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Abstract The relationship between bulk-reduction states and gas-sensing properties of TiO, was predicted previously, but
has not been validated yet experimentally. Herein, we present a chemical approach for the preparation of TiO, nanoparticles
with thermally stable bulk reduction states using porous amorphous titania as precursor. UV/vis diffuse reflectance, electron
paramagnetic resonance (EPR) and X-ray photoelectron spectroscopy (XPS) confirm that the stable bulk reduction states are
the thermally stable Ti*" ions and electron-trapped oxygen vacancies. O,-temperature programmed desorption (O,-TPD)
measurements demonstrate that the presence of the bulk reduction states can obviously enhance the oxygen adsorption on
titania surfaces. Furthermore, the bulk-reduced nanomaterial exhibits not only enhanced sensitivity and ultrafast re-
sponse/recovery (<3 s) for the detection of organic vapors (ethanol, methanol and acetone), but also excellent selectivity to
CO against CH, and H,. The sensing performance testing results confirm the importance of bulk reduction states in TiO,
sensors for the first time, and the enhanced gas-sensing performances for bulk-reduced TiO, materials can be related to the

enhanced oxygen absorption on TiO, surfaces.

Keywords titanium dioxide; gas sensor; bulk reduction states; oxygen adsorption; nanomaterial

1 Introduction

Titanium dioxide (TiO,) is one of the most important
oxide semiconductors. Enormous efforts have been de-
voted to the research of TiO, materials in the past decades,
and many promising applications such as photocatalysis,
photovoltalcs and sensing have been successfully devel-
oped.!"! These applications depend not only on the intrinsic
properties of TiO, but also strongly on its mlcrostructure
which affects the functions of TiO, to a great extent.”

* E-mail: chemcj@sjtu.edu.cn
Received February 28, 2012; published March 30, 2012.

Therefore, it is of great significance to establish the rela-
tionship between microstructure and function of TiO, ma-
terial, and to enhance its performance through microstruc-
ture-tuning.

Reduced TiO, is a unique titania material with a non-
st01ch10metr1c comp051t10n and a large number of reduc-
tion states (T1 10ns and oxygen vacancies) are present in
the material.’"* The presence of reduction states has been
theoretically and/or experimentally confirmed to play an
important role in modifying energy band and surface
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structures of Ti0,,'""*! and in varying its magnetic,!"

electronic!'! and photocatalytic behavior.!"'"*! Gas-sensing
is a typical property of metal oxide semiconductor materi-
als such as titania, and this property is associated with
conductivity variation, which is induced by the interaction
between the adsorbed oxygen on the surface of the semi-
conductor and the gas molecules to be detected.!'” Re-
cently, surface chemistry studies revealed that the bulk
reduction states control the oxygen adsorption chemistry
on titania surfaces.'"”) Considering the strong correlation
between oxygen adsorption on oxide semiconductor sur-
face and gas-sensing performance, it was predicted that the
bulk reduction states would have a strong influence on the
gas-sensing properties of TiO, materials,” but yet no ex-
perimental evidence is available to support this convinc-
ingly.

Herein, we report the preparation of TiO, nanoparticles
with a mass of thermally stable bulk reduction states using
porous amorphous titania as precursor. The bulk-reduced
nanomaterial shows not only substantially enhanced
sensitivity and ultrafast response/recovery for the detection
of organic vapors, but also excellent selectivity to CO
against CH, and H,, demonstrating the importance of bulk
reduction states in TiO, sensor. The bulk “self-doping”
approach to enhance gas-sensing performance of
semiconductor oxides is unique because previously
surface-doping with metals and/or oxides was widely
described in the literature to overcome the inherent
shortcomings of pure oxide sensing materials.'¥ In
addition, the “self-doping” strategy is simple and
cost-effective, avoiding the complexity of multi-
component system and/or the high cost of noble metals.

