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ABSTRACT: In the current research, P25 TiO2 materials sealed in quartz vacuum tubes were subject to annealing and ice-water
post-quenching, with the effects on TiO2 structures, morphology, and photocatalytic activity being studied. It is shown that the
vacuum-sealed annealing can lead to a decrease in the crystallinity and temperature of anatase-to-rutile phase transition. A disorder
layer is formed over TiO2 nanoparticles, and the TiO2 lattices are distorted between the disorder layer and crystalline core. The ice-
water post-quenching almost has no effect on the crystalline structure and morphology of TiO2. It can be seen that the vacuum-
sealed annealing can generate more defects, and the electrons are mainly localized at lattice Ti sites, as well as the percentage of bulk
oxygen defects is also increased. Although further ice-water post-quenching can introduce more defects in TiO2, it does not affect the
electron localization and defect distribution. The vacuum-sealed annealing process can increase the photocatalytic acetone oxidations
of the anatase phase TiO2 to some extent, possibly because of the defect generation and Ti3+ site formation; the further ice-water
quenching leads to a decrease in the photocatalytic activity because more defects are introduced.

1. INTRODUCTION
Defect engineering is a main strategy to modify the photo-
catalytic properties of semiconductors.1−3 It had been reported
that both the native and extrinsic defects can play a major role in
photocatalytic reactions for many materials,4−6 such as volatile
organic compound removal and polluted water treatment.7,8 As
a prototype of photocatalytic materials, the effect of defects for
TiO2 materials on their photocatalytic properties has been
widely studied.9−15 It was found that defects can result in
intermediate gap states under a synergism with lattice Ti
atoms;16−18 this can alter the charge carrier kinetics and
photocatalytic activities.19−21 Therefore, defect physics and
chemistry are important and meaningful for TiO2 photo-
catalysis.

The role of defects depends on their location in the TiO2
lattice. Bulk defects cannot affect charge carrier transfer as they
are separated from photocatalytic reactants, so it is considered
that they generally form recombination centers and are harmful

to photocatalysis. Surface defects are able to change charge
carrier transfer to reactants, so the photocatalytic property could
be increased. For example, many studies had reported that
surface oxygen defects can increase the photocatalytic
activities;22−24 It had also been shown that bulk oxygen defects
can cooperate with surface oxygen defects in photocatalytic
reactions.25,26 The self-dopants, Ti3+ ions, cannot be formed in
native TiO2. More Ti3+ states can be generated in reduced
environments for responding to visible light;27−30 it had also
been reported that bulk Ti3+ sites might increase the charge
carrier mobility, and surface Ti3+ states are dynamically formed
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and can shuttle electron transfer to generate H2.
31 Zhang et al.

proposed a strategy to increase the thermal activation of the
trapped electrons out of deep-level defects by introducing
shallow defects. They showed that the incorporation of
hydrogen dopants into TiO2 lattices can form shallow-level
defects above the deep oxygen vacancies, and it was seen that the
solar light-induced CO2 reduction and UV light-induced
acetaldehyde removal can be greatly increased.32 It is also
found that the disordered layer, which can also be considered as
a kind of defect that is located over surfaces, is meaningful in
increasing the photocatalytic properties. In a study performed by
Zhang et al., high-powered ultrasonic treatment was used to
generate a disorder layer over TiO2, which also promoted the
high-dispersion Pt nanoparticles over surfaces; the obtained Pt/
TiO2 shows highly photothermal CH4 formation during CO2
reduction.33

The native defects are very low in intrinsic TiO2, so many
methods, such as chemical reduction, vacuum annealing, Ar+ ion
sputtering, and high-energy electron bombardment, were used
to create extra defects.25,34,35 Different methods could lead to
different kinds of defects, and their effect on TiO2 photocatalytic
activity might also be different. From this viewpoint, developing
a new defect formation method and studying the role in
photocatalysis are still attractive for TiO2 and other materials.
Recently, ice-water36 and liquid-N2

