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Abstract

This paper deals with the study of nanocrystalline TiO,:WOs-based hydrogen sensors. Using conventional techniques like XRD,
SEM and TG-DTA performed structural characteristics. XRD of undoped TiO; calcined at 600°C for 6 h shows good crystalline
quality having a 54 nm grain size. The sensitivity was improved by adding 15 wt% WQO3.TiO; based H; gas sensor. The operating
temperatures of the sensors were optimized under different operating conditions. TiO, sensor doped with 15-wt % WO3 and 0.5 wt
% Pt showed the maximum response to H, with a higher selectivity at an operating temperature of 200°C. The electronic
interaction between the additive and the oxide semiconductor is proposed to account for the sensitization effects.

Keywords: nanocrystalline, XRD, SEM, TG-DTA

Introduction

The growing demand of fast, accurate and low cost air quality
analysis techniques for domestic and industrial environmental
monitoring, automotive applications, air conditioning and
sensors networks is tailoring the research toward new
materials and techniques to solve the problems related to the
commercial sensors. Metal-oxide semiconducting layers are
the most promising conductometric chemical sensors among
solid-state devices, due to their low dimension, price and
power consumption -2

The sensing properties are based on reactions between
semiconductor oxides and gases in the atmosphere. These
reactions produce changes in electrical properties of
semiconductors. There are many possible reactions; the most
common reaction that leads to changes in conductivity is the
adsorption of gases on the semiconductor surface. It is known
that the resistance of semiconducting films is strongly
influenced by the presence of oxidizing or reducing gases X3
Oxygen in the atmosphere can be adsorbed on the
semiconductor surface in different species (Oz, O% and O").
The charge exchange between the adsorbed molecules and the
semiconductor oxide layers modifies the energy barrier eV
for grain-to-grain current percolation and in turn the electrical
conductance of the layers. Accordingly, the conductance of
the layer can be expressed by: -

G=Goexp (-eVs/kT) e (1)

Where Go is a constant. The interaction of an oxidizing
(reducing) gas occurs with either the film surface or the
oxygen adsorbates. It results in donating (capturing) electrons
at the semiconductor surface, which leads to a positive
(negative) conductance variation for an n-type semiconductor.
The opposite behavior occurs for a p-type semiconductor. In
both cases, the variation in conductance, AG, depends on gas
concentration [gas], according to the empirical formula (4}

IAGI/G =A[gas]® - )

Where A and B are constants determined by temperature,
grain size, film porosity and specifically gas adsorption. The
effects of the microstructure, are well recognized, including
the ratio of surface area to volume, grain size and pore size of
the metal oxide particles as well as film thickness of the
sensor. Lack of long-term stability and selectivity has until
today prevented a widespread diffusion of this type of sensors.
The majority of the works done on the gas sensitive
nanocrystalline semiconductor oxides aim at improving the
functional parameters: sensitivity, selectivity, and response
rate. Although a large number of different oxides have been
investigated for their gas sensing properties, commercially
available gas sensors are mainly made of SnCO; in the form
of thick or thin films 51, The effort to achieve a mixed metal
oxide layer arises from the need of a stable and nanostructured
material. There are many effects that can derive from these
mixed systems; for example, the sensing material can be
stabilized, its nanosized character can be mentioned, the
presence of a second phase can maintain the grain sizes and
the thickness of interface layers within dimensions
comparable to the Debye length, one of the two phases could
act as a filter and the other as a sensing material, and so on.
Titanium dioxide is extensively used for applications in the
field of optics 8, electrical insulation [7), photovoltaic solar
cells 181 electro chromic displays ™° and high-performing
anodes in ion batteries 2%, Besides the "bulk" properties,
titania has also been recently appreciated for production of
antibacterial coatings and photo catalytic reactors 24,

Recently Liu et al. 2 have succeeded in preparing TiO; thin
films by employing a sol-gel method. It is shown that the
addition of a metallic phase or metal oxides to the
semiconductor often improves the sensitivity and selectivity to
gases. Atashbar et al. %! have prepared thin films of TiO; by
using a sol-gel method and subsequently doped with niobium
oxide for use as an oxygen sensor.

Semiconducting oxide gas sensors have been used to warn of
explosive gases since thel960s, but more recently other
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applications in which semi conducting oxide may be
Employed as sensor mate-rials have been considered,
including detection of air pollutants and improving fuel
efficiency in industrial combustion processes. The reducing
gas depletes the coverage of adsorbed oxygen ions on the
sensor surface and supplies electrons to the conduction band,
leading to a fall in resistance 4. A current goal in sensor
research is to improve the sensor selectivity by eliminating
similar responses from interfering gases. It has been found
that the sensor selectivity and sensitivity may be altered by the
addition of second oxide phases and elemental metals %, One
such study has shown the effects of a second insulating phase
on the sensing properties of anatase (TiCOy). Although TiCO;
is a well-known oxygen sensor 26 271 it has more recently been
used to detect and measure both CO and H 28 21, These gases
are the main con-stituents of producer gas, a reactant gas in a
number of industrial processes, and are also by-products of
inefficient hydrocarbon combustion; their detection is,
therefore, important both in order to warn of potentially
explosive gas leaks and to indicate the efficiency of
combustion.