2 Results and discussion

Two bulk-reduced TiO, samples were prepared through
calcining a porous amorphous titania in air in the presence
of imidazole and hydrochloric acid at 500 and 600 ‘C for
2 h, respectively (Figure 1). The corresponding TiO,
samples are denoted as TiO,-500 and TiO,-600,
respectively. In contrast, no bulk-reduced TiO, samples can
be obtained when either imidazole or hydrochloric acid
was not added in the above reaction system, or nitric
acid/acetic acide with the same concentration was used to
replace hydrochloric acid. These results indicate that the
combustion of imidazole in the presence of hydrochloric
acid is indispensable to the generation of reducing gases
and thus the formation of the bulk-reduced TiO,. In
addition, the porous amorphous titania precursor was ob-
tained through UV-light irradiation of titanium glycolate.”
SEM, N, adsorption and X-ray diffraction measurements
(Figure 2) demonstrate that the porous titania precursor
was an amorphous material with a BET surface area of 530
m%/g and a particle size of >1 pm. For comparison,
non-porous TiO, samples with anatase or rutile structures
have been used as precursors to replace the porous amor-
phous TiO,, but no bulk-reduced TiO, materials are ob-
tained under identical reaction conditions. The uniqueness
of the porous TiO, precursor may lie in its porous structure
with a high surface area. The porous feature renders it easy
for the TiO, precursor to interact with the reducing gases,
which are in situ produced via combustion of imidazole.
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Figure 1 Schematic representation for the formation of the
bulk-reduced TiO, material from porous amorphous titania precursor.
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Figure 2 (a) SEM image, (b) N, adsorption/desorption isotherms of the
porous amorphous titania precursor. Its XRD pattern is shown in the inset
of Figure 2b.

The SEM images (Figure 3) show that the two
bulk-reduced TiO, materials are mainly composed of
rod-like nanoparticles with a width of 20—30 nm and a
length up to 100—300 nm. Obviously, the particle size of
two bulk-reduced TiO, materials is far smaller than the
porous amorphous titania precursor (Figure 2a), indicating
that the in situ produced reducing gases crack the particle
of the original porous titania precursor, and a process of
recrystallization and growth of crystalline TiO, nanparti-
cles occurs. This is confirmed by the fact that when no
reducing gases are involved in the reaction system, the
morphology of the porous titania precursor varies only
slightly. The X-ray diffraction (XRD) characterization
(Figure 4) shows that TiO,-500 is dominated by rutile with
a tiny amount of anatase, whereas TiO,-600 is identified as
pure rutile.

Figure 3 SEM images of TiO,-500 (left) and TiO,-600 (right).

Figure 5a presents the UV/vis diffuse reflectance spectra
for the two bulk-reduced samples and a rutile TiO, refer-
ence material without bulk reduction states (hereafter de-
noted as R-TiO,). The R-TiO, sample exhibits an inherent
bandgap absorption in the ultraviolet region with a thresh-
old of about 410 nm. Differing from the R-TiO, sample,
the two bulk-reduced TiO, samples show not only a strong
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Figure 4 XRD patterns of TiO,-500 (down) and TiO,-600 (up). A and
R denote anatase and rutile, respectively.

UV absorption similar to that of R-TiO,, but also an obvi-
ous visible-light absorption covering the whole visi-
ble-light region. This type of visible-light absorption is
related to the reduction states in TiO, (e.g., single-
electron-trapped oxygen vacancies (V,) and Ti’" spe-
cies).1" The stronger visible-light absorption for
Ti0,-500 indicates the larger amount of reduction states in
Ti0,-500. The optical properties are in agreement with the
colors (Figure 5b) of TiO,-500 (dark gray), TiO,-600 (light
gray) and R-TiO, (white).
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Figure 5 (a) UV/vis diffuse reflectance spectra, (b) photos, and (c) EPR
spectra measured at 298 K and 77 K of TiO,-500 (black line) and
Ti0,-600 (red line). For comparison, the UV/vis diffuse reflectance
spectrum, photo and EPR spectra of R-TiO, are also provided (blue line).

Because the V," and Ti*" species are paramagnetic, the
electron paramagnetic resonance (EPR) spectra (Figure 5¢)
of the two bulk-reduced TiO, samples were recorded at
both room temperature (298 K) and 77 K. The TiO,-500
and Ti0,-600 samples show a distinct singlet signal at g=
2.002 at 298 K, and this EPR signal is ascribed to the V,’
species.l'""'® When the measurement temperature decreases
to 77 K, the signal intensity at g=2.002 increases, sug-
gesting that the relaxation time of the trapped electrons
becomes longer. More importantly, a new, asymmetrical
EPR signal at g<<2.000, which is assignable to Ti’" (3d")
ions in TiO, lattice,”™'"! shows up. The higher EPR signal
intensity of TiO,-500 in comparison with that of TiO,-600
indicates that more reduction states (Ti’" and V) are
present in TiO,-500. Furthermore, the EPR data also indi-
cate that these reduction states are present in the bulk,
rather than on the surface of the TiO, nanparticles because
the reduction states would be easily oxidized by O, in air if
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they were on the surface of the TiO, sample. The Ti2p XPS
spectra (Figure 6) for the two bulk-reduced samples further
confirm that the surface of the two samples is dominated
by Ti*", without presence of Ti’" species. The perfect
combination of the bulk-reduced feature and the excellent
thermal stability in one material is important for
exploration of gas-sensing performances of the bulk-
reduced TiO, materials (The two bulk-reduced samples are
thermally stable up to 500 ‘C in air without disappearance
of bulk reduction states and crystal structure variation).