37 quenching were used by us
to create defects in TiO2, and it was seen that the photocatalytic
activities can be increased to some extent. The present research
studied the effect of the vacuum-sealed annealing and the post
ice-water quenching on the defects of TiO2, and the effects on
structure and morphology were also investigated. It was found
that the photocatalytic activity of the anatase TiO2 was increased
to some extent by the vacuum-sealed annealing, which is
however decreased after ice-water post-quenching.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. Commercial P25 TiO2 was used

as the source material without further treatment. As shown in
Figure 1, 0.5 g of TiO2 was first placed in a bottom-sealed quartz
glass tube and was then connected to a vacuum pump.
Oxyhydrogen flame was used to seal the quartz tube during
continuous vacuum evacuation. The sealed samples were then
annealed at different temperatures for 2 h. Just after annealing,
the samples were directly thrown into ice water for quenching.
The normally cooled samples, that is, the sealed sample was kept
in a furnace for slow cooling until room temperature, were also
prepared for comparison. In addition, the samples that were not
sealed in a quartz tube were also prepared by annealing in air and
then normally cooled in furanone. The normally cooled air-
annealed samples, normally cooled vacuum annealed samples,
and ice-water-quenched vacuum-annealed samples pre-an-
nealed at XXX °C are denoted as NA-TiO2-XXX, NV-TiO2-
XXX, and QV-TiO2-XXX, respectively.
2.2. Structural Characterization. The sample’s crystal-

linity was checked with a D/MAX-IIIA X-ray diffraction (XRD)
spectrometer in a 2θ mode and a RENISHAW Raman
spectroscope equipped with an optical microscope, with the
635 nmAr+ ion laser line being focused with an analyzing spot of
∼1 μm on the sample under the microscope for excitation. The
sample images were observed with a field emission transmission
electron microscope (type: JEM2100F, JEOL, Tokyo, Japan).
UV−vis diffusion spectra were obtained with a UV−Vis
photospectrometer in the wavelength range from 200 to 800
nm (type: UV-2600, Shimadzu, Tokyo, Japan). Surface chemical

compositions were determined by an X-ray photoelectron
spectrometer (type: VG Multilab 2000, Thermo Scientific,
Waltham, America), with an Al kα radiation being used as the X-
ray source, and the binding energy (284.6 eV) of C 1s electrons
was used as the energy reference. The X-band electron
paramagnetic resonance (EPR) spectra were recorded on a
Bruker EMX spectrometer equipped with a cylindrical quart
tube operating at 100 kHz field modulation and a temperature of
150 K. Positron annihilation lifetime spectra were recorded
using a conventional ORTEC-583 fast−fast coincident system at
room temperature to check the location of oxygen defects and
their relative contents.
2.3. Photocatalytic Activity Evaluation. The photo-

catalytic oxidation of acetone was used to evaluate the
photocatalytic activities under gaseous conditions. A self-
designed reactor that can well control the light intensity and
temperatures was used to conduct the experiments. A band-
passed filter was equipped with a 300W Xe lamp (PLS-SXE300,
perfect light) to generate a 365 nmmonochromic light. The light
intensity was measured to be ∼3 mW/cm2 with a Si diode
photodetector (Newport 818UV/DB). The reaction temper-
ature was kept at 50 °C to avoid the influence of ambient
temperature change. Surface temperatures were also confirmed
with an IR meter (FTIR E60), and it was seen that light
illumination had no effect. CO2 evolutions were used to evaluate
the photocatalytic activities. Samples (0.1 g) were dispersed in ϕ
30 glass containers with water. After drying, a thin TiO2 coating
was formed at the bottom of the container, which was used for
photocatalysis. All samples were illuminated with a UV light for
1 day to remove surface carbonate contaminates. Clean air was
first flowed through the reactor until the initial CO2
concentration was lower than 20 ppm, and the relative humidity
and relative [O2] were ∼ zero and ∼21%, respectively.
Photocatalytic acetone oxidations were then carried out
according to the following procedure. Liquid acetone (2 μL)
was injected into the reactor, which was then placed in the dark
for 80 min to allow an acetone adsorption over TiO2 surfaces.

Figure 1. Schematic diagram for the vacuum sealing of TiO2 in a quartz
tube, and the procedure for the normal cooling and ice-water quenching
of the vacuum-sealed TiO2.
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The light was then illuminating on the samples to start
photocatalytic reactions for a while. The concentrations of
acetone and CO2 were determined by a gas chromatograph
(GC-2018) equipped with a Ni-based methane convertor per 5
min interval.

