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Aggregation of titania nanotubes (TNTs) fabricated by hydrothermal method were calcined in air and dry
nitrogen; Changes in morphology and crystallinity of the nanotubes were studied by means of TEM, EDX, and
XPS. EDX patterns and XPS spectra proved that there were a certain densities of oxygen vacancies in TNTs
annealed in N2. The photocatalysis experiments revealed TNTs/N2 possesses significantly higher photocatalytic efficiency than TNTs annealed in dry air to degrade methylene blue. The correlation between oxygen
vacancies and photocatalytic property may be attributed to: 1) oxygen vacancies might have affected results on
water molecules adsorption and increase of the hydroxyl concentration; and 2) oxygen vacancies resulted in
some changes in electronic structure of TNTs/N2 aggregation and Fermi level extends into the conducting band.
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Introduction
Transition metal oxide surfaces play an important role in a
wide range of applications such as heterogeneous catalysis,
photo-electrolysis, biocompatibility, and sanitary disinfection.1,2 TiO2 is a typical transition metal oxide with an
inherent photocatalytic activity. Among various oxide semiconductor photocatalysts, TiO2 has the greatest potential due
to nontoxicity, cheapness, strong oxidizing power, available
in large amounts, environmental safety, and so on. Compared with any other form of titania for application in photocatalysis, titania nanotubes (TNTs) have attracted much
attention because of their large specific surface area and
favorable surface chemistry.3,4 Synthesis of 1D TiO2 nanostructures may be achieved by various routes including
template-assisted fabrication, anodic oxidation or anodization of titanium, and alkaline hydrothermal synthesis.5-9
TiO2 nanotubes produced by hydrothermal synthesis possesses
high specific surface area which can lead to much higher
photocatalytic efficiency than the oriented structure and can
be recycled efficiently.10 As a result, hydrothermal synthesis
TiO2 nanotubes aggregation have a great potential as photocatalyst for highly efficient photochemical applications.
It has been reported that surface defects including step
edges, oxygen vacancies, line defects, impurities, and crystallographic shear planes dominate the electronic and photocatalytic properties of TiO2 nanotubes.11,12 Among these
defects, oxygen vacancies often dominate the electronic and
chemical properties of transition metal oxide surfaces,13 can
be obtained by ion sputtering,14,15 electron beam bombardment,16 thermal annealing in controlled gas,17 and low
energy ultraviolet photons illumination.18 Annealing TiO2 in
various conditions can effectively alter the crystal structure
and defect concentration.19-22 Hence, anneal in different
gases is considered to be viable approach to narrow the band

gap and enhance the electrical conductivity of TNTs.
In this work, we report the photocatalytic activity of TNTs
aggregation annealed in air and N2 respectively. The experimental results revealed the photocatalytic efficiency of
TNTs aggregation annealed in N2 increased significantly
than that of TNTs annealed in air. The influence of annealing
gases on the defects of TNTs aggregation was studied by
means of TEM, EDX, and XPS. The mechanism of oxygen
vacancies on the photocatalytic properties of TNTs aggregation was also investigated.
Experimental Protocols
TNTs aggregation samples were prepared by a chemical
process similar to that described by Kasuga et al..8,9 After
the hydrothermal reaction, the obtained material was washed
firstly by a 0.1 M HCl solution until the pH value reached
ca. 3, and then by distilled water until the pH value of the
rinsing solution reached ca. 6.5. After that, the samples were
washed with ethanol, followed by centrifuging to separate
the nanocatalyst from the suspension. The centrifuged
samples were dried in a vacuum oven at 80 oC for 8 hours
and then calcined at 450 oC in tube furnace, under a flow of
dry air and N2 for 3 hours, respectively. The resultant TNTs
aggregation samples are hereinafter designated as: TNTs/air,
for air-calcination, and TNTs/N2, for nitrogen-calcination.
Methylene blue (C16H18ClN3S·3H2O) was employed as a
model dye to evaluate the photocatalytic activity of the
TNTs/air and TNTs/N2. For each condition, 10 mg of
catalyst was dispersed in 100 mL MB aqueous solution with
an initial concentration of 4 × 10−6 mol/L. A 200 mL beaker
containing the catalyst and solution was placed into a
constant temperature water basin and a stirrer bar placed in
the solution ensured full suspension of the catalyst
throughout the experiment. The photocatalytic reaction was
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conducted at a constant temperature 20 oC under UV light
from a 30W amercury-vapour lamp at 365 nm positioned
horizontally above the liquid surface. Each experiment
conducted for 3 hours. The decomposition of MB was
monitored by measuring the absorbance of aliquot solution
using a spectrophotometer (Model: 722).
Transmission electron microscopy (TEM) analyses were
conducted using a JEM-2010FEF electron microscope (JEOL,
Tokyo, Japan), at 200 kV accelerating voltage. Elementary
analysis were studied by energy dispersive X-ray detector
(EDX, equip with SEM, Nova 400 Nano-SEM, FEI, Hillsboro,
OR). Oxygen vacancies were measured by means of X-ray
photoelectron spectroscopy (XPS, SSL-300 system, Surface
Science Laboratory Inc., Sunnyvale, CA).
Results and Discussion
Morphology and Structure of TiO2 Nanotubes. Figure 1
shows the SEM images of aggregation of TiO2 nanotubes
before annealing and after annealing in N2 at 450 oC. The
prepared nanotubes have an appearance of aggregation like
wool balls. The TNTs aggregation after annealing possessed
uniform diameter size of less than 1 μm. A single TiO2
nanotube is fine with a short length, and it is apt to curl
(Figure 1(b)). And hundreds of this kind of crooked nanotubes formed the structure of aggregation (Figure 1(a)).
Subero et al. reported that particles held together by larger
adhesive forces yield stronger agglomerates.31 This is largely
related to the effect of surface energy on the mechanical
properties of the agglomerate. The larger specific surface
area and higher surface energy of TiO2 nanotubes made the
energy to be in an unstable state, and so the nanotubes
became apt to form aggregation to achieve stability.
Figure 2 shows TEM images of the TiO2 nanotubes before
annealing (Figure 2(a), (b)), after annealing in air at 450
(Figure 2(c), (d)) and N2 at 450 (Figure 2(e), (f)), respectively. The images of (a) and (b) indicated that the prepared
nanotubes before annealing presented outer diameter of
approximately 9 nm and inner diameter of approximately 4
nm, while (c), (d), (e) and (f) indicated that TiO2 nanotubes
presented thicker outer diameters of about 10 nm and thinner
inner diameters of 2 nm after annealing. The tube walls of
the nanotubes after annealing, which are approximately 4
nm, are much thicker than ones before annealing, which are

