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Abstract. This study reports the humidity sensing characteristics of ZnO–WO3 nanocomposite. Pellet samples of
0–5 weight% ZnO in WO3 were sintered from 300 to 600◦ C. When exposed to humidity, the resistance of the sensing
samples was found to decrease with increase in relative humidity (RH). Five percent ZnO-doped WO3 showed maximum sensitivity of 20.95 M/%RH in 15–95% RH range. Sensor parameters like reproducibility, aging, hysteresis,
response and recovery times were also studied. Sensing mechanism is discussed in terms of sintering temperature,
composition and crystallite size of the sensing element. It was observed that sensing mechanism is strongly based on
annealing temperature and percentage of doping. The sensing samples have also been investigated by X-ray diffraction, scanning electron microscope (SEM) and Raman spectroscopy. The crystalline size of the sample was identiﬁed
by powder X-Ray Diffraction data. The SEM analysis was used to study the surface morphology. The structure,
phase and the degree of crystallinity of the materials were examined by Raman spectroscopy.
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Introduction

Humidity monitoring and controlling devices have signiﬁcant importance in industrial, environmental, agricultural and
medical ﬁelds. Resistive humidity sensors are the devices
that transduce humidity change to resistance change. Three
groups of materials have been used and reported for resistive
humidity measurements: ceramics, polymers and electrolytes. Ceramics such as WO3 , ZnO, SnO2 , Al2 O3 , TiO2 , etc.
are most investigated sensing materials for relative humidity (RH) sensors. Nowadays, varieties of humidity sensor
that are available or under review process for development
in various research institutions are RH-type sensors. We can
categorize these type of sensors into three classes, including ceramic type (semiconductor), organic polymer-based
sensors and organic/inorganic hybrid sensors (polymer/
ceramic). Humidity sensors that are currently manufactured
by using nanowires, nanoﬁbres, nanorods and p–n heterojunctions are subclasses of the ceramic (inorganic) type.
The intrinsic characteristics of ceramic material namely,
reproducibility of the electrical properties, mechanical
strength, chemical and physical stability have been a centre
of attraction nowadays. These type of materials possess a
unique structure consisting of grains, grain boundary surfaces and pores, which make them suitable for adsorption
of water molecules because of the high surface exposure
[1]. Generally, metal oxides can be classiﬁed into two types,
non-transition and transition; the binary transition-metal
oxides (e.g., TiO2 , V2 O5 , WO3 ) with d0 conﬁguration and
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post-transition oxides (e.g., ZnO, SnO2 ) with d10 conﬁguration. Transition-metal oxides behave differently because
the energy difference between a cation dn conﬁguration and
either a dn+1 or dn−1 conﬁgurations is often rather small [2].
Due to small energy differences the transition metal oxides
are utilized for sensing applications, because they can form
various oxidation states on the surface of metallic oxides.
Tungsten oxides (WO3 ) are a strong candidate used for
sensing purpose, with high sensitivity and also long-term stability [3]. Consequently, this system has been examined in
substantial detail using several categories of material like
bulk ceramic [4], thin ﬁlm [5–8] and thick ﬁlm [9]. Tungsten
trioxide (WO3 ) has been investigated intensively because of
its intriguing structures, physical and chemical properties
[10–13], and potential applications [14–18]. One of the elementary defects in tungsten oxide structure, as in most metal
oxide, is the lattice oxygen vacancy, where an oxygen atom
is lacking from the normal lattice site. The octahedral variation in corners sharing to edge sharing lattice with the formation of crystallographic shear planes built up of edges
and plane sharing structures, which corresponds to particle
replacement of W6+ to W5+ and W4+ ions. This leads to the
formation of non-stoichiometric tungsten oxides WO3−x and
strongly inﬂuences its electronic properties [19]. ZnO is an
attractive semiconductor oxide for sensing purpose having a
wide bandgap and is known for its n-type conduction due to
the presence of oxygen vacancies [20,21]. It is observed that
the sensitivity of pure sensing material increases after doping
of ZnO because the amount of highest carrier concentration
of holes and electrons attained to about 1019 and 1020 cm−3 ,
respectively, were reported [22].
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Dewyani Patil et al [23] synthesized poly(2, 5-dimethoxyaniline)/WO3 (PDMA/WO3 ) composites by mechanical
mixing method and investigated the humidity sensing properties. The composite with 30 weight% of WO3 changes
linearly over the humidity range 23–84% and RH shows
maximum percentage response factor (∼651 at 87% RH),
quick response (humidiﬁcation, 27 s and desiccation, 136 s),
narrow hysteresis (∼5%) and an excellent repeatability of the
response [23]. Yadav et al [24] reported the synthesis and
characterization of ZnO–TiO2 nanocomposite and its application as humidity sensor. ZnO was prepared by conventional
precipitation method using sodium hydroxide. The ZnO–
TiO2 nanocomposite exhibits its highest average sensitivity
of 18 M/%RH over the entire range of %RH, i.e., from 10
to 95% RH at room temperature (19◦ C). The average size of
nanoparticles is found to be a minimum in the range 50–200
nm at 19◦ C temperature.
Sundaram and Nagaraja [25] report that lead (II) tungstate
and zinc (II) tungstate were prepared by a solution route
method and sintered at 973 K in the form of cylindrical
discs. The composites were subjected to d.c. resistance measurements as a function of RH in the range 5–98% RH,
achieved by different water vapour buffers thermostated at
room temperature. The composites have the highest humidity
sensitivity factor of 17615 ± 3000 and 2666 ±550, respectively. The response and recovery time for these humidity
sensing composites were good. Noubeil Guermat et al [26]
report the study of humidity-sensitive and electrical properties of plasma polymerization of hexamethyldisiloxane (ppHMDSO) thin ﬁlm-based sensors. The humidity sensitive
ﬁlm was deposited by glow discharge at low frequency power
(19 kHz) in a capacitive-coupled parallel plate plasma reactor. The deposited ﬁlm sensor exhibited a small hysteresis
(2% RH) and fast response (8 and 34 s for adsorption and
desorption between 35 and 95% RH, respectively). Md Sin
et al [27] have reported about the electrical characteristics of
aluminium (Al)-doped zinc oxide (ZnO) thin ﬁlm for high
sensitivity humidity sensors. Parameter 0.6 at% aluminiumdoped ZnO showed high sensitivity of 2.32 M/%RH and
suitable for humidity sensor. Photoluminescence showed
emissions band with two peaks centred at about 380 (ultraviolet (UV)) and 600 nm (green) at room temperature
(table 1).