3. RESULTS AND DISCUSSION
3.1. Crystalline Characterization. Figure 2A−D shows the

XRD patterns of NA-TiO2, NV-TiO2, and VQ-TiO2 after
annealing at 500, 600, 700, and 800 °C, respectively; the
crystalline plane indexes are labeled to show rutile and anatase
phases. It can be seen that the vacuum-sealed annealing lowers
the anatase (A) to rutile (R) transition temperature by 100−150
°C. The further ice-water quenching almost has no effect on the
transition temperatures and the TiO2 crystalline structure. The
promotion of A-R phase transition by vacuum-sealed annealing
was also confirmed by Raman scattering spectroscopy, as shown
in Figure 3A−D. We attribute the decrease of the A-R phase
transition temperature to the low oxygen amounts under
vacuum, which could result in more lattice defects that might
play a role in catalyzing the A-to-R transition. The relative
contents of rutile phase TiO2 in the different samples were also
obtained from XRD analysis and are shown in Table 1.

Figure 2D shows that all anatase TiO2 is converted to rutile
when the annealing temperature is 800 °C. The rutile
crystallinity is compared with the (110) peak intensities,
which shows that the refraction intensity of the NV-TiO2 and
QV-TiO2 samples is low as compared to that of NA-TiO2, so the
vacuum-sealed annealing results in the decrease of the TiO2
crystallinity. Figure 3 shows that the vacuum-sealed annealing
has a clear effect on the Ramanmodes for both anatase and rutile
phases. Figure 3A is normalized based on the strongest anatase
Raman Egmode at 638 cm−1. In addition to the anatase vibration

modes (339 cm−1 for the B1g mode and 516 cm−1 for the A1g
mode), the Eg vibration mode of the rutile phase also appears at
446 cm−1.38 It can be seen that the anatase Raman mode at 516
cm−1 decreases for the vacuum-sealed annealed samples. For the
samples annealed at 600 °C, the Raman spectrum of NA-TiO2
was normalized relative to the strongest anatase peak at 638
cm−1, and the Raman spectra of NV-TiO2 and QV-TiO2 are
normalized according to the strongest rutile Raman peak at 609
cm−1 (A1g mode). This result agrees with the XRD analysis that
all anatase is converted to rutile for the vacuum-sealed samples.
For the samples annealed at 700 and 800 °C, all Raman spectra
are normalized based on the strongest rutile vibration mode at
609 cm−1. It can be seen that the vacuum-sealed annealing leads
to an increase in the Eg Raman vibration mode at 446 cm−1 for
the rutile phase according to the unsealed samples. This Raman
vibration difference indicates that a structure change is caused by
vacuum-sealed annealing for both anatase and rutile phases. It is
considered that the defects caused by vacuum-sealed annealing
might have an effect on the Raman vibrations of TiO2. The
further ice-water quenching has no obvious effect on the Raman
spectra as compared to NV-TiO2. In addition, the Raman
vibration intensities of the NV-TiO2 and QV-TiO2 samples are
lower than that of the NA-TiO2 samples; this also shows a
decrease in crystallinity after vacuum-sealed annealing and is in
good accordance with XRD analysis.
3.2. Morphological Studies. Different from direct ice-

water quenching and liquid N2 quenching,
34,35 the above results

show that the vacuum-sealed annealing could change the TiO2
crystallinity; this might also have an effect on the TiO2
morphology. Figure 4 shows the transmission electron
microscopy (TEM) and high-resolution TEM (HR-TEM)
images of the untreated P25 TiO2, NV-TiO2-700, and NV-
TiO2-800. It can be seen from Figure 4A,B that the P25 material