2p3);

2p
Ti0,-600 2

Intensity/a.u.

Ti0,-500
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Figure 6 XPS spectra of Ti2p for TiO,-500 (black line), and TiO,-600
(red line).

A typical sensor was fabricated conveniently by pasting
viscous slurry of the bulk-reduced TiO, material onto an
alumina tube with a diameter of 1 mm and a length of 4
mm, which was positioned with a pair of Au electrodes and
four Pt wires on both ends of the tube (Figure 7). A Ni-Cr
alloy coil through the tube was employed as a heater to
control the operating temperature. The optimal operating
temperature for the sensor was 300 ‘C. The sensor sensi-
tivity is defined as the ratio R,/R,, where R, and R, are the
electrical resistance of the sensor in atmospheric air and in
the testing gas, respectively. The response and recovery
times are defined as the times taken by the sensor to
achieve 90% of the total resistance change in the case of
adsorption and desorption, respectively.

Pt wire

Pt wire

Ceramic tube

Sensing film
Pt wire Pt wire Au electrode
Figure 7 Schematic diagram showing the structure of a typical gas
Sensor.

The sensing performance of TiO,-500 was evaluated
using ethanol as the testing gas. Figure 8a shows the
dynamic response-recovery curve of the TiO,-500 sensor
with increasing ethanol concentrations. It is seen that the
sensor has a wide response range for ethanol from 5 to 500
ppm. When exposed to 5 ppm ethanol, the sensitivity of
the sensor is about 2.6. The sensitivity increases
significantly with increasing ethanol concentration. For
ethanol concentrations of 10, 20, 50, 100, 200, and 500
ppm, the sensitivities are about 3.5, 5.4, 7.3, 11.5, 19.0,
and 41.3, respectively. For comparison, the sensing
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performances of TiO,-600 and R-TiO, have also been
tested, and it is demonstrated (Figure 8b) that the sensitiv-
ity values are in such an order as TiO,-500>TiO,-600>
R-TiO,. The sensitivity of TiO,-500 is about 5.4 times as
high as that of R-TiO, in the presence of 500 ppm ethanol.
The stability of the TiO,-500 sensor is also very high
because the sensitivity of this sensor is not decreased even
after exposure in 50 ppm ethanol for 30 days. Furthermore,
methanol and acetone were also used as the testing gases,
and a distinctly enhanced sensitivity was observed as well

for the bulk-reduced samples (Figures 8c — 8f)
comparison with the R-TiO, material.
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Figure 8 Dynamic response-recovery curves of the sensor based on
Ti0,-500 for (a) ethanol, (c) methanol and (e) acetone detection; and the
corresponding comparisons of the gas concentration-dependent
sensitivities of Ti0,-500 (o), Ti0,-600 (A) and R-TiO, (V).

In addition to sensitivity, response and recovery times
are also critical for a gas sensor. From Figures 8a, 8c, and
8e, it is seen that the response and recovery of the
Ti0,-500 sensor are ultrafast for the detection of organic
vapors (ethanol, methanol and acetone), and the times of
response and recovery are less than 3 s. Such fast response
and recovery were not observed in previous TiO,-based
sensors for the detection of organic vapors (in general the
recovery time was longer than 30 s)." Furthermore, in
comparison with other common oxide sensing materials
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(e.g., ZnO, WOs;, and In,05),!""! the TiO,-500 material is
also advantageous because fast recovery (<10 s) is usually
difficult to achieve for those oxide materials. The above
results demonstrate that the bulk-reduced TiO, material
(TiO,-500) are rather promising for use in fast and con-
tinuous detection/monitoring of organic vapors.

