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ABSTRACT

Present paper deals with a comparative performance of n-type ZnO, ZnO-TiO, and ZnO-Nb,Os nanomaterials as humidity
sensors. ZnO was synthesized through hydroxide route. TiO, and then Nb,Os were used as additives for improvement of
sensitivity. Scanning electron micrograph of ZnO shows rod-like particles with average diameter 40 nm. Structural properties by
X-Ray diffraction were studied. The minimum crystallite sizes of ZnO-TiO, and ZnO-Nb,Os calculated from Scherrer’s formula
were found to be 19 and 17 nm respectively. The pellet of each sensing material was annealed at temperatures 150, 300, 450 and
550 °C for 3 h and checked for its sensing efficiency. Each heat treated pellet was exposed to humidity under controlled
condition and variations in resistance with the humidity were recorded. Comparative study of sensitivities of each sensing
element was performed. Average sensitivity achieved was 8 MQ/%RH for the n-type ZnO annealed at 550 °C. After chemical
mixing of TiO, the sensitivity increased to 18 M€/%RH and after Nb,Os, it was found to be 19 MQ/%RH. Activation energy of

electrical transport and Kelvin radii of each sensing elements were also studied. Copyright © 2012 VBRI Press.
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Introduction

Effect of humidity on various materials is well known for a
long time in many ways. It affects mankind directly or
indirectly. The irreversible effect due to humidity
eventually causes permanent damage to the exposed
surfaces. Therefore, there is an urgent need to measure and
control precisely the humidity in various environments [1].
At the same time the reversible effect of humidity on
materials may be exploited for the measurement of
humidity. Most of the humidity sensors based on metal
oxide show good sensitivity over the entire range of %RH.
Nano sized zinc oxide due to the large band gap 3.37 eV
and high exciton binding energy of 60 meV shows various
useful properties and gives large and diverse range of
growth of different type of morphologies such as
nanosheets, nanocombs, nanobelts, nanowires and
nanorings, which may be used in various applications [2-4].
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It is one of the promising materials among metal oxides for
use in humidity sensors [5-10] and gas sensors [11-18].

We have tried to emphasize the synergistic role of the
doping materials in the preparation of excellent humidity
sensor. Doping is an attractive and effective tool for
maneuvering different properties such as better sensitivity,
good reproducibility, and linear characteristics with
humidity [19-23]. The behavior of TiO, is such that it
remains stable over the time and thermal cycling when it is
exposed to the various chemical species, likely to be
present in the ambient to be sensed. Nb,Os is easily
available at the lower cost. It is a ceramic material and
appears as white crystals or powder. It has stable electrical
parameters. Both TiO, and Nb,Os are very sensitive to
humidity [24-37].

Owing to the useful properties of TiO, and Nb,Os, each
of these materials has been chemically mixed separately
with ZnO nanomaterial for improvement of sensitivity,
reproducibility and linear characteristics with humidity,
which would be very useful for vast area of potential
application in different type of electronic devices.

In this paper synthesized n-type ZnO, ZnO-TiO, and
Zn0-Nb,Os5 as sensing materials were characterized using
SEM and XRD and a comparative study of their humidity
sensing behaviors were made.

Fig. 1. Scanning electron micrographs of ZnO nanomaterial in the form of
pellet prepared (a) at room temperature in nanoscale (b) at 550 °C in
microscale.

Experimental
Synthesis of material

ZnO was prepared by conventional precipitation method by
adding sodium hydroxide solution to zinc sulphate solution
(1:2.2) using ‘sudden drop method’ [38] under vigorous
stirring. After completion of reaction, it was kept for 3 days
and then filtered and washed with deionized water to
remove sodium and other ions. Subsequent heat treatment
of precipitate at 550 °C for 3 h gave zinc oxide in powder
form.

For synthesis of ZnO-TiO, and ZnO-Nb,Os
nanocomposite  materials, TiO, powder (99.58%,
Qualigens) and Nb,Os (99.25%, Johnson & Matthey Co.
Ltd, London) were homogeneously mixed in the ratio 1:4
by weight with synthesized zinc oxide within isopropyl
alcohol (50 ml) as solvent separately. After vigorous
stirring of 10 h, these were filtered out and dried. After that,
zinc titanium oxide (Zn,TiO4) and zinc niobium oxide
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(ZnNb,Og) composite materials in the form of powders
were obtained.

The pellets of identical dimensions (10 mm in dia and 4
mm in thickness) of these materials were made by using
hydraulic pressing machine (KBR Press, Germany) under
the pressure 30 MPa at room temperature. Each pellet was
annealed at temperatures 150, 300, 450 and 550 °C for 3 h
and used as humidity sensors.