Figure 1. SEM images of aggregation of TiO2 nanotubes.

Figure 2. TEM images of TiO2 nanotubes before annealing (a, b),
after annealing in air (c, d) and in N2 (e, f), respectively.

about 2.5 nm. And Figure 2(c), (d), (e) and (f) also revealed
that the annealing gas atmospheres have almost no influence
on the amorphous nature of TNTs.
Energy dispersive X-ray spectroscopy (EDX) analyses
(Figure 3) revealed that the TNTs were mainly composed of
titanium and oxygen, with trace amounts of carbon and other
elements. Interestingly, the ratio of Ti and O is approximately 1:2 in the sample of TNTs/air; while the ratio of Ti
and O is approximately 1:1.8 in TNTs/N2. In order to
accurately determine the degree of nonstoichiometry of
TiO2-x, further experiments with X-ray photoelectron spectroscopy (XPS) were introduced.
As shown in Figure 4, it was found that the two characteristic peaks of Ti2p1/2 was at ~465 eV and Ti2p3/2 was at
~459 eV in TNTs/air,23,35,36 but there was obvious shift to
low binding energy in the two peak positions binding energy
peaks of TNTs/N2. This strongly suggested that Ti4+ had
trends into transform to lower valence due to the loss of
oxygen annealing in N2. The full-width at half-maximum
(fwhm) of the XPS peak corresponding to Ti4+ (the Ti2p3/2
spectra) is slightly affected by the annealing atmosphere.
The Ti4+ peak varies from 1.02 to 2.05 for TNTs/air and
TNTs/N2, respectively. According to the literature,37,38 the
obvious blue shift to low binding energy may be attributed to
the charge effect. Part N atoms were introduced into the
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Table 1. The element analysis of XPS spectra of TiO2 nanotubes
annealed in air and N2, respectively
Element
Ti 2p
O 1s
C 1s
N 1s

Figure 3. EDX patterns of TiO2 nanotube annealed in air (a) and in
N2 (b) at 450 oC.

Figure 4. Ti2p XPS spectra of TiO2 nanotubes annealed in air (a)
and in N2 (b) at 450 oC.

TiO2 crystals and substituted for some of O atoms, the
electronegativity of N is lower than that of O in the structure
of O-Ti-N, and charges were transferred from N to Ti, which
caused the increase of electron atmosphere density of Ti and
the decrease of binding energy.
Table 1 is the element analysis of XPS spectra of TiO2
nanotubes annealed in air and N2, respectively. By comparison we found that the oxygen content of TNTs/air was
higher than that of TNTs/N2, which can be explained that the
oxygen atoms were lost in the course of anneal in oxygen
deficient condition in N2, and oxygen vacancies appeared.

Atom content (%)
annealed in N2

annealed in air

23.01
60.30
14.74
0.48

22.46
62.72
9.67
0.28

Figure 5. The efficiency of photocatalytic oxidation of methylene
blue by TNTs/air aggregation (a) and TNTs/N2 aggregation (b).