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

Materials
ZnO–Nb2 O
ZnO–TiO2
WO3 –SnO2 HNS
ZnO
Ag-doped WO3
Cu2 O-doped ZnO

Average sensitivity
(M/%RH)
Hysteresis Reference
19
9.08
16.2
11.13
2.14
4.78

5%
1.90%
—
Small
1.00%
3.78%

[28]
[29]
[30]
[31]
[32]
[33]

The above developments inspired us to prepare suitable
material for the humidity sensing applications with improved
sensitivity. In our earlier study, we have reported the
morphological and RH sensing studies of pure WO3 and
WO3 –ZnO (samples WZ-10, WZ-25 and WZ-50) nanocomposite prepared by solid-state reaction route sintered in air
at temperature 300–500◦ C [34]. The present paper reports
the electrical and optical properties of ZnO–WO3 (samples
ZW-1, ZW-2, ZW-3, ZW-4 and WZ-5) nanocomposite and
its application as a solid-state humidity sensor sintered in
air at temperature 300–600◦ C. The aim of this study is to
examine the variation induced on the sensing element by
ZnO doping. The nature of the changes analysed is two-fold.
On the one hand, morphological and crystalline variations
are studied and, on the other hand, variations in response
to humidity are investigated. Scanning electron microscopy
(SEM), X-ray diffraction (XRD) and Raman spectra have been
used to study the morphological variation, to investigate
the changes in the crystalline structure and to examine
the structure, phase and components of materials, respectively. The sensitivity in present case is higher for ZW-5
(20.95 M/%RH) than the sensing element WZ-50 (1.20
M/%RH) in earlier case. The present study also indicates
that there is an improvement in the sensor performance in
terms of repeatability and hysteresis. A positive humidity
sensing phenomenon was observed between pure WO3 and
ZnO-doped WO3 , which might explain the doping and temperature dependency of the sensing material that was not
found in the earlier case.