Figure 2. XRD patterns of NA-TiO2, NV-TiO2, and QV-TiO2 prepared after annealing at 500 (A), 600 (B), 700 (C), and 800 °C (D), respectively.
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is mainly composed of irregular nanoparticles that show the clear
lattice planes of the anatase phase. The nanoparticles become
larger after annealing because of the anatase-to-rutile phase
transition. For NV-TiO2-700, Figure 4C,D shows a s ∼ 4 nm-
thick disorder layer around the TiO2 nanoparticles, and a core−
shell crystalline disorder structure is formed. In addition, there is
also a lattice distortion between the disorder layer and crystalline
TiO2. Figure 4E shows that the morphology of NV-TiO2-800 is
completely different from that of NV-TiO2-700 as the crystalline
core cannot be seen, and the HR-TEM image (Figure 4F)
further shows that the crystalline lattice planes cannot be seen. It
can be known that the formed disorder layer over the TiO2
surface is much thicker. The surface disorder layer can reduce
the crystallinity, in good accordance with the above XRD and
Raman analysis. The further ice-water quenching has no effect
on the morphologies of TiO2 nanoparticles.

3.3. UV−Vis Spectroscopy, EPR, and XPS Analysis.
Figure 5A−D shows the UV−vis diffusion spectra of NA-TiO2,
NV-TiO2, and QV-TiO2 after annealing at 500, 600, 700, and
800 °C, respectively. TiO2 belongs to indirect transition
semiconductors, with the product of absorption coefficients
above the absorption edge and the photon energy being
proportional to the root-square of photoenergies. The Tauc

plots of these samples are shown in the insets of these figures,
based on which the band gap width (Eg) was determined by
extrapolation. It can be seen that the Eg values of the different
samples are 2.92∼2. 95 eV, closing to the theoretical value of the
rutile phase. The vacuum-sealed annealing and further ice-water
quenching do not have an effect on the Eg values.

Although the Eg value is not changed, the vacuum-sealed
annealing has a clear effect on the band-tail absorption for all
annealing temperatures. It can be seen that the NA-TiO2
samples exhibit an exponential band-tail absorption below the
adsorption edge;39 this was however not seen in the absorption
spectra of the NV-TiO2 and QV-TiO2 samples, independent of
crystalline phases. The NA-TiO2 samples are shallowly yellow in
color, while the NV-TiO2 and QV-TiO2 samples are pale-white
and shallow-blue, respectively. When the annealing temperature
was 700 °C, Figure 5C shows that NV-TiO2 shows a clear wide
absorption at the wavelengths longer than 500 nm; this
absorption further increases when the temperature was 800 °C
(Figure 5D). Moreover, it can also be seen that the wide
absorption can be enhanced by ice-water quenching (QV-700
and QV-800). The exponential-tail absorptions in the spectra of
NA-TiO2 arise from the electron localization at oxygen vacancy
sties,40 and the visible−NIR featureless wide-range absorptions
in the spectra of NV-TiO2 and QV-TiO2 samples are attributed
to the electron localization at lattice Ti sites.18 Therefore, the
above result shows that the vacuum-sealed annealing process
can change the electron localization from oxygen vacancies to Ti
sites. It seems that, although the further ice-water quenching can
increase the defect concentration, the electron localization has
not been altered.

The EPR spectra of NA-TiO2, NV-TiO2, and QV-TiO2
samples after annealing at 800 °C were recorded to show
electron localization, as shown in Figure 6A. The g values at 1.98

Figure 3. Raman scattering spectra of NA-TiO2, NV-TiO2, and QV-TiO2 after annealing at 500 (A), 600 (B), 700 (C), and 800 °C (D), respectively.

Table 1. Rutile Relative Contents in the NA-TiO2, NV-TiO2,
and QV-TiO2 Samples

annealed temperature (°C) NA-TiO2 (%) NV-TiO2 (%) QV-TiO2 (%)

