicted an ideal band-gap control for N-
doping of TiO, was the same as the experimental results, which
showed promising photocatalytic activity [8]. Pelaez et al. pre-
pared N/F codoped TiO, nanoparticles by a sol-gel method and
degrade microcystin-LR in water [16]. Livraghi et al. also proposed
that nitrogen species involved in N-TiO, was responsible for visible
light absorption for promotion of electrons from the band gap local-
ized states to the conduction band or to electron scavengers [17].
Furthermore, Nakamura et al. showed that the photo-excitation
from the nitrogen doping level located at ca.+0.75 eV above valence
band to the conduction band [18].

Many kinds of nitrogen sources have been used for the prepa-
ration of N-TiO,, including urea, sulfur urine, tri-ethylamine
ammonia ammonium chloride and ammonium nitrate [9]. It is
feasible that doping (nitrogen) elements into the TiO, nano-
powders can achieve high photocatalytic activity under visible
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light. However, the separation problems of TiO, powder hold back
its utilization in wastewater treatment [9,19]. Therefore, many
kinds of TiO, films on various substrates were used to substitute
TiO, nanopowders as photocatalyst, such as glass, hydrophobic
montmorillonite, zeolite, activated carbons, stainless steel, foamed
aluminum, etc [20-25]. Fortunately, the fabrication of TiO film by
an anodic oxidation provides a unique opportunity for the photo-
catalysis application. In-situ anodic oxidation has been a new focus
in photocatalytic filed, which may be carried out conveniently.

We have successfully fabricated TiO,/Ti photoelectrodes based
on in situ growth of TiO, film on titanium substrate in previous
research [26]. In order to promote the visible light response we
carried out the synthesis of well-performed N-doped anodization
TiO,/Ti photoelectrode at low temperature by plasma based ion
implantation (PBII). To the best of our knowledge, there has not yet
been any report on N-doped TiO,/Ti photoelectrode by PBII.

In this paper, the crystal structure, electrochemical proper-
ties, and photoelectrocatalytic activity of N-TiO, /Ti photoelectrode
by PBII were investigated. The electrode was characterized by
SEM, AFM, XRD, XPS, UV/vis/DRS and surface photovoltage spec-
troscopy (SPV), as well as photoelectrochemical measurements.
Photocatalytic activity of the N-doped TiO,/Ti photoelectrodes was
evaluated using Rhodamine B (Rh.B) solution as the objective sub-
stance. It is of significant importance to the TiO, photocatalyst for
practical applications.

2. Experimental methodology
2.1. Materials and instruments

Titanium plate (purity>99.5%) was purchased from Baoji
Titanium and Nickel Manufacture Ltd. Company, China. The exper-
imental solution prepared with doubly distilled water. Other
chemicals were of analytical reagent grade and used without fur-
ther purification.

Scanning electronic microscopy (SEM) images were obtained
to characterize the surface morphology and pore distribution
by D/max-rB SEM. Atomic force microscopy (AFM) images were
obtained using DI D-3100 AFM (USA). X-ray diffraction (XRD) spec-
tra were obtained using a Rigaku D/max-vyB diffractometer with Cu

Ko radiation (A =1.5417 A).

The surface composition and bonding of the films were detected
by an X-ray photoelectron spectrometry (XPS, PHI 5700 ESCA
system spectrometer) using Al-Ka X-ray (1486.6eV) at 15kV
and 100W. The binding energy was referenced to the C 1s
line at 284.8eV for calibration. Ultra violet/visible light diffuse
reflectance spectra (UV/vis/DRS) spectra with a wavelength range
0f200-800 nm were recorded at room temperature using a Lambda
900 UV-vis-DRS spectroscopy with a diffuse reflectance accessory,
and pure TiO, were used as references. The surface photovoltage
spectroscopy (SPV) was tested in Jilin University. Photoelectro-
chemical performance was investigated using a CHI EC analyzer
(a Model 263A Potentiostat/Galvamastat, America) in a standard
three electrode configuration with the N-doped TiO, photoelec-
trode (1.cm?) as a photo-anode, Pt foil as the counter electrode, and
asaturated calomel electrode (SCE) as the reference electrode. 35 W
HID Xenon light (Germany) was used as the light source with a dis-
tance of 3 cm from the anode. All the experiments were performed
at room temperature.

2.2. Experimental installation

As shown in Fig. 1, the main components were the cylindrical
quartz cell of 25 mm in diameter and 50 mm in height. The reactor
contained a N-doped TiO,/Ti photoelectrode, the working electrode

Fig. 1. Schematic diagram of the reactor for photoelectrocatalytic oxidation: (1) Xe
lamp; (2) N-doped TiO,/Ti photoelectrodes (anode); (3) Pt cathode; (4) reactor; (5)
potentiostat.