The sensor based on Ti0,-500 was also found to exhibit
excellent selectivity for the detection of CO against CH,4
and H,. Continuous CO monitoring for incomplete com-
bustion of gas appliances is very important to prevent CO
poisoning accidents, and the sensor for this purpose must
have high CO selectivity against co-existing gases such as
H,, and CH,.”” As shown in Figure 9, TiO,-500 responds
to CO gas with a nearly linear sensitivity variation from
100 to 10000 ppm, whereas it does not respond to CH, and
H, at all. In contrast, R-TiO, shows no response to all these
gases.

a0fF
@ 10000 ppm| ~ 3.5F ® co
3.5 sob
3.0F = 5
o) = .5 -
S 2t 5000§ £
1 2 L
Sk | | 220
. 15F
15T 100 2005001!-=°00E [ H, or CH,
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Figure 9 (a) Dynamic response-recovery curve of the sensor based on
TiO,-500 for the CO detection; (b) the corresponding concentration-
dependent sensitivities for the detection of CO, CH, and H,.

To further confirm the importance of bulk reduction
states in TiO, sensor, the possible influencing factors such
as crystal phase and surface area are excluded. Considering
that TiO,-500 contains anatase and rutile, the gas-sensing
performance of anatase TiO, was also tested (Figure S1 in
Supporting Information). Anatase TiO, exhibits very simi-
lar gas sensing properties to R-TiO, (very low response to
ethanol, methanol, and acetone vapors), demonstrating that
crystal phase is not important in determining the gas sens-
ing properties of TiO,. In addition, TiO,-500, TiO,-600 and
R-TiO, possess similar surface areas (<10 m?/g), and thus
surface area is also not the reason behind the enhanced
sensing performance of TiO,-500.

As reported previously, the bulk reduction states can
control the oxygen adsorption chemistry on titania
surfaces.!””! Similar behavior (Figure 10) has also been
observed in our work for the titania materials. The amount
of chemisorbed oxygen was obtained by O,-temperature
programmed desorption (O,-TPD) to be 4.56, 2.18 and
0.76 mmol/g for TiO,-500, TiO,-600 and R-TiO,,
respectively.  Obviously, the bulk-reduced samples
chemisorb much more oxygen than R-TiO,.

The gas sensing behavior for a metal oxide semi-
conductor is generally ascribed to the interaction of surface
chemisorbed oxygen and the gas molecules to be detected.
Figure 11 shows the schematic representation of sensing
mechanism of bulk-reduced TiO,. When a titania sensor is

Acta Chim. Sinica 2012, 70, 1477—1482
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Figure 10 TPD-O; curves of TiO,-500, TiO,-600 and R-TiO,.

operated at a moderate temperature in air, the oxygen in
the atmosphere are adsorbed on the surface of titania with
negative charges. The extraction of electrons by oxygen
from the crystal surface generates an electron depletion
layer, leading to formation of a potential barrier near the
grain boundary and a corresponding high resistance state.
When the sensor is exposed to a reductive gas such as
ethanol and CO, the gas reacts with the adsorbed oxygen,
resulting in a decrease of the amount of adsorbed oxygen.
As a consequence, the height of the potential barrier is
reduced, and the resistance of the whole sensing layer
decreases to a great extent. Evidently, the key step in
sensing process is the interaction between surface
chemisorbed oxygen and the gas molecules to be detected.
The increase in amount of surface adsorbed oxygen
enhances this interaction, promoting the performance of
the gas sensor.”! The bulk-reduced titania material we
obtained can chemisorb a large amount of oxygen, and
therefore its sensing performance is greatly enhanced in
comparison with those without bulk-reduced states.

e =bulk reduction states

R|

1
Reducing gas :
1

depletion
layer

eVIsurlhcc

grain boundary

Band model Structural model

grain bbundary

Figure 11 Schematic representation of sensing mechanism of the
bulk-reduced TiO,. ¢ and O denote the bulk reduction states and sur-
face adsorbed oxygen.

3 Conclusion

In summary, using a porous amorphous titania as
precursor, we have successfully prepared bulk-reduced
TiO, nanoparticles with a satisfactory thermal stability and
superior gas-sensing properties. Our experimental
observations validate that the presence of bulk reduction
states in TiO, indeed play an important role in enhancing
gas-sensing performances. The results presented herein
sets forth a new avenue to rationally design and develop
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new types of high-performance nanosized materials by
bulk-microstructure tuning.