2.

Sample preparation and experimental process

The nanocomposite sample of ZnO–WO3 was prepared
through solid-state reaction route. The starting materials
taken were WO3 (Loba Chemie, 99.99% pure) and 1
weight% (sample ZW-1), 2 weight% (sample ZW-2), 3
weight% (sample ZW-3), 4 weight% (sample ZW-4) and
5 weight% (sample ZW-5) of ZnO powder (Loba Chemie,
99.9%) added in WO3 . Polyvinyl alcohol (10% weight) is
added as binder to increase the strength of the sample. Mixed
powder was ground to uniformity for 3 h. Then the resultant
powder was pressed into pellet shape by uniaxially applying pressure of 267 MPa in a hydraulic press machine (M.B.
Instruments, Delhi, India) at room temperature. The prepared pellet samples were in disc shape, having a diameter
of 15 mm and 2.3 mm in thickness. Pressed powder pellets were sintered in air at 300–600◦ C for 3 h in an electric
mufﬂe furnace (Ambassador, India) and cooled to room temperature. After sintering, each sensing sample was placed
in the same humidity chamber and its sensing outputs were
obtained under different humidity levels. Figure 1 shows the
schematic diagram of humidity sensing apparatus. Saturated
salt solution of potassium sulphate was used as a humidiﬁer
and potassium hydroxide as de-humidiﬁer. Inside the humidity chamber, a thermometer (±1◦ C) and standard hygrometer (±1% RH, digital) were placed for the purpose of
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calibration. Electrical characteristic of the sensors was
measured by a multifunctional digital multimeter (±0.001
M, VC-9808) at variant humidity environments. The electrical resistance of the sensing elements in the form of pellets
have been measured normal to the cylindrical surfaces of the
pellets at different RH levels by two-probe method. The electrical contacts were made on the surface of pellets by means
of two thin copper sheets. Given high resistivity of materials under consideration, potential inaccuracy due to contact
resistance was assumed negligible. The surface contact area
of all sensing elements with electrodes was 113.11 mm2 and
the cylindrical surface area that was exposed to the humidity
in the chamber was also 113.11 mm2 . These values were kept
constant for all the sensing elements. Experimental samples
were electrically connected to a power supply and resistance metre in series. After studying humidity sensing properties, sensing elements were kept in laboratory environment
and their humidity sensing characteristics were regularly
monitored. To see the effect of aging, sensing properties of
these elements were examined again in the humidity chamber after 8 months. Stability of sensing elements was checked
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by keeping the sensing element at ﬁxed values of %RH in the
chamber and the values of resistance were recorded as function of time. Samples of pure WO3 (0% ZnO-doped WO3 ),
1% ZnO-doped WO3 , 2% ZnO-doped WO3 , 3% ZnO-doped
WO3 , 4% ZnO-doped WO3 and 5% ZnO-doped WO3 have
been labelled ZW-0, ZW-1, ZW-2, ZW-3, ZW-4 and ZW-5,
respectively.

3.

Principle of operation

In ceramic sensors, resistance of sensor decreases with
increase in RH due to physisorption and capillary condensation of water molecules on the surface of the material
(ﬁgure 2). Water molecules act as electron donating gas and
their chemisorption increases or decreases electronic conductivity depending on whether the material is n- or ptype semiconductor. When moisture comes in contact with
ZnO–WO3 nanocomposite, water molecules irreversibly
chemisorb on oxide surface [35–37]. The chemisorbed layer
can be thermally removed by increasing the surrounding

Figure 1. Schematic diagram of humidity sensing apparatus.