(WE), used as the anode and a Pt plate of 50 mm in length and
20 mm in width, the auxiliary electrode (AE), used as the cathode.
35W HID Xenon light was positioned against the reactor, facing
the N-doped TiO,/Ti photoelectrode. A potentiostat (Sanke limited
company, Shanghai) was used to provide a potential bias between
the anode and cathode.

2.3. Preparation of N-Doped TiO,/Ti photoelectrode

TiO,/Ti photoelectrode based on Ti substrate was fabricated
according to the method reported in the literature with a little
modification. Titanium sheet of 0.50 mm thickness was used as
the substrate. Prior to anodic oxidation, the titanium sheet was
mechanically polished with different emery papers to a mirror-like
finish. Then the polished titanium was e ultrasonically cleaned in
deionized water for 20 min, and subsequently it was chemically
etched by immersing in a mixture of HFfHNO3/H,0 (1:4:5 in vol-
ume) for 30s and rinsed by deionized water carefully. Finally the
as-prepared TiO,/Ti photoelectrode was dried at room tempera-
ture.

The TiO, /Ti photoelectrodes were made by anodization in a two-
electrode EC cell with a solution of 0.5 mol/L H,SO4 with a Ti sheet
serving as the anode and copper sheet serving as the cathode. All
the anodization experiments were performed at room tempera-
ture. Anodization was done in two steps: (1) the current density was
kept at 100 mA/cm? from the beginning of the oxidation until the
voltage reached 160V; (2) the voltage of anodization (160V) was
kept constant until the current density decreased to 36 mA/cm?.
The whole anodization process lasted for 10 min. After the anodiza-
tion, the sample was immediately rinsed with deionized water. N
ion was implanted by PBII (self-made by Harbin University) under
200°C. The schematic of PBII was shown in Fig. 2.

2.4. Photoelectrocatalytic activity evaluation of N-doped TiO,/Ti
photoelectrodes

The PC and PEC performance of N-doped TiO,/Ti photoelec-
trodes was investigated in aqueous solution using Rh.B as a target
pollutant in a single photoelectrochemical compartment.15 mL of
Rh.B solution (5 mg/L) was added into the quartz reactor. The PEC
degradation experiments were investigated with 35 W HID xenon
light simulated solar light. The irradiation lasted for 2 h. The degra-
dation of Rh.B was analyzed using a 752 spectrophotometer at
wavelength of 552 nm.
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Fig. 2. The schematic of plasma based ion implantation.

The degradation of Rh.B was calculated using the following for-
mula:

D(%) =

% x 100%

0

where (j is the initial concentration; C is the concentration after a
certain period of illumination time.

3. Results and discussion
3.1. Characterizations of N-doped TiO,/Ti photoelectrodes

3.1.1. Surface morphology of N-doped TiO,/Ti photoelectrodes

SEM was employed for the morphological characterization of
the TiO, photoelectrodes, as shown in Fig. 3. The surface topog-
raphy and roughness were also investigated by atomic force
microscopy (AFM). The AFM images of N-doped TiO, /Ti photoelec-
trodes are shown in Fig. 4.

Apparently, TiO,/Ti photoelectrodes showed gray color, while
N-doped TiO;/Ti photoelectrode were light yellow. Both images
clearly demonstrate that the anodization film displayed a rough
and porous surface.

Therefore, it can be concluded that the N-doped TiO- /Ti photo-
electrode had much more microporous and larger roughness than
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undoped TiO,. The dia of N-TiO,/Ti was 103.88 nm, while undoped
one was 80.39 nm. More microporous and larger roughness indi-
cated that the N-doped TiO,/Ti photoelectrode had larger specific
surface area and more active sites, thus, might present higher
adsorption capacity and promote its photocatalytic activity.

3.1.2. XRD analysis of N-doped TiO,/Ti photoelectrode

The crystal structure significantly influenced the photocatalytic
activity of TiO, photoelectrode. Amorphous crystal showed little
photocatalytic activity due to crystal defect state, i.e. the unbonded
oxygen, might become the recombination centre of photoelectron
and hole.

Fig. 5 is the XRD patterns of the undoped TiO, and N-doped TiO,
photoelectrodes. The patterns showed that the films were mainly
composed of anatase phase and rutile phase. The crystal of undoped
and N-doped TiO, photoelectrodes showed little difference. None
of N-peak was observed most probable that the amount of doped
nitrogen is low and this element entered the crystal lattice of TiO,.