Each pellet was kept within an electrode holder and has
been exposed to humidity in the self-designed humidity
chamber. Variations in resistance with humidity were
recorded by using a digital multimeter (VC 9808, India).
Relative humidity is measured using digital hygrometer.
The least count of Hygrometer used here is 1% RH.

Characterization of n-type ZnO, ZnO-TiO, and ZnO-Nb,Os

The morphology of sensing material in the form of pellet
was investigated with a scanning electron microscope
(SEM, LEO-0430 Cambridge). Fig. 1a shows SEM of ZnO
in the form of nanorods with a length of around 250-350
nm and average diameter between 40-50 nm and another
SEM of ZnO calcined at 550 °C is shown in Fig. 1b. It
shows uniform distribution of pores with clusters of
crystallites over the entire surface of the material. Fig. 2
and Fig. 3 show SEMs of ZnO-TiO, and ZnO-Nb,Os in the
form of pellets prepared at room temperature respectively.
They show porous nature of sensing materials with different
crystallite sizes.

Fig. 2. Scanning electron micrograph of ZnO-TiO, nanomaterial prepared
at room temperature.

Fig. 3. Scanning electron micrograph of ZnO-Nb;Os nanomaterial
prepared at room temperature.
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Fig. 4. X-Ray Diffraction of sensing material in the form of ZnO powder
annealed at 550 °C.

X-Ray diffraction system (X-Pert, PRO, Netherland)
with Cu-K, source radiation having wavelength 1.54 A was
used for the characterization of the sample. The X-Ray
diffraction patterns obtained show the extent of
crystallization and the crystallite sizes of sensing materials
were calculated using Scherrer’s formula. Fig. 4, 5 and 6
show X-ray diffraction patterns of ZnO, ZnO-TiO, and ZnO-
Nb,Os in the form of powder. Major phase of ZnO exists for
20 = 36° at the plane (101) as shown in Fig. 4. The average
crystallite size of ZnO as calculated is 40 nm.
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Fig. 5. X-Ray Diffraction of sensing material in the form of ZnO-TiO;
prepared (a) at room temperature and (b) at 550 °C.
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Fig. 5a shows the XRD pattern of sensing materials in
the form of ZnO-TiO, powder at room temperature. At this
temperature sample contains ZnTiOj; at the plane (024) for
20 = 48°. The FWHM and d-spacing corresponding to this
peak are 0.134° and 1.8936 A respectively. Unidentified
peaks are attributed to impurities of ZnSQO, and other ions.
The minimum crystallite size was 19 nm as per calculation.

Fig. 6a shows XRD pattern of sensing material
prepared at room temperature and it reveals that the sample
contains ZnsNb,Og and some quantity of ZnO, Na,Nb,Og
with impurities of ZnSO,. The minimum crystallite size of
synthesized material ZnsNb,Og at room temperature 19°C
was found as 17 nm. The corresponding values of ‘d’
spacing and FWHM of sensing material are 1.37 A and
0.0614° respectively at the plane (812) for 26 = 68°.
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Fig. 6. X-Ray Diffraction of sensing material in the form of ZnO-Nb;0s
powder prepared () at room temperature and (b) at 550 °C.

Effects of annealing on XRD patterns of sensing
materials of ZnO-TiO, and ZnO- Nb,Os were also studied
as shown in Fig. 5b and 6b respectively. Fig. 5b shows the
X-Ray diffraction pattern of sensing material annealed at
550°C in the powder form. It shows that the sample
contains zinc titanium oxide (Zn,TiO4). FWHM for this
peak is 0.110° and d-spacing is 2.33 A. Most of the peaks
are identified as Zn,TiO4. Fig. 6b shows the XRD pattern
of sensing material annealed at temperature 550 °C. Zinc
niobium oxide nanomaterial (ZnNb,Og) was obtained after
annealing the sample at temperature 550 °C and can be seen
by X-Ray diffraction pattern. Major phase of ZnNb,Og
sensing material has been observed corresponding to the
values of ‘d’ spacing 1.38 A and FWHM 0.230° at the
planes (104) for 26 = 68°.

Measurements of humidity sensing properties
Experimental set up reported earlier [39] was used for this
investigation and is shown in Fig. 7(a). The

humidifier/dehumidifier was kept in a dish over a stand.
Variations in %RH were measured with the help of

Copyright © 2012 VBRI Press 199



hygrometer (Huger, Germany) and variations in resistance
were measured using digital multimeter (VC 9808, CE,
India). The temperature of the chamber remained the same
throughout the observations. The chamber was then
dehumidified up to 10%RH using saturated solution of
potassium hydroxide. The prepared pellet of sensing
material was put within a conductivity-measuring holder
having Cu electrode-pellet-Cu electrode arrangement as
shown in Fig. 7(b). The humidity chamber was humidified
using saturated solution of potassium sulphate in deionized
water. It was observed that as %RH inside the chamber
increases from 10-95%RH, resistance of the sensing
material decreases over the entire range of RH. Further the
pellet, which acts as sensing material was annealed for 3 h
at 150, 300, 450 and 550 °C in an electric furnace
successively. After each step annealing, the pellet was
exposed to humidity and variations in resistance with
humidity were observed.
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Fig. 7. (a) Experimental set-up and (b) Conductivity measuring holder.
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Fig. 8. Variations in resistance with the variations in relative humidity for
the sensing elements made of ZnO, ZnO-TiO, and ZnO-Nb;Os
respectively.