The content of carbon in TNTs/air was slightly lower, that
mainly due to the generation of CO2 in the process of
annealing. In addition, the adsorption of N2 on the surface of
TNTs/ N2 caused the content of N increased.30
Photocatalytic Activity. The photocatalytic activity of
TNTs/air aggregation and TNTs/N2 aggregation was evaluated by photocatalytic oxidation of MB in air. Each experiment of photocatalytic oxidation lasted 3 hours. Figure 5
shows the efficiency of the photocatalytic oxidation of MB
by TiO2 nanotubes annealed in air and N2 at 350 oC, 450 oC,
550 oC and 650 oC.
In Figure 5, obviously TNTs/N2 aggregation possesses
significantly higher photocatalytic efficiency than TNTs/air.
This could be attributed to the formation of a certain densities of oxygen vacancies in TNTs/N2 as discussed previously. The ideal TiO2(110) surface has two characteristic
surface sites: five-fold coordinated Ti4+ atoms and two-fold
coordinated O2− atoms. When the surface is slightly reduced
by vacuum annealing, single oxygen vacancies (the most
predominant surface defect) are formed.25 It is generally
accepted that O vacancies enhance the reactivity of the
TiO2 (110) surface.24,26-28 The correlation between oxygen
vacancies and photocatalytic property of TNTs may be
attributed to two aspects reasons. One is that oxygen
vacancies might have affected results on water molecules
adsorption and increase of the hydroxyl concentration.
Schematic of the water molecules adsorption at the TiO2
surface in TNTs/N2 is shown in Figure 6. From this figure,
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Figure 6. Schematic of the water molecules adsorption at the TiO2
surface in TNTs/N2.

we can see that once one O atom losing, Ti atoms presented
at the TiO2 surface become bonds to the hydroxyl groups
due to water adsorption and dissociation. Correspondingly,
the coordinated bridging O atoms at the surface become
bonded to waterderived hydrogen. The dissociation of a
water molecule at the surface thus results in two hydroxyl
groups: one bonded to the previously coordinated Ti (the
basic site) and the other formed by the bonding of a proton
to the coordinated bridging O (the acidic site).29
It was proved that O2− was generated by the combine of
oxygen vacancies and O2, which reduced the recombine of
photo-generated electrons and holes.33 As the active species,
O2- surface states (valence-gap energy of 2.87 eV) can have
reaction with the adsorbed water molecules as follows:
2O2− + 2H2O − 2e− → 2H2O2 +O2
O2 + e− → O2−
H2O2 + e− → OH− + •OH

(1)
(2)
(3)

From the above reaction we can see that several small
oxygen-containing molecules such as O2−, H2O2 and •OH,
highly reactive species are generated from the surrounding
water by charge exchange between the valence band and
conduction band. These radicals and peroxide ions are able
to virtually oxidize all organic materials to CO2 and H2O.
Hence, the existence of the O2− surface states was in favor of
the separation of photo-generated carriers of TiO2 surface. In
addition, mainly due to the polarization of water, the surface
band bending of TiO2 increased after adsorbing a small
amount of water molecules and the separation efficiency
of photo-generated carriers was also enhanced. With the
increase of the adsorbed water molecules on the surface of
TiO2, the holes transferred to the surface of TiO2 and produced ·OH with hydroxyl. The presence of •OH was beneficial
to the photo oxidation, therefore, the higher hydroxyl
content of TiO2 surface had, the more •OH produced, which
finally lead to the enhancement of the photocatalytic activity
of TiO2.33
Another reason is that there are some changes in the
electronic structure of TNTs/N2 with oxygen vacancies,
which lead to a change of the interaction between electrons.
Heller et al considered that lattice defect can raise the Fermi
level of TiO2, correspondingly increase the height of the
potential barriers that repel electrons from the surface,
reduce the rate of recombination of electrons and holes.34
Hou et al.32 studied the effect of oxygen vacancy in anatase

TiO2 crystal on the optical property through using the plane
waves ultrasoft pseudopotential technique, which was based
on density functional theory. Compared with the pure
anatase TiO2 crystal, they found that the Fermi surface of the
total density of states (TDOS) extended into the conducting
band, which leaded to decrease of band gap and the Ti 3d
state of the anatase crystal of TiO2 at −6.097 eV showed new
split peaks. According to the calculations, the band gap of
the anatase crystal TiO2 with oxygen vacancy reduced
approximately by 0.176 eV. This result exerts an important
influence on the optical property of TiO2 crystal and is
responsible for the large improvement in photocatalytic
efficiency.
In our experiment, TNTs/N2 aggregation possesses significantly higher photocatalytic efficiency than TNTs/air aggregation was observed. Annealing under a reductive environment, such as in nitrogen, the oxygen vacancies can be
generated in the TiO2 structure due to a partial oxygen loss.
That in turn would results in more hydroxyl groups, which is
discussed previously, and at the same time, would change
the electron density and the electrical properties of the
material. Consequently the two main reasons made a higher
photocurrent density observed in TNTs aggregation annealed in nitrogen. In our future research, we will focus on which
one is the predominant power in the two reasons.
Summaries
The experimental results revealed TNTs/N2 aggregation
possesses significantly higher photocatalytic efficiency than
TNTs/air aggregation. This could be attributed to the formation of a certain densities of oxygen vacancies in TNTs/N2
that proved by EDX patterns and Ti2p XPS spectra. The
correlation between oxygen vacancies and photocatalytic
property may be attributed to two reasons. One is oxygen
vacancies might have affected results on water molecules
adsorption and increase of the hydroxyl concentration. And
another reason is oxygen vacancies resulted in some changes
in electronic structure of TNTs/N2 aggregation and Fermi
level extends into the conducting band.
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