The average crystal size can be calculated by the Scherrer’s for-
mula, i.e. D=0.89)/BcosH, where D is the crystal size, A is the
wavelength of X-ray radiation, § is the line width at half-maximum
(FWHM) and 6 is Bragg angle.

On the basis of the Scherrer’s formula, the average crystal sizes of
the N-doped and non-doped TiO, photoelectrodes were calculated

Fig. 3. SEM images of photoelectrodes: (a) TiO,/Ti photoelectrodes; (b) N-doped TiO,/Ti photoelectrodes.
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Fig. 4. AFM images of photoelectrodes: (a) TiO,/Ti photoelectrodes; (b) N-doped TiO,/Ti photoelectrodes.

to be ~24 and ~32 nm, respectively. It indicated that the incorpo-
ration of nitrogen into the film of TiO, could hinder the growth of
crystalline particles.

An effective method of enhancing the photocatalytic activity is
to hinder the recombination of photo-generated electro and hole
pairs. The particle diameter may influence the photochemical and
electrochemical properties of catalyst. Smaller size can facilitate
the separation of charge carriers.

3.1.3. XPS analysis of N-TiO,/Ti photoelectrode

Investigation of the oxidation state of the nitrogen dopant was
carried out by XPS. Fig. 6 is the XPS full-scale pattern of N-doped
TiO,/Ti, which shows that the N-doped TiO, film contained four
peaks, including Ti 2p, O 1s, N 1s and C 1s. Among them, Ti and O
were main contents, while C could be ascribed to the residual car-
bon from the precursor solution and the adventitious hydrocarbon
from the XPS instrument itself. Figs. 7 and 8 were high resolution
spectrum of Ti 2p and O 1s. The results revealed that the titanium
was mainly at Ti** while the O element existed as two kinds of
chemical states involving the crystal lattice oxygen and adsorbed
oxygen.

Compared with the undoped TiO,, the O 1s peak of N-doped
TiO, film slightly shifted toward higher binding energy and the Ti
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Fig. 5. The X-ray diffraction pattern of undoped and N-doped TiO, electrodes.
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Fig. 8. O 1s XPS spectrum of N-doped TiO,/Ti.

2p peak slightly shifted toward lower binding energy, respectively.
The shifting might be resulted from the fact that some of oxygen of
O-Ti-0 was substituted with nitrogen to form O-Ti-N.

Fig. 9 shows the XPS spectra for the N 1s region of N-doped
TiO, and its fitting curves. There is a broad peak observed from 397
to 403 eV. Three well-defined peaks can be distinguished, which
indicated the N 1s binding energies were 401.88,399.75,395.59 eV,
respectively. Usually the peak at 396 eV could be assigned to an
atomic 3-N state (for example in TiN) and the one at 400 eV could
be assigned to a well-screened y-N state (essentially adsorbed N),
while the one at 396-400 eV was ascribed to a O-Ti-N state, which
was in agreement with the findings reported by Chen and Burda
[27] and Valentin et al. [28]. According to Valentin et al., the N 1s
peak is possibly due to a variety of substitutional (O-Ti-N) and/or
interstitial (NO, NO, or NHy) nitrogen species in the TiO, matrix.
Therefore, one can deduce from XPS results that nitrogen was not
only successfully implanted in the structure but it was also present
in a chemically bonded state, indicating that this type of nitrogen
was the active doping species.

3.1.4. Photo absorption performance of N-TiO,/Ti photoelectrode
The UV/vis/DRS of TiO, photoelectrodes are presented in Fig. 10.
In the UV light region, the absorption intensity of the N-doped sam-
ple was increased significantly which indicated that the N-doped
TiO, photoelectrode was more sensitive to UV light than that of

Intensity / (a.u.)

1 1 " 1 i 1 n 1 " 1 i "
406 404 402 400 398 396 394 392
Binding Energy / eV

Fig. 9. N 1s XPS spectrum of N-doped TiO,/Ti.

Absorbance/(a.u.)

200 300 400 500 600 700 800
Wavelength/nm

Fig. 10. UV/vis/DRS spectra of N-doped and undoped TiO,Ti.

the non-doped one. Moreover, an additional edge in the visible
range is present. In the meantime, a shift of the absorption thresh-
old toward the visible light region was observed for the N-doped
sample. The absorption of visible lights of N-TiO, is due to the exci-
tation of electrons from localized N-doping level in the band gap
[29]. The valence band of N-TiO, consisted of N 2p and O 2p, that is,
only donor energy states existed in the band of N-TiO,. As a result,
the recombination probability of hole-electron pairs was reduced
largely [30]. The DRS results signified that the N entered into the
atomic lattice of TiO, might decrease the band gap and thus had a
red shift in UV-vis absorption band, which might promote the PC
activity of TiO, film. Consequently, a higher solar light response of
the N-doped TiO,/Ti photoelectrode than the non-doped one might
be exhibited as suggested by the UV/vis/DRS spectra.