Study of sensitivity

Sensitivity of humidity sensor has been defined as the
change in resistance (AR) of the sensing element per unit
change in %RH and is given below —
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S= AR MOWRH <o @)
A%RH

The sensitivities of sensors using ZnO, ZnO-TiO, and
ZnO-Nb,Os were studied at different annealing
temperatures but reported only which corresponds to
highest point of average sensitivity. Maximum average
sensitivity of zinc oxide based humidity sensor was
achieved at annealing temperature 550 °C. Variations in
resistance with the %RH for ZnO, ZnO-TiO, and ZnO-
Nb,Os sensing elements were plotted in Fig. 8. The
comparative chart of average sensitivity for each sensing
element is depicted in Table 1.

Table 1. Variations in average sensitivity with different sensing elements.

Sensitivity 10-20 | 20-30 | 3040 | 40-50 [ 50-60 | 60-70 | 70-80 | 80-95 Average
for range Sensitivity
%RH (MO %ERH)
From 10-
Sensin; 93%
Elements
ntype ZaQ 08 | 110 00 | 100 50 35 50 EX] TEERE
ZnO-Tidr 213 347 178 150 10.6 10.6 113 18.87 176518
Zn0-NhOs 176 97 267 253 505 [ 50 B&7 187819

Study of activation energy

The resistance-temperature plot of In(R) vs 1/T, known as
Arrhenius plot, has a slope of E./k according to Eq. R = R,
e¥*T_ The slope of a linear zone gives the activation energy
(Es) for electrical transport of charge carriers in
semiconducting materials can be calculated [10]. From our
experiments we studied R-T characteristics of each sensing
elements and found that ZnO-Nb,Os nanomaterial gave
maximum slope which is shown in Fig. 9.
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Fig. 9. Arrhenius Plot for the sensing element made of ZnO-Nb;Os.

Activation energy calculated from Arrhenius plots of
sensing materials was found to be maximum 0.029 eV for
Zn0O-Nb,Os in the range 19-300 °C. Variations in activation
energy for ZnO, ZnO-TiO, and ZnO-Nb,0Os at 19-300 °C
are depicted in Table 2.

Table 2. Variations in activation energies with different sensing
materials.

Sensing materials Activation energy (eV)

n-type ZnO 0.0041
ZnO-TiO; 0.012
ZnO-Nb205 0.029

Copyright © 2012 VBRI Press
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Study of kelvin radii

The radii of the pores in a porous material known as Kelvin
radii can be calculated by Kelvin equation given as
under:Where y = Surface tension of water, M = Molecular
weight of water, P/ Ps = Relative Humidity, p = Density of
water and r, is Kelvin radii.

Mg = oM (2)
PRT In(P, / P)

At the time of investigations of solid-state humidity
sensor, the relation between humidity sensing properties
and porosity were studied. Shimizu et al [40] gave
theoretical interpretation of this correlation. Later on,
others [41] followed it. There are various methods to
determine the pore size distribution [42]. Kelvin radii for
Zn0O, ZnO-TiO, and ZnO-Nb,Os were evaluated and it was
found that each sensing element possesses the same value
of Kelvin radii corresponds to each value of relative
humidity as shown in Fig. 10. From characteristics, it was
observed that as relative humidity increases, Kelvin radius
increases. In lower humidity region chemisorptions occur at
atomic level and increase in humidity causes physisorption.
Ultimately it converts in to condensation through larger
capillary pores. Some additional pores will be filled by
water vapour which increases the pore size markedly.

Results and Discussion

For all sensing elements, i.e. ZnO, ZnO-TiO, and ZnO-
Nb,Os, Fig. 8 clearly reflects that as %RH increases,
resistance decreases from 10 to 95%. The curve for the
sensing element of ZnO shows that as RH increases,
resistance decreases sharply up to 50%RH and shows
highest sensitivity in this range followed by a less rapid
decrease up to 95%RH as relative humidity increases.
Average sensitivity 8 MQ/%RH over the entire range of
relative humidity was achieved. The curve for the sensing
element ZnO-TiO, prepared at room temperature shows that
as RH increases, resistance decreases up to 95%RH and
there are two linear dependence regions: first region from
10 to 30%RH having average sensitivity 25 MQ/%RH and
second from 30 to 95%RH was having 11 MQ/%RH. This
plot shows better linear response of the sensor and highest
average sensitivity 18 MQ/%RH was achieved. Curve for
Zn0-Nb,Os5 sensing element shows that as RH increases,
resistance decreases markedly up to 65%RH which gives
maximum slope having maximum average sensitivity 23
MQ/%RH. It decreases slowly in the range 65-95% and
maximum average sensitivity 19 MQ/%RH over the entire
range of %RH was achieved.