Experimental details

Fig.1 shows the flow chart for synthesis of TiO, nanopowder
by sol- precipitation method. The precursors of TiO; and TiO,
/ WOs3 nanocrystallites were prepared by a sol-precipitation
method, in considering the reactive conditions such as the
concentration of reactants, the addition of a surfactant, the
amount of WOs; addition, pH value, reaction temperature, and
time. A mixed solution of TiCls and an appropriate amount of
WCls with the surfactant was, hydrolyzed by adding
ammonium hydroxide drop wise to form the sol of Ti (OH).
and W(OH)e at pH 7. The sol was centrifuged and washed,
and then dried at 120°C for 6 h to prepare the precursors of
TiO; and TiO2: WOs nanocrystalline composites. The dried
powder then calcined at different temperatures from 400°C to
800°C in order to remove any impurities, which otherwise
would react with the electrode materials of the sensor element
at the final stage of sensor fabrication. For the addition of
platinum as sensitizer, hydrogen hexacloroplatinate was used
as a starting material. The additive WO3; was mixed to the
base material TiO, in different weight percentages. The
calcined oxide materials were mixed with 2%
polyvinylalcohol (PVA) as a binder to make a paste.

The homogeneity of the compound was confirmed by X-ray
diffraction using SIEMEN D.5000 with a copper target (Ka
radiation [1=0.15406 nm). The morphology of the obtained
powder was characterized by scanning electron microscopy
(Philips, model SEM 525M). The TG and DTA analysis were
carried out to study thermal properties in the temperature
range of 600-1000°C range, with a heating rate of 10° C/ min
in dynamic air.

In order to calculate the sensitivity, the electrical resistance of
a sensor was measured in the presence and absence of H; at a
concentration of 5000 ppm in dry air. The detail sensising
calculations is given in chapter 2B. The material TiO2: 15 wt
% WO03:05 wt % Pt was found to be the optimum
composition for the maximum sensitivity and selectivity at an
operating temperature 200°C. The cross sensitivity of the
sensor was also studied to other gases, including CO, LPG and
H.S.

Sensor fabrication

The calcined oxide materials were mixed with 2 %
polyvinylalcohol (PVA) as a binder to make a paste.For the
gas sensing measurements the paste was coated with 2-3[]
hickness on alumina tube substrates on which platinum wire
electrodes were already provided for electrical contacts The
electrical resistance of the element in dry air is measured by
means of conventional bridge circuitery in which the element
is connected to an external resistor at a circuit voltage of 10 V
to calculate the electrical resistance of the element.

Results and Discussion

Structural Characterization of Nanosized Tioz

1. Xrd Pattern of Undoped and Doped Tio2

Fig. 2 (a) shows the XRD pattern of TiO calcined at 600°C
for 6 h. The prominent peaks of d = 0.353, 0.2431, 0.2378 and
0.1699 nm and corresponding crystal planes (101), (103),
(004) and (105) of anatase respectively indicating good
crystallinity of the TiO, of anatase phase Fig. 2 (b) shows that
the 15 wt% WOs3 doped TiO, calcined at 600°C for 6 h, has
also a high degree of crystallinity and complete phase
formation. No extra peaks are observed due to addition of 15-
wt% WOs.The crystalline sizes, calculated according to the
Scherrer equation [30], was found to be in the range of 40 - 60
nm, depending on the calcinations temperature. The TiO;
samples were calcined with different temperature ranging
from 400 to 800C, but phase transitions to rutile was not
observed within our experimental accuracy. The TiO2/WOs
samples were calcined at 600°C showed smaller grain size
than sample calcined at 400°C and 800C indicating that the
driving force for the grain growth is reduced by the addition of
WOQs.