Figure 2. Sensing mechanism of solid-state humidity sensor.
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temperature. For transition-metal ion M+ the irreversible
reaction for the ﬁrst layer may be written as
M+ + H2 O → M–OH + H+

(1)

Subsequent water layers are physically adsorbed on the
ﬁrst chemisorbed layer. The physisorbed water layer is bound
by weak hydrogen bonding on the chemisorbed layer and may
be removed by decreasing humidity. The chemisorbed water
molecule attracts and breaks oxygen to hydrogen bonds of
physisorbed water molecules by following mechanism proposed by Friot et al [38] and Anderson and Parks [39]:
2H2 O ↔ H3 O+ + OH−

(2)

This physisorbed layer contributes mostly to humidity
sensitive conduction of metal oxide ceramics leading to
the conduction of electrons at the pure WO3 or ZnO–WO3
nanocomposite surface that causes decrease in resistance
with increase in RH.

4.

Results and discussion

4.1 Humidiﬁcation graphs
Figure 3 shows the humidiﬁcation graphs for the sensing
samples ZW-0, ZW-1, ZW-2, ZW-3, ZW-4 and ZW-5 for the
sintering temperature 600◦ C in terms of resistance vs. RH
at room temperature repeated over many cycles. Figure 3
shows large decrease in the value of the resistance against
initial values of RH from 15 to 40% RH, while in 40–95%
RH range the decrease in resistance is slow. The maximum
sensitivity of 20.95 M/%RH has been found for the
sensing element ZW-5 as compared to the sensitivity of the

Figure 3. Humidiﬁcation graph for samples ZW-0, ZW-1, ZW-2,
ZW-3, ZW-4 and ZW-5 for sintering temperature 600◦ C.

sensing elements ZW-0, ZW-1, ZW-2, ZW-3 and ZW-4. As
observed from ﬁgure 3, the value of sensitivity increases with
increase in the percentage of ZnO in WO3 .
Higher porosity increases surface-to-volume ratio of the
materials and enhances diffusion rate of water into or outoff the porous structure; thus, at high humidity (>40% RH)
the proton hopping and the ionic conduction increase surface conductivity while at low humidity (<40% RH) there is
no effective protonic conduction [40]. Overall, the resistance
of the ceramic decreases with an increase in humidity [41].
The decrement in resistance or increase of conductance also
occurs due to the variation of grain boundary barrier height
inside the ceramics. In this case the adsorption of water
molecules interpenetrated at WO3 surface can decrease the
height of potential barriers at the surface of WO3 grains and
at the surface of necks between WO3 grains. Therefore the
size of the depletion regions in the vicinity of the necks in
the direction of electric ﬁeld is lowered and conductance of
ceramics is increased. Penetrated water molecules can promote the decrease in the barrier heights of grain boundary potential barriers exponentially; therefore slight decrease
in grain boundary barriers height on RH can cause strong
decrease in resistance (or increase of conductance). This is
schematically shown in ﬁgure 4. In this case the conductance
can change with the value of RH exponentially [42].
Sensitivity of humidity sensor is deﬁned as the change in
resistance (R) of sensing element per unit change in RH
(RH%). For calculation of sensitivity, humidity from 15 to
95% RH was divided in equal intervals of 5% RH each. The
difference in the value of the resistance for each of this interval was calculated and then divided by 5. An average was
taken for all these calculated values. Formula for calculation

Figure 4.
model.

Schematic diagram for grain boundary potential barrier
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of sensitivity of the sensing elements may be written as given
below:
Sensitivity = [(R)/(%RH)]

(3)

Sensitivity values for the sensing samples ZW-0, ZW-1,
ZW-2, ZW-3, ZW-4 and ZW-5 for the annealing temperature 600◦ C have been calculated and shown in tables 2 and 3.
The average sensitivity for the sensing sample WZ-0, ZW-1,
ZW-2, ZW-3 and ZW-4 is lower compared to that of sample ZW-5 at the sintering temperature 600◦ C. As the sintering temperature increases from 300 to 600◦ C, the sensitivity
of the sensing sample ZW-5 increases (table 3). The sample
ZW-5 shows results with maximum sensitivity of 12.62,
16.25, 17.12 and 20.95 M/%RH among all samples when
annealed at 300, 400, 500 and 600◦ C, respectively, as shown
in ﬁgure 5.