3.1.5. SPV analysis of N-TiO,/Ti photoelectrode

SPV spectroscopy is a good tool for studying photogenerated
charge carriers in nanostructured materials [31]. It can detect an
optical absorption spectrum by the illumination-induced change
in the surface potential due to the drift, accumulation, and recom-
bination of photogenerated carriers. It is generally accepted that the
higher SPV signal suggests the higher separation rate of photogen-

Photovoltage/(a.u.)

300 350 400 450 500 550 600

Wavelength/nm

Fig. 11. SPV spectra of N-doped TiO,/Ti and undoped photoelectrode.
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Fig. 12. Open-circuit photovoltage vs. time curves of N-TiO,/Ti photoelectrode.

erated charge carriers. The SPV spectra of N-doped and undoped
TiO,/Ti are shown in Fig. 11. N-doped TiO,/Ti photoelectrode dis-
played a much higher SPV signal than that of TiO,/Ti. Considering
the analysis in Fig. 11, this result proved our assumption, that is,
an elevated photocurrent density was obtained on the N-doped
photoelectrode due to its higher light response in the visible light
region. The obtained results are in agreement with those of the DRS
analysis, demonstrating that the N-doped TiO,, film prepared by ion
implanting was suitable to be utilized in visible light region.

3.2. Photoelectrochemical properties of N-TiO,/Ti electrode

3.2.1. Open-circuit photovoltage (OCP) analysis

The photovoltage had also been measured under open-circuit
condition to investigate photoresponse of N-TiO,/Ti photoelec-
trode. The photovoltaic response was an important parameter for
the characterization of photoresponse activity. A higher photo-
voltage means a more possible accumulation of photo-generated
electrons on the conduction band of titania. Once light source
was turned on, the potential immediately negatively shifted under
white light irradiation and switched back promptly to less negative
values than its rest potential due to fast charge recombination after
the light was cut off. It meant that most of excited photoelectrons
transferred and accumulated on the conduction band of TiO,, which
accordingly contributed to the formation of the space charge layers
along the pore channels. When light was off, this potential gradu-
ally increased up to the initial value again. It indicated that these
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conduction band electrons must have suffered relaxation decay
through a recombination process with cationic radicals, which was
ascribed to a strong electric field distribution within the depletion
layers.

A comparison of the response of the OCP of the N-TiO;/Ti
photoelectrode and the TiO,/Ti photoelectrode, respectively, with
and without light illumination is depicted in Fig. 12. Herein the
photosensitization response of the two photoanodes exhibited a
similar varying tendency. However, the N-TiO,/Ti photoelectrode
displayed a higher photovoltaic response rather than the undoped
photoelectrode. It suggested that a more effective separation of
photo-generated electrons and holes, a higher photosensitization
activity and quantum efficiency could be achieved for the N-TiO,/Ti
photoelectrode, which was consistent with the SPV results.

3.2.2. Photocurrent measurements

The transient photocurrent spectra are generally acknowledged
as an effective parameter for the properties of light-induced inter-
face charge transfer between the interface of electrode and solution
[32].Fig. 13 depicts the transient photocurrent spectra of N-TiO, /Ti
photoelectrode in 0.5 mol/L Na,;SO4 at a sequence of applied poten-
tial increased from —0.2 to 0.4 V.

As illustrated in Fig. 13, N-TiO,/Ti photoelectrode showed dif-
ferent effects of bias potential on photocurrent. Under illumination
when the applied potential increased from —0.2 to 0.4V, the pho-
tocurrent density of N-TiO,/Ti photoelectrode increased rapidly,
which accounted for that with the increase of applied positive
potential, the Fermi level decreased and the driving force for sepa-
ration of holes and electrons increased. This demonstrated that the
recombination of photogenerated electrons and holes decreased,
which was in accordance with the SPV measurements, thus the
photoelectrochemical activity of N-TiO,/Ti photoelectrode was
promoted. Under the condition of light off, the transient photocur-
rent decreased with the applied potential shifting from 0 to —0.2V,
meanwhile, a minor reverse photocurrent appeared. It illustrated
that the negative potential was harmful for the separation of pho-
togenerated electrons and holes and the carriers entered into the
electrolyte solution and formed cathode photocurrent when the
light turned off.