2. Scanning Electron Microscopy (Sem)

Fig.3. (a&b) shows SEM of undoped TiO, and WO3 doped
TiO, calcined at 600°C. of. SEM observations shows
homogeneous nanosized particles without agglomerates. The
homogeneous nanosized particles are of 40 to 60 nm particle
size. The samples calcined at 600°C are highly porous. A
comparison of the micrographs Fig. 3 a & b shows that WO3
doped TiO, calcined at 600°C maintain approximately the
same particle sizes.
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Fig 1: Flow chart for synthesis of TiO2 nanopowder by sol-precipitation method

Dt/ Tga of Chemically Prepared Tio2

The decomposition of compound has been checked using the
differential thermal nalysis (DTA) and thermo-gravimetric
analysis (TGA) shown in Fig. 4a & b. TGA curve hows peak
appears at 300°C attribute to the crystallization of TiO,.There
is no weight loss above 500°C as rapid weight loss starts
around 200°C.The first endothermic peak observed around
300°C shown in Fig.4b

Gas Sensing Characteristics

TiO, derived from sol-precipitation process requires
considerably less equipment, resulting in generally lower
processing costs. A major advantage of sol-precipitation
methods is the ability to control the microstructure of the
deposited film, i.e. the pore size, pore volume and surface
area. The possibility to control the porosity of films is of
particular interest for gas sensor application since the number
of gas molecules that interact with the semiconductor surface
increases with films surface area. The peculiarity of this
technique to maintain good surface properties at high
temperatures is also important since the response towards
gases usually implies higher working temperatures.

Gas Sensing Characteristics of Commercially Available
Tioz2

Commercially availableTiO, calcined under different
calcinations temperatures. The gas sensitivity measurements
shows selectivity only towards H, among different test gases
such as HyS, LPG and CO.Fig. 5 shows the sensitivity of
commercially availableTiO, as a function of calcinations
temperature for H; gas.lt was observed that sensitivity
increases with increase in calcinations temperature. The
sensitivity was higher 0.2 for commercially available TiCO;
calcined at 700°C.

Gas Sensing Characteristics of Chemically Prepared Ti02
TiO, synthesized by sol-precipitation process calcined under

different calcinations temperature. Fig. 6 sensitivity curve as a
function of calcinations temperature shows that sensitivity
increases from 0.2 to 0.5 with increase in calcinations
temperature up to 600°C for H, gas at an operating
temperature of 300°C No dominant changes observed at
higher calcinations temperature. Hence the TiO; prepared by
sol precipitation method calcined at 600°C was used for
further studies.

Fig. 7. shows the sensitivity versus operating temperature for
undoped TiO2 calcined at 600°C for Hy, H,S, LPG and CO
sensors. The gas sensing characteristics shows The
sensitivities for Hz, LPG and CO gas are found to be 0.50,
0.43 and 0.38 at an operating temperature of 275°C, and for
the H,S gas, sensitivity observed at 0.29 at an operating
temperature of 300°C.

Enhancement of Sensing Characteristics Tioz

Development of new sensing materials should also include
investigation of the structural parameters that are important
for gas sensitivity and selectivity. In metal-oxide
semiconducting films featuring high porosity, the electrical
conductivity is determined by defects in the lattice structure,
presence of dopants.

Howerver the gas sensitivity of the undoped TiO, was
markedly promoted by the addition of several basic oxides,
among which WO3; was the most influential for hydrogen
detection. The WOs powder prepared by a sol precipitation
method was mixed in TiCO; in different amounts 5, 10, 15
and 20-wt%. From Fig.8 it was observed that the TiCO; doped
with 15-wt% WO3 shows sensitivity 0.78 for Hz.Whereas
sensor doped with 5, 10 and 20-wt% WOs showed poorer H.
sensing characteristics.

Fig. 9 shows the sensitivity to the four different gases for TiO,
: 15-wt% WOs3 sensor calcined at 600°C as a function of
operating temperature., The TiO2:15 wt% WO3 sensor shows
improvement in sensitivity for Hp, while the sensitivity was
almost negligible for the other gases in the temperature range
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studied. It is observed that adding WOs3, which was attributed 100 Z
to an increase in electrons, notably decreased the resistance of %
TiO, thick films concentration caused by W®* ions substituting
for Ti** ions. The defect reaction is represented as follows:- %
70
WO; — Wri+ 0%+ % Oy +2¢ (3) 4 €0
had
When operating temperature was increased from 175°C, the 40 [
sensitivity for H, gas slowly increased to reach a maximum at 10
300°C as shown in Fig.9. The intrinsic conductance of a
semiconducting oxide increases with increasing temperature, 20
whereas the adsorbed oxygen on the surface gradually 10
transforms into oxygen ions (0, O%*) by extracting free 5
electrons from the oxides, and thereby the conductance o N st 3200 - i B2
decreases with an increase in temperature. At a low ' % 0
temperature, the increase in intrinsic conductance by thermal '
activation
b
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1 Fig 4: (a) TG and (b) DTA traces of pure Titania, recorded at a
heating rate of 10°C/min.
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Fig 3: SEM micrographs of undoped Titania samples caldinied at (a) ] . ] ] ] ]
600" C (b) WO3 doped TiO calcined at 600° C for 6 h Fig 5: Sensitivity of commercially available TiO: as a function of
calcinations temperature for Hz gas sensor
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Fig 6: Sensitivity of chemically prepared TiO2 as a function of
calcinations temperature for Hz gas sensor
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Fig 7: Sensitivity versus operating temperature for chemically
prepared TiO2 for different gases
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Fig 9: Sensitivity versus operating temperature for TiO2.15 wt%
WOs upon different gases exposure
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Fig 10: Sensitivity versus different wt % of Pt of 15 wt% WOs3
doped: TiOz, H2 Gas sensor