500 20.7 41.2 39.5
600 30.7 92.5 92.8
700 80.2 100 100
800 100 100 100
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and 2.003 are ascribed to Ti3+ and O2
−, respectively.41 It seems

that the Ti3+ signal shows a slight increase for the ice-water-
quenched vacuum-sealed sample; this also agrees well with the
UV−vis spectra. NV-TiO2 does not present increased Ti3+
signals due to the low amount as compared to NA-TiO2. The
surface chemical compositions of NA-TiO2-800 and QV-TiO2-
800 were also checked by XPS. Figure 6B,C shows the O 1s and
Ti 2p core-level spectra, as well as the Gaussian fitted lines. The
O 1s spectra contain two peaks at 530.9 and 530.2 eV,
respectively; they are ascribed to lattice oxygens and surface
hydroxyl groups (OH−), respectively.30 The Gaussian fitting
shows that the vacuum-sealed annealing results in a decrease in

the surface hydroxyl content because of the isolation of TiO2
from air. It can also be seen from Figure 6C that the Ti 2p
spectrum of QV-TiO2 shifts to a low binding energy as
compared to NA-TiO2, indicating that more defects are
generated by vacuum-sealed annealing and quenching; this is
in accordance with the UV−vis and EPR analysis.
3.4. Positron Annihilation Study. Positron annihilation

was used to analyze oxygen defects in the samples after annealing
at 800 °C because of more defects in this sample. The positron
decay spectra can be fitted with two characteristic lifetimes. The
longer lifetime component (τ2) arises from the positron trapped
by larger defects such as oxygen vacancy clusters (i.e., dimers,

Figure 4. (A,B) TEM andHR-TEM images of P25; (C,D) TEM andHR-TEM images of NV-TiO2-700; and (E,F) TEM andHR-TEM images of NV-
TiO2-800.
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trimers, or larger).26,42 Generally, the shorter lifetime
components (τ1) are attributed to the free annihilation of
positrons in defect-free crystals or the bulk single-electron-

trapped oxygen vacancies that possess one single electron.42 We
thus attribute the shorter one (τ1) to the positron annihilation at
the bulk oxygen vacancies or Ti3+ sites. Because the amount of

Figure 5. UV−vis diffusion spectra of the NA-TiO2, NV-TiO2, and QV-TiO2 samples after annealing at 500 (A), 600 (B), 700 (C), and 800 °C (D),
respectively (the insets show the Tauc plots for obtaining the forbidden band gaps).

Figure 6. (A) EPR spectra of NA-TiO2, NV-TiO2, and QV-TiO2 after annealing at 800 °C; (B) O 1s high-resolution core-level XPS spectra of NA-
TiO2 and NV-TiO2 after annealing at 800 °C; and (C) Ti 2p high-resolution core-level XPS spectra of NA-TiO2 and NV-TiO2 after annealing at 800
°C.
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surface oxygen vacancies is abundant, which can gather to form
dimer, trimer, or clusters, the longer one (τ2) corresponds to the
position lifetime annihilated in surface oxygen defects. As shown
in Table 2, the ratio of I2 (surface oxygen defect percentage) to I1

(bulk oxygen defect percentage) (I2/I1) of NA-TiO2, NV-TiO2,
and QV-TiO2 decreases; this indicates that the ratio of bulk to
surface defects is increased by vacuum-sealed annealing, and the
ice-water quenching can further increase the bulk defect content
by 6%. Therefore, the positron annihilation results also show
that the vacuum-sealed annealing and ice-water quenching
change the defect distribution defects and electron localization
at them; this is also in good accordance with the above UV−vis
spectroscopy analysis.

In summary, in addition to crystallinity and morphologies, the
vacuum-sealed annealing and ice-water quenching can affect the
defect and electron localization states; this might connect with

the oxygen vacancies that donate excess electrons in the TiO2
lattice. The electron localization at different sites can form
different intermediate gap states. The electron localization sites
(oxygen vacancies or Ti sites) also depend on the preparation
condition. The electrons mainly trapped at oxygen vacancies for
NA-TiO2, while they become localized at Ti sites for the
vacuum-sealed samples. In addition, the further vacuum-sealed
annealing can also increase defect concentrations and almost has
less effect on their distribution.
3.5. Photocatalytic Acetone Oxidations. When the