3.2.3. Comparison of photocurrent

The magnitude of the anodic photocurrent was proportional
to the number of the photogenerated electrons that transferred
into the outer circuit. A more effective charge transport would
result in a larger photocurrent density. The photocurrent-time
curves of N-TiO,/Ti photoelectrode and TiO, /Ti photoelectrode are
shown in Fig. 14. As shown in this figure, the N-TiO,/Ti photoelec-
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Fig. 13. Transient photocurrent spectra of N-TiO,/Ti photoelectrode: (a) negative bias and (b) positive bias.
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Fig. 14. The photocurrent-time curve of N-TiO,/Ti and TiO,/Ti photoelectrode.

trode produced an anodic photocurrent density about 60 pA/cm?,
which was 1.5 times higher than that of TiO,/Ti photoelectrode.
The improved photocurrents indicated clearly that the N-TiO,/Ti
photoelectrode was more favorable for the transport of the photo-
generated electrons than TiO,/Ti photoelectrode, which indicated
the N-TiO,/Ti photoelectrode might have higher photochemical
activity.

3.3. PC performance under different nitrogen content

The N-TiO,/Ti photoelectrodes were prepared in different
conditions of nitrogen ion implantation voltage, i.e. —30 and
—50KkV, with the doping content of 4 x 10!> and 8 x 10'5 N/cm?,
respectively. The degradation efficiency of Rh.B under visible
light on the different phototelectrodes is displayed in Fig. 15.
It is directly seen from this figure that the Rh.B removal
rate on the N-doped TiO, photoelectrode was faster than
that on the non-doped one. After 2-h xenon-lamp irradiation,
58.3% of Rh.B was degraded on the N-doped photoelectrode,
ie. 1.94x10°mMmin~!cm~2, whose doping content was
4 x 10'> N/cm?, while ca. 46% of Rh.B was removed by the undoped
TiO, electrode, i.e.1.53 x 10> mM min~! cm—2.

061 i
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Fig. 15. Rh.B removal rate on the N-doped TiO, photoelectrode under different
nitrogen content.
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Fig. 16. PEC effect of N-doped photoelectrode vs. bias potential.

3.4. PEC performance of N-doped photoelectrode under different
bias potential

Fig. 16 shows the variation of Rh.B removal on N-doped TiO, /Ti
photoelectrode, whose doping content was 4 x 101> N/cm?, as a
function of the applied bias potential and xenon-lamp irradia-
tion time. The result showed that the applied bias potential can
improve the photocatalytic efficiency of N-doped TiO,/Ti photo-
electrode. When the applied potential was 1V, the removal ratio
of Rh.B reached 69%, i.e.2.31 x 10~> mM min~! cm~2, which was
higher than those of 0.6 and 1.4 V. This could be attributed to the
reason that the applied bias potential might drive photogenerated
electrons to the cathode through external circuit, thus would accel-
erate the separation of photo-generated carriers [33] and promote
the photocatalytic efficiency.

3.5. Comparison of PEC performance of N-TiO»/Ti and TiO,/Ti
photoelectrodes

Fig. 17 shows the variation of Rh.B removal on N-TiO;/Ti pho-
toelectrode in the conditions of doping content 4 x 101> N/cm?,
applied bias potential 0.6 and 1.0V, and xenon-lamp irradia-
tion, as well as the removal on undoped photoelectrode. The
result suggested that the applied bias potential could improve
the PEC efficiency, which was consistent with the results of
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Fig. 17. Rh.B degradation of N-TiO,/Ti and pure TiO,/Ti photoelectrodes.
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photochemical characterization. The Rh.B removal ratio on the
N-doped TiO, photoelectrode was ca.3% higher than that of
undoped photoelectrode.

4. Conclusions

The N-TiO,/Ti photoelectrodes had been prepared successfully
by the process of anodization and subsequent nitrogen doping by
plasma based ion implantation (PBII) technology. The photocat-
alytic performance of as-prepared N-TiO,/Ti photoelectrode was
better when the nitrogen injection was carried out on the voltage
—30KkV, nitrogen doping content of 4 x 101> N/cm2. Under visible
light, the Rh.B photocatalytic degradation ratio of N-doped TiO;/Ti
photoelectrode increased 12% compared with TiO,. In addition,
the photoelectrochemical efficiency of N-doped TiO,/Ti photoelec-
trode was ca. 3% higher than that of undoped TiO,.
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