surpasses the conductance decrease caused by adsorbed
oxygen, so that the resistance drops until 175°C, where
adsorbed oxygen or O acquires enough energy to transform
into O" or O?" making the resistance begin to increase slowly
and reach a maximum at 300°C. When T > 300°C, the
intrinsic conductance becomes dominant again due to
enhanced thermal electronic activation and also due to
desorption of oxygen adsorbates, so that resistance decreases
with an increase in temperature. Compared with WO3-doped
TiOy, the resistance of undoped TiO, decreased sharply with
temperature. This indicates that the WOs- doped TiO, can
adsorb more oxygen than TiO, and that the effect of
chemisorbed oxygen on the conductance is more remarkable
for the WO3-doped TiO.. It was also observed that the amount
of chemisorbed oxygen was larger for 15-wt% WOj3; -doped
TiO; than those for 5, 10 and 20wt% WOs; - TiO.. It is
obvious that the sensitivity is greatly dependent on the amount
of chemisorbed oxygen. When the concentration of Hz gas in
air is the same, it is obvious that obtained highest sensitivity at
an operating temperature 200°C, owing to the amount of
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chemisorbed oxygen ions reaching the maximum at that
temperature. Also, the sensitivities become improved with
increasing the WQO3 content. It is reasonable to consider that
the electrons introduced by substitution of more W &* ions for
the Ti** site of the TiO, lattice can form more chemisorbed
oxygen ions on the surface. Moreover, it is worth noting that
adding more WOs3, which facilitates the oxygen adsorption,
significantly reduces the grain size of TiO..

Effect of Pt. Loading on Gas Sensitivity of 15 Wt%Wos
Doped Tioz

The further improvement in gas-sensing properties was
observed by addition of a small amount of noble metal. The
maximum sensitivity for TiO2: WO3 : Pt sensor elements was
found to be extraordinarily large, indicating that the H;
detection was quite effectively sensitized by the addition of Pt.
Fig. 11 shows the sensitivity of TiO2: 15 wt% WOs3 : 0.5wt %
Pt to 5000 ppm H: in air. The sensitivity for H, was observed
to be 0.91 and 0.94 at an operating temperature 200°C and
225°C respectively. It was quite notable that the sensitivity
increased with the Pt loading. The platinum concentration was
varied from 0.2 to 1wt%. It was found that 0.5 wt% Pt was
the optimum for the maximum sensitivity to H, gas at an
operating temperature 200°C. Fig. 10 shows the increase in
sensitivity when the Pt concentration was increased from 0.2
to 0.5wt% and then the decrease in sensitivity above 0.5 wt%
Pt suggests the importance of dispersion of platinum on the
semiconductor material.

Fig. 12 shows the sensitivity verses Hy concentration in air
(ppm) for TiO,: doped 15 wt % WO3:0.5 wt% Pt at an
operating temperature 200°C. As seen from it, the sensitivity
initially increased slowly with increasing the concentration
and then linearly as the gas concentration increased from 600
to 1000 ppm. It is seen that the TiO2:15 wt % WO3:0.5 wt% Pt
reaches the saturation value of sensitivity for concentration of
1000 ppm. The sensor is able to detect up to 200 ppm for H;
with reasonable sensitivity at an operating temperature 200°C.
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Fig 11: Sensitivity versus operating temperature for TiO2:15 wt%
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Fig. 13 shows a typical response characteristic of the sensor to
1000 ppm H; in air at an operating temperature 200°C. The
response time is an important parameter to characterize a
sensor. The response time is defined as the time taken to reach
90% of the response when gas of interest is introduced. Fig.
13 clearly shows that the response is fast with TiO2: 15wt%
WO3:0.5wt% Pt, as compared with TiO2:15wt% WOs3. The
effect of Pt was thus seen not only in increasing the sensitivity
to H, considerably but also the rate of response. This kind of
sensitization has been well explained by an electronic
interaction between the noble metal and the semiconductor
oxide B4,

Conclusions
In conclusion, TiO, -based sensor doped with WO3 and Pt
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exhibited excellent H, -sensing properties with high sensitivity
and response rates. XRD of TiO; calcined at 600°C for 6 h
showed good crystalline quality with a grain size 54 nm. With
its sensitivity superior to other oxides reported so far, the
TiO2-based sensor seems to be very promising as a
semiconductor gas sensor especially for H, detection. The
TiOz: 15wt% WO; sensor doped with 0.5wt% Pt showed
maximum sensitivity and selectivity to H, at an operating
temperature 200°C.
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