annealed temperatures were 700 and 800 °C, it can be seen
that the obtained TiO2 materials are inactive because all of the
anatase phase TiO2 is converted to rutile. Therefore, the
observed photocatalytic effect should be caused by the anatase
phase in the TiO2 materials. Figure 7 shows the CO2 evolutions
in the dark and under UV light illuminations during acetone
photocatalytic oxidations over NA-TiO2, NV-TiO2, and QV-
TiO2 annealed at 500 and 600 °C. It can be seen that the
vacuum-sealed annealing and the ice-water quenching lead to an
apparent decrease in CO2 evolution rates. As the contents of
anatase phase TiO2 in these samples are different, the
photocatalytic CO2 evolution rates were compared by normal-
izing to the anatase amounts of NA-TiO2, as shown in Figure 7C.
Independent of quenching or not, it can be seen that the
vacuum-sealed annealing can increase the photocatalytic activity
of the anatase TiO2 to some extent. The photocatalytic activity
of NV-TiO2-600 is ∼4 times higher than that of NA-TiO2.
However, ice-water quenching leads to the decrease of the
activity. Combined with the above analysis, it is considered that

Table 2. Positron Annihilation Lifetimes and Relative
Percentages Relating to Bulk and Surface Defects for the
Different Samples Annealed at 800 °C

sample τ1 (ps)a τ2 (ps)b I1 (%)c I2 (%)d I2/I1
NA-TiO2 156 269 25.7 74.3 2.89
NV-TiO2 166 297 45.1 54.9 1.21
QV-TiO2 182 309 46.7 53.3 1.14

aPosition annihilation lifetime relating to bulk oxygen defects.
bPosition annihilation lifetime relating to surface oxygen defects.
cRelative percentage of bulk oxygen defects. dRelative percentage of
surface oxygen defects.

Figure 7. CO2 evolutions during the photocatalytic acetone oxidations over NA-TiO, NV-TiO2, and QV-TiO2 annealed at 500 (A) and 600 °C (B);
(C) CO2 evolution rates of p25 TiO2 and anatase TiO2 phase in NA-TiO2, NV-TiO2, and QV-TiO2; and (D) repeated CO2 evolution rates of the
anatase TiO2 phase in NV-TiO2-600.
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the defect amounts and electron localization might be in close
connection with the photocatalytic properties, and defect
distribution should have less effect on photocatalysis. The
vacuum-sealed annealingmainly introduces Ti3+ defects, and the
ice-water quenching creates more bulk Ti3+ in TiO2. Therefore,
introducing a suitable amount of Ti3+ defects might be beneficial
for photocatalytic acetone oxidations, and more Ti3+ states
might form recombination centers and decrease the photo-
catalytic activity. In addition, the photocatalytic activity of
commercial P25 was also measured under the same condition
for comparison; the initial CO2 generation rate is shown in
Figure 7C. It can be seen that the CO2 evolution rate of P25 is
much higher; the low activity of other samples is attributed to
the decrease in the specific surface area and the defect generation
caused by annealing. It can be seen from Figure 7D that the
anatase phase TiO2 in NV-TiO2-600 also shows relatively good
stability for photocatalytic acetone oxidation. The apparent
photocatalytic activity was decreased by 15% after five times
photocatalytic cycles. As no water vapor was introduced during
all photocatalytic reactions, it is considered that O2

− should
contribute to the photocatalytic acetone oxidation, which is also
verified by the EPR spectrum under UV light illumination that
shows the presence of O2

− signal.

4. CONCLUSIONS
In summary, the vacuum-sealed annealing process has an effect
on the crystalline structures, nanoparticle morphologies, and
electronic structures of the TiO2 materials. The anatase-to-rutile
phase temperature was decreased by more than 100∼150 °C.
The vacuum-sealed annealing process could also create a clear
disordered layer around TiO2 nanoparticles; this results in the
decrease of TiO2 crystallinity. The further ice-water quenching
could not lead to more change in the crystalline structure of the
vacuum-sealed samples. As compared to the normally obtained
samples, it can also be seen that more defects, including oxygen
defects and Ti3+ states, were generated in TiO2 by vacuum-
sealed annealing; the content of bulk defect was increased, and
the electron localization at oxygen defects was altered. The ice-
water quenching could lead to a further increase in defect
density, and more defects locate in the bulk; it seems that the
electron localization was not affected. The photocatalytic
activity of the anatase TiO2 phase was increased by vacuum-
sealed annealing; this might be connected with the generated
defects and electron localization at Ti sites. Further quenching
led to a decrease in activities, possibly becausemore defects were
generated and the recombination is increased.
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