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Sensors have become an integral part of all the activity of
modern human being. Amongst the sensors, humidity sensor
is a vital requirement of human life and industrial
applications and therefore needs exact monitoring. Although
humidity sensors designed from ceramic materials, polymers
and composites have been studied, ceramic sensors are
preferred for their chemical and physical stability in an
environment, which is suitable for its applications, proc-
essing ability and possibility of achieving predetermined
properties.'”

Although many oxides such as SnO,,! Zn0O,? TiO,,* ZrO,*
Si0,> are being studied for the development of humidity
sensors, the research for newer methods and the materials is
unending because of specific requirements of various appli-
cations in terms of sensitivity, selectivity, response time, low
cost of manufacture, compactness and microprocessor
compatibility. Moreover, it is almost impossible to develop
an ideal universal humidity sensor for all applications.

TiO; based humidity sensors are studied vigorously, as it is
likely to show better sensitivity because of its hydrophilic
property.® It is studied more in thin film form.® However, it is
reported that thin film sensors show lower sensitivity than
those shown by porous ceramic sintered counterparts.””
TiO; is known to have a hysteresis in humidity sensitivity
curve. It was thought that the use of additives would be
useful to get over this drawback. The additives are reported
to minimize the hysteresis in TiO, humidity sensors.'
Additives are also reported to improve performance param-
eters of TiO, humidity sensors.!''> SnO, is known as
isostructural to a rutile phase of TiO, and fairly good
electrical conductor was considered preferentially as an
additive. SnO, has been independently studied and found to
be a suitable sensor material for wide range of applications
with its defect structure and variable oxidation state of Sn.

Since the mechanism of humidity sensors is mainly
associated with adsorption desorption processes, the surface
area of the sensors becomes an important factor to determine
the sensing properties. The porosity can enhance the surface
area and therefore the porous materials are considered as
better sensor materials.!® Although thin films have many
advantageous properties for sensor applications, achieving
porous thin films by use of energy intensive thin film

formation processes has remained an unsolved problem for
the scientists. It is known that porous TiO> can be synthe-
sized by using polymer-dispersing agents which inspired us
to attempt the development of porous TiO,-based ceramic
humidity sensors.

In the present work, the humidity sensing properties of
TiO»-SnO» ceramic pellets are investigated. The porosity of
the pellets is monitored by the use of polymer dispersing
agent in the processing of precursors and also maintaining
low temperature for the formation of material. The humidity
sensing properties are correlated to the various parameters
namely, composition, structure, surface morphology of the
material etc. Nanoporous TiO»-SnO, sensor was prepared
with block co-polymer, F127, as a dispersing agent as
described in Scheme 1.

Figure 1 shows the XRD patterns for pure TiO,, pure SnO»
and Ti;-«SncO; film compositions where X =0, 0.1, 0.3, and
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Scheme 1. Schemetic diagram of synthesis process for TiO»-
modified SnO,.
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Figure 1. XRD patterns of (a) TiOa, (b) Tig9Sn.102, (¢) Tip7Sny 30,
and (d) SnO,.

1.0. TiO, crystallizes in anatase phase under present
experimental conditions and the structure parameters are in
agreement with reference data. (JCPDS file no. 21-1272).
Structural parameters of SnO» also match with the reported
data (JCPDS file no. 21-1250). For all other compositions,
the product is multiphase, and XRD lines matche with those
reported for TiO> and SnO; (not shown).

From the XRD study, the inference is that SnO, forms
solid solution with TiO» in the composition range 0 <x < 0.3
and crystallizes in anatase phase.

Apart from forming solid solution with TiO,, addition of
SnO; also affects the crystallite size and particle size of the
composition. Figure 2 shows the SEM images of correspond-
ing compositions studied by XRD. Table 1 summarizes the
observations of structural and textural properties. An impor-
tant observation is that the surface area increases and particle
size decreases with increasing concentration of SnO,.

Arresting particle growth by additives is a well established
ceramic technique. In general, when the additive ions are not
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Figure 2. SEM image of (a) TiO2, (b) Tio.9Sne.102, (¢) Tio7Sno302
and (d) SnO,.
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Table 1. Structure and texture properties of TiO»-modified SnO»

Unit Cells SRET. Particle size
TirSn,0, ... SEM XRD
a(d) cA) Vol (A) (m%g) m)  (am)?
x=0 37685 9.4690 1344 46 62 23
x=0.1 37773 9.4974 1355 47 46 19
x=03 37642 94590 134.0 54 39 14
x=10 4.7331 3.1842 613 28 43 21

“The crystallite size was calculated using Seherer equation from XRD.
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Figure 3. Dependency of the resistance of TiO»-modified SnO, on
relative humidity.

accommodated in the lattice, they tend to segregate at the
grain boundaries of host particles. In the present case, Sn**
having much bigger size (83 pm) than Ti** (74.5 pm) is
expected to take lattice site. From XRD study, a trend is
clearly shown that Sn** > 0.3 can not take TiO» lattice site as
is expected. Therefore, it is reasonable to suggest that, at a
low temperature of formation (500 °C), only a part of the
Sn** takes lattice site for all the compositions, while the
remaining part gets segregated at the TiO, grain boundaries,
thus arresting particle growth.