4 Experimental section

4.1 Preparation of porous amorphous titania precur-
sor

The porous amorphous titania precursor was prepared
through a light-driven approach.!” Typically, titanium gly-
colate (4.0 g), which was synthesized on a large scale
according to the reported procedure,”? was dispersed in
water (300 mL) and then exposed to UV-light irradiation
for 1 h. After the irradiation, the color of the solid sample
turned from white (titanium %lycolate) to intense blue be-
cause of the presence of Ti’ .!”! Finally, the blue solid
product was separated from the mixture and dried in air,
the O, molecules of which oxidize the Ti*" to Ti** be-
cause the Ti’" species are on the surface (internal and ex-
ternal) of the solid. The obtained product was the porous
amorphous titania precursor described in this paper. The
amorphous and porous feature of this precursor material
was confirmed by X-ray diffraction and adsorption meas-
urements. The BET surface area of the porous TiO, pre-
cursor was about 530 m%/g. The UV-light source used in
the experiment was a 125 W high-pressure mercury lamp,
and the irradiation intensity of the UV-light was about 9.0
X 10* pW/em®.

4.2 Preparation of bulk-reduced TiO, nanopowder
samples

Two bulk-reduced TiO, samples were easily prepared
via heating the mixture of the porous TiO, precursor (0.5
g), imidazole (2 g) and hydrochloric acid (HCI, 37 wt%, 3
mL) in a muffle furnace at 500 and 600 C for 2 h, re-
spectively. After cooling to room temperature, the final
products were collected, and the corresponding TiO, sam-
ples are designated as TiO,-500 and TiO,-600, respec-
tively. The colors of TiO,-500 and TiO,-600 are dark gray
and light gray, respectively.

4.3 Control experiments

Rutile TiO, (R-TiO,) was prepared by directly calcining
the porous amorphous titania precursor in a muffle furnace
at 700 ‘C for 2 h. Anatase TiO, was prepared by directly

calcining the porous amorphous titania precursor in a muf-
fle furnace at 500 ‘C for 2 h.

4.4 General characterization

The powder X-ray diffraction (XRD) patterns were re-
corded on a Rigaku D/Max 2550 X-ray diffractometer with
Cu Ka radiation (1=1.5418 A) operated at 200 mA and 40
kV. The scanning electron microscopic (SEM) images were
taken on a JEOL JSM 6700F electron microscope. The
UV/vis diffuse reflectance spectra were recorded on a
Perkin-Elmer Lambda 20 UV/Vis spectrometer. The elec-
tron paramagnetic resonance (EPR) spectra were recorded
on a JEOL JES-FA 200 EPR spectrometer. The X-ray pho-
toelectron spectroscopy (XPS) was performed on an ES-
CALAB 250 X-ray photoelectron spectrometer with a
monochromated X-ray source (Al Ko #7v0=1486.6 ¢V). The
energy scale of the spectrometer was calibrated using
Audf;,, Cul2psp, and Ag3ds, peak positions. The standard
deviation for the binding energy (BE) values was 0.1 eV.

http://sioc-journal.cn 1481
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The O,-temperature programmed desorption (O,-TPD) was
performed using an Automated Catalyst Characterization
System (AutoChem II 2920 V3.05, Micromeritics Instru-
ment Corporation). For a typical TPD experiment, 100 mg
of sample was pretreated under a flow of 10% O, in Ar (20
mL/min) at 300 ‘C for 2 h and then cooled down to 50 C
under the same flow. The sample was then swept by a He
flow of 30 mL/min for 2 h. The TPD-O, was performed
with a temperature ramp of 5 ‘C/min from 50 to 500 C
under a He flow of 10 mL/min. Oxygen was monitored and
quantified using a thermal conductivity detector.

4.5 Sensor fabrication and performance testing

The gas sensor was fabricated by pasting viscous slurry
of the bulk-reduced TiO, sample onto an alumina tube with
a diameter of 1 mm and a length of 4 mm, which was posi-
tioned with a pair of Au electrodes and four Pt wires on
both ends of the tube.”! A Ni-Cr alloy coil through the
tube was employed as a heater to control the operating
temperature. Gas sensing tests were performed on a com-
mercial CGS-8 Gas Sensing Measurement System (Beijing
Elite Tech Company Limited). The sensor sensitivity is
defined as the ratio R,/R,, where R, and R, are the electri-
cal resistance of the sensor in atmospheric air and in the
testing gas, respectively. The response and recovery times
are defined as the times taken by the sensor to achieve 90%
of the total resistance change in the case of adsorption and
desorption, respectively.
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