The adsorption of moisture through ceramic oxide
surfaces can be understood as follows: adsorptions of
moisture affect the protonic conduction on the surface and
the conductivity varies with amount of the water they
adsorb. This principle is employed for the measurement of
humidity in resistive-type humidity sensors. Ceramic
humidity sensors show chemical resistance [43-45]. The
change in impedance of porous ceramics at different
environmental humidity levels is related to the mechanism
of water adsorption on the oxide surface.

Adv. Mat. Lett. 2012, 3(3), 197-203

ADVANCED MATERIALS Letters

120 -
100 -
80 A
60

40

Kelvin Radius (A)

20

0 T T T T T 1

5 20 35 50 65 80 95
% RH

Fig. 10. Variations of Kelvin radii (A) against relative humidity at room
temperature.

At the initial stage of adsorption, the negatively
charged oxygen is electro-statically attached to the
positively charged metallic ions of the sensor material to
form hydroxides. Thus the grain surfaces, which are
contiguous to the pores, are covered by a chemisorbed
monolayer. As relative humidity increases, first physisorbed
layer localized by hydrogen bonding of a single water
molecule to two surface hydroxyls is set up. A hydronium
group H;O" is thereafter formed through those molecules in
the second layer that are on the average singly hydrogen
bonded to the underlying layer as shown in Fig. 11.

H H H H
AN
° / \ 0 ,/4— Second
‘ ‘nL,r Physisorbed layer
First > \ ] /
Physisorbed layer / \
H
/ \ Chemisorbed
o 0 hydroxyls
w/ | /|

Porous sensing
material

Fig. 11. Sensing mechanism of solid state humidity sensor.

Thus a proton is released to neighbouring water
molecules which accept it while releasing another proton
and so on (Grotthuss chain reaction mechanism). This
proton moves freely along the water and thus determines
the sensor conductivity. At higher humidity levels, liquid
water condenses in the pores and electrolytic conduction
occurs simultaneously with protonic transport.

The variations in sensitivities in MQ/%RH of sensing
elements made of ZnO, ZnO-TiO, and ZnO-Nb,Os for each
interval of 10%RH have been shown in Table 1. It could be
observed that after chemical mixing of TiO,, sensitivity of
ZnO increases more than two times i.e. 18 MQ/%RH and
after mixing of Nb,Os, the highest sensitivity so achieved
was 19 MQ/%RH for the entire range of RH. ZnO-Nb,0s
sensing material was much porous and amorphous at room
temperature. A close look at scanning electron micrographs
reveals that latter one was more porous in comparison to
others (ZnO and ZnO-TiO,). Therefore the maximum value
of sensitivity (19 MQ/%RH) was achieved for this material.
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X-Ray diffraction patterns of powdered samples show
crystalline nature of pure zinc oxide. After mixing of TiO,
and Nb,Os, it became less crystalline with increased
number of pores and hence enhanced sensitivities were
achieved for these materials.
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Fig. 12. Reproducibility of result for the sensing element ZnO-NbyOs.

Reproducibility of results for all sensing elements were
checked and found that ZnO-Nb,Os sensing element has
better reproducibility with 5% hysteresis than others. The
curve for reproducibility of result is shown in Fig. 12.
Curve ‘a’ shows linear decrease in resistance with
increasing %RH and curve ‘b’ shows increase in resistance

of sensing material with decreasing %RH reversibly.

Conclusion

In order to develop highly efficient humidity sensor,
nanostructured zinc oxide has been doped with TiO, and
Nb,Os and a detailed study has been performed which is
very useful for measuring and monitoring the relative
humidity of environment at room temperature. ZnO-Nb,Os
nanocomposite material prepared at room temperature gave
nanocrystallites having minimum size 17 nm which has
good sensing properties for water vapour. Highest average
sensitivity 19 MQ/%RH has been achieved over the entire
range from 10 to 95% at room temperature. Results are
found to be reproducible and no ageing effects have been
observed for five months. Thus humidity sensor made of
Zn0O-Nb,O5 based on electrical resistance is cost effective,
easy to fabricate and user friendly and can be used for both
indoor and outdoor applications for entire range of the
%RH.
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