Preparation and oxygen sensing properties of Ti;Os submicron rods
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Ti305 submicron rods, typically 0.5-2 um in length and 100-300 nm in diameter, have been successfully synthesised via a facile approach combined
hydrothermal and carbothermal reduction route. H3TiOs nanofibres blended with nano-sized carbon black were first prepared by the direct
hydrothermal processing, and then Ti;Os submicron rods could be obtained by sintering the prepared nanofibres at 1250°C for 3 h. The
microstructure and formation of phases in the reduction process were investigated, respectively. In addition, the oxygen sensing properties of
the synthesised materials were preliminarily investigated by gas-sensing measurement. The results indicated that the electrical conductivity of the

Ti3Os submicron rods varied with the oxygen concentration, and the responses increased as the oxygen concentration increased at 200°C.

1. Introduction: Various properties of 3d transition metal oxides
arise from their crystal structures which are generally formed by
the linkage of rigid units such as MOg octahedra or MOy
tetrahedra, where M is 3d transition metal ion. As a typical
member of 3d transition metal oxides, titanium can exist in a
number of suboxide forms (e.g. Ti,O3, Ti30s, TiyO7, TisOg) which
have important applications in wide range fields, such as catalysts
[1], electroconductive ceramics [2], biocompatible coatings [3] and
electrochemical components [4]. In recent years, several methods
have been developed to obtain suboxide of titanium such as TiO,
reduction, chemical vapour deposition, and spark plasma sintering.
The reduction method is to reduce TiO, using different reducing
agent, including carbon or H, [5], PVA [6], NH; [7] and Ti [8].
The chemical vapour deposition [9] can form the materials mainly
containing TizOs and Ti4O;. Ti;+,0, can be fabricated by
sintering the mixture of Ti and TiO, powder by spark plasma
sintering [10]. Compared with other methods, reduction method
has distinct advantages in production and technology, and it is
applied to prepare substoichiometric titanium oxides.

As a remarkable member of the substoichiometric titanium oxides,
Ti30s5 has a variety of structural polymorphisms, including a-Ti;Os,
B-Ti505, y-Ti30s5, 6-Ti305 and A-Ti3Os. It was found that TizO5 with
different lattice constants have some different interesting properties.
Significantly, a-Ti;Os have small resistance temperature coefficient,
strong physical and chemical interaction with adsorbed gas species,
as well as B-Tiz0s [11]. A phase transition between A1-TizOs and
a-Ti305 occurred at around 450 K with a sharp change in magnetic
susceptibility [12]. A-Ti3Os can transit to phase S-Ti305 with a good
optical storage performance, when it is irradiated with ns-pulsed laser
light of 532 nm at room temperature [13]. Ti305 powder and film can
be obtained by hydrogen reduction which is dangerous and requires
specialised gas furnaces. In this work, a safety and facile route was
described to prepare TizOs submicron rods by sintering H,Ti30;
nanofibres blended with nano-sized carbon black. We have interest
to investigate the temperature influence to the reduced phase and
the oxygen sensitivity properties of the one dimensional Ti;Os.

2. Experimental details
2.1. Syntheses: A 2.0 g potion of anatase TiO, nanoparticles and
0.12 g nano-sized carbon black were dispersed in 10M NaOH
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solution and the suspension was then transferred into an
autoclavable reaction chamber. After that, the reaction chamber
was autoclaved in an oven at 180°C for 50 h. The product was
filtered after cooling down to room temperature and thoroughly
washed with 0.1 M HCI and water to remove any trace of NaCl
produced during washing. Subsequently, the material was dried at
room temperature. In order to study the phase formation during
the reduction process, especially the temperature influence, the
as-prepared H,Ti30; nanofibres blended with nano-sized carbon
black were reduced at 1150°C to 1250°C for 3 h. The chemical
process can be described as follows

H,Ti,0, — TiO, + H,0
TiO, + C — Tiy05 + CO

The morphologies and phases structures of the samples were
characterised by X-ray diffraction (XRD) and scanning electron
microscopy (SEM). The specific surface area of Ti;Os submicron
rods was characterised by Brunauer-Emmett-Teller (BET)
method. The conductivity of Ti;Os submicron rods was tested by
four point probes testing system.

2.2. Sensor fabrication and measurements: For gas sensing
measurement, the as prepared TizOs submicron rods were first
mixed with deionised water and then milled to form homogeneous
paste. Second, the paste was coated onto the outside surface of a
prefabricated ceramic tube to form a smooth film as a sensor. The
ceramic tube (with length of 4 mm and diameter of 1 mm) was
attached with a pair of gold electrodes and platinum wires. A Ni-Cr
heating wire was inserted in the ceramic tube as a heater to control
the working temperature by adjusting the heating voltage for the
sensor device. In order to stabilise the mechanical properties, the
sensor was aged at 100°C for 60 h, meanwhile removing the water
and increasing adhesion of Ti;Os submicro rods with the underlying
electrodes. The gas sensing measurement was tented by rejecting or
releasing the oxygen gas from the chamber. The concentration of
oxygen in the chamber was changed and it was related to the gas
sensitivity. The schematic diagram of gas sensing test was shown in
Fig. 1, V. (mv) is the test circuit voltage, Vj(mv) is the heating
voltage and ¥V, is the output voltage across the load resistance.
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Fig. 1 Schematic of the gas sensing setup

3. Discussions

3.1. Scanning electron microscopy: The unordered H,Ti;O4
nanofibres with length of 0.4—4 um blended with nano-sized
carbon black can be prepared by hydrothermal method. The
carbon black relatively uniformly dispersed in the nanofibres as
shown in Fig. 2a. The nanofibres were shorter than those
obtained without carbon black because the carbon black partly
obstructed the growth of nanofibres. After being reduced at 1250°C
for 3 h, the H,Tiz;O; nanofibres changed into Tiz;Os submicron
rods with length of 0.5-2 um and diameter of 100-300 nm as
shown in Fig. 2b. During the synthesis process, some of the
packed nanofibres formed rods with larger diameter. Meanwhile,
the long nanofibres were broken into short rods as a result of the
gas escaping during the reduction reaction.