Figure 3 shows the humidity sensitivity of single phase
compositions in terms of resistance variation as a function of
relative humidity (RH) at a fixed ambient temperature of 25
°C. As the RH increases the resistance decreases by three
orders in RH range 11 to 97%. The change is linear for the
all composites except for pure SnO,, suggesting that
mechanism of resistance variation is similar over the region
of 11-97%. However, in case of SnO; the resistance (R) vs
RH plot is clearly nonlinear for the RH > 60%. The
nonlinearity of SnO, sample might be due to the inhomo-
genous absorption of water molecule. For clarity, a
representative humidity sensitivity curve for the composition
Tio.9Sng.1O> is shown in Figure 4.

TiO; is known to be hydrophilic because of the dissocia-
tive adsorption of water at Ti** defect sites on the surface of
the particles."> Also, the mechanism of TiO, based humidity
sensors is explained as the decrease in resistance of sensing
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Figure 4. Absorption-desorption behavior of Tig9Sn0, under
different humidity conditions.

element because of proton conduction. These protons
become available from adsorption of water. Thus, higher
adsorption of water causes decrease in R with increasing
RH. Sn*" doping decreases the particle size thus increasing
the surface area. Also it may be mentioned that the particle
size is in the nanometer range. This enhances the sensitivity
of TiO, based material for RH.'® Also, during synthesis,
polymeric surfactant has been used which helped to form
porous powder. This is observed by BET surface area
measurements of one composition (see supplementary infor-
mation). Such pores are reported to add -electrolytic
conduction contribution to protonic conduction enhancing
the sensitivity.!” It may be noted that the nonlinearity in
sensitivity curve for SnO; is at high RH > 60%. This may
occur due to condensation of water which disturbs equi-
librium adsorption-desorption process.

Although the doping of Sn*" increases the surface area of
powders, responsible for humidity sensitivity, the segre-
gation of Sn*" at grain boundaries would be unfavorable
factor as hydrophilicity of TiO, would decrease. This is
reflected in the study of various compositions in our study. x
= 0.1 gives better results with respect to sensitivity and
minimum hysteresis than x = 0.2, 0.3, although these com-
positions are superior to the x = 0.1 composition in terms of
lower particle size and hence higher surface area.

In summary, Ti;«SnyO> compositions in the range (0 < x <
0.3) form a solid solution by sol-gel method and show
improved humidity sensing property when compared to pure
TiO,. The lowering of particle size by addition of Sn*" and
the effect of F127 to achieve porous powder is proposed to
be a cause of better humidity sensitivity.

Experimental Section

The powders to make ceramic sensors were prepared by
sol-gel process. TiCly and SnClySH,O were used as pre-
cursors for synthesizing TiO, and SnO, respectively. The
precursor chlorides were purchased from Aldrich Chemicals
and used without any further processing. A triblock polymer,
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(HO(CH2CH20) 1 05(CH2CH(CH3)0)7O (CHzCHzO)] ()(,H) des-
ignated EO10sPO70EO106 Was dissolved in 10 gm of ethanol
(EtOH), 0.01 mole. Titanium precursor solution in EtOH
was added to the continuously stirred surfactant solution.
Vigorous stirring was continued for two hours at room
temperature after addition of precursor. To avoid precipi-
tation, chelating agent, namely, acetyl acetone was added in
the required mole ratio to completely complex the metal
species. The resulting sol was allowed to gel in an open Petri
dish at 60 °C in air for 6 days. The gel thus obtained was
then calcined at 550 °C for 8 hours to remove surfactant.

To study the effect of tin addition in TiO,, a mixture of
titanium tetrachloride and tin tetrachloride was processed so
that finally Ti 1«SnsO> would form where 0 <x <1.

Sensor characterization was done by measuring resistance
of the pellets on Keithley multimeter. Applying silver paste
on the two faces of the pallets and heating the sample at 300
°C, proper contacts were assured. D.C. resistance measure-
ments were done in dark in a suitable cell where temperature
and humidity were monitored. Alla portable digital thermo-
hydrogram was employed to measure relative humidity with
1% accuracy. For high resistance samples, current response,
at different voltages was studied as a function of relative
humidity, varied in the steps of 20% in the range 11 to 97%.
The nitrogen adsorption/desorption isotherms at 77 K were
measured using a Micromeritics ASAP 2400 system to
estimate surface areas, pore volumes, and pore size distri-
bution, and and pore size distributions were calculated by
the BJH method. Sensor materials were characterized by
XRD, BET and SEM.
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