The specific surface area of the Ti;O5 submicron rods is 7.806
m*g ™! characterised by BET. The TizO5 submicron rods were com-
pacted in a uniaxial press under 20 kgf-cm™ pressure into round
pellets for measuring its conductivity, and the result showed that
the conductivity is 7.828S/cm.

3.2. X-ray diffraction: According to the results of the previous
study, H,Ti;0, were transformed into TiO, at 650°C [14], and
TiO, can be reduced to Ti;O; by carbon at 1100°C in vacuum
[15]. In this work, the temperature influence of phase formation
during the reduction process has been studied from 1150°C to
1250°C, as shown in Fig. 3. It can be seen that the phase of
A-Tiz0s5 appeared at 1150°C, which indicated that Ti,O,; was
further reduced, and the temperature was much higher than
theoretical reaction temperature calculated by Gibbs free energy.
The further reduction was reacted along with a rise of
temperature. At a higher temperature (1175°C), a small amount
diffraction peaks of 5-Ti;Os appeared, while the peak intensity of
A-Ti305 increased, which indicated further reduction was in
progress. When the temperature reached up to 1200°C, the
mother phase transformed to A-Ti30s, and the weak diffraction
peaks corresponding to TizO; can be detected. Finally, the phases
found in the sample reduced at 1250°C mainly contained A-TizOs5
and S-Ti;0s, and the diffraction peaks of TigO;s almost

Fig. 2 FE-SEM images of
a H,Ti;0 nanofibres
b Ti;05 submicron rods prepared at 1250°C
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Fig. 3 XRD spectrum of the samples sintered at various temperatures
a 1150°C
b 1175°C
¢ 1200°C
d 1250°C

disappeared. The results indicate that the proper reduction
temperature for producing TizOs is 1250°C. It is difficult to
synthesis pure form of 1-Ti305 or -TizO5 submicron rods due to
their similar lattice parameters, and this point is studied in
progress. In this study, the oxygen sensing properties of Ti3;Os
submicron rods contained A and B phase were investigated
preliminarily.

3.3. Oxygen sensing properties: The sensor based on the
as-synthesised Ti;Os submicron rods samples was fabricated as
mentioned in the experimental section, and the oxygen sensing
properties were studied. As known, the operating temperature,
atmosphere, gas concentration and other factors can influence the
gas sensitivity [16]. In our case, the operating temperature is
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Fig. 4 Oxygen properties of Ti;Os submicron rods sensor to different con-
centrations of oxygen at 200°C

a Response-recovery curves

b Response vs concentration curves of Ti;Os submicron rods sensor toward
oxygen at 200°C
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fixed at 200°C and all the test are in oxygen. The oxygen
concentration is the key research factor. During the test, the
chamber was first filled with nitrogen as background gas, and
then a given amount of oxygen was injected. As shown in
Fig. 4a, once the sensor contacted with O, at 200°C, the
resistance increased immediately and gradually reached the
maximum value, and subsequently reduced to the initial value
when the sensor was transferred into N,. The response and
recovery time are important factors to assess the gas-sensing
properties. Fig. 4a shows that the response and recovery time are
long, which demonstrates weak response/recovery capability. In
addition, the responses of the sensor increased as the oxygen
concentration increased from 1000 to 8000 ppm, as shown in
Fig. 4b. The response values are estimated to be 2.91, 3.13, 3.21,
3.71, 3.84, 4.12 at 1000, 2000, 3000, 5000, 6000, 8000 ppm,
respectively. The response need to improve for practical
application. We will improve the oxygen-sensing properties of
Ti;05 submicron rods by doping with extrinsic dopants or surface
treatments in the near future.

Several theoretical models have been built and can be used to
explain the gas sensing mechanism [17, 18]. When Ti;Os was
exposed to O,, O, molecules were adsorbed on its surface by phys-
ical absorption, and then the oxygen molecules absorbed in the
Ti;05 surface were transformed into oxygen ions, such as O,
0” and O~ by chemisorptions. Therefore, the electrons in the con-
duction band of Ti;O5 would be captured, which reduced the charge
carrier concentration and increased the electrical resistance of
Ti;0s. In addition, Ti3;Os belongs to non-stoichiometric oxides
and has some oxygen vacancies. It can form lattice oxygen by
fusing with oxygen ions. Then the lattice oxygen can form a chem-
ical bond with titanium ions. Hence the balanced oxygen octahe-
dron around these titanium ions could be deformed, leading to
structural change between the oxygen and titanium ions in the
surface, and a new phase with lower conductivity formed. From
the perspective, the oxygen sensing property of Ti;Os related to
the model combing the above two mechanisms can be explained
more clearly. Further research and corroboration are needed to
study the mechanism of oxygen-sensing property of TizOs.

4. Conclusions: In summary, the Ti;05 submicron rods with larger
surface area have been facilely synthesised by hydrothermal method
combined with carbothermal reduction method. The reaction
process and the influence of heating temperature on the synthesis
of Ti305 submicron rods were discussed. The results indicate that
TiO, transform to TizOs sintering at 1250°C for 3 h. Sensors
based on TizOs submicron rods are fabricated and the oxygen
sensing properties mainly investigated. The electric conductivity
of the TizOs submicron rods varied with the oxygen
concentration at 200°C, which makes it to be potentially used in
the field of gas detection.
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