Data sheets of some commercially available humidity sensors indicates hysteresis values in the range from 1.20 to
5.00% [43,44]. The phenomenon of hysteresis may be understood in the manner that due to the adsorption of water on
the surface of the sensing element a chemisorbed layer is
formed. This chemisorbed layer, once formed is not further
affected by exposure to or removal of humidity, it can only be
thermally desorbed. Hence, in the decreasing cycle of %RH,
the initially adsorbed water is not removed fully, leading to
hysteresis.
Thus, the maximum change in the values of sensitivity
for the decreasing cycles over increasing cycles for sensing
sample WZ-0, WZ-1, WZ-2, WZ-3 and WZ-4 is within the

4.2 Humidiﬁcation and desiccation graphs (hysteresis)
To determine the hysteresis effect in the sensing elements,
ﬁrst humidity was increased from 15% RH to 95% RH and
then cycled down to 15% RH in the humidity chamber,
and the values of resistance of the sensing elements were
recorded against the variation of %RH. Figure 6 shows hysteresis graph for the sensing element ZW-5 for sintering
temperature 600◦ C. All sensing elements have acceptable
hysteresis values. The change in the value of sensitivity in
decreasing cycles over increasing cycles for samples ZW-0,
ZW-1, ZW-2, ZW-3 and ZW-4 were ±0.10%, ±3.12%,
±2.85%, ±2.71% and ±1.04%, respectively, for the sintering temperature 600◦ C. Our best sensing element ZW5 have an acceptable hysteresis values ±1.78%, ±1.63%,
±0.92% and ±0.52% for sintering temperatures 300–600◦ C.

Figure 5.

Variation of sensitivity with weight% of ZnO in WO3 .

Table 2. Average sensitivity of sensing elements ZW-0, ZW-1, ZW-2, ZW-3 and ZW-4 for
the annealing temperature 600◦ C in 15–90% RH range.
Sensitivity M/%RH
Sensing
samples
ZW-0
ZW-1
ZW-2
ZW-3
ZW-4
Table 3.

Increasing
cycle

Decreasing
cycle

Increasing cycle
after 4 months

Increasing cycle
after 8 months

% Hysteresis

9.57
12.38
14.62
16.12
17.02

9.58
12.78
15.05
16.57
17.2

4.88
9.87
11.56
13.1
14.37

3.37
8.87
10.48
12.06
13.37

0.10
3.12
2.85
2.71
1.04

Average sensitivity of sensing element ZW-5 nanocomposite for different annealing temperatures in 15–95% RH range.
Sensitivity M/%RH

Sintering
temperature
300◦ C
400◦ C
500◦ C
600◦ C

Increasing
cycle

Decreasing
cycle

Increasing cycle
after 4 months

Increasing cycle
after 8 months

% Hysteresis

12.62
16.25
17.12
20.95

12.85
16.52
17.28
21.06

9.68
13.5
14.75
18.62

8.43
12.5
13.75
17.68

1.78
1.63
0.92
0.52

% Aging
4 Months
8 Months
23.29
16.92
13.84
11.12

33.20
23.07
19.68
15.60
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range 0.1–3.2% for the sintering temperature 600◦ C, while
for the sensing sample ZW-5 it is within the range 0.5–1.8%
for the sintering temperatures 300–600◦ C.
4.3 Ageing effect
Ageing is a signiﬁcant problem in sensing devices based
on metal oxides. To see the aging effect, the sensing elements were kept in laboratory environment and their humidity sensing characteristics were regularly monitored. The
sensing properties of the samples were examined again in the
humidity chamber after 4 and 8 months and the variation of
resistance with %RH recorded. Here, % ageing has been
deﬁned as the % deviation in the value of sensitivity over a
period of time (for example, 2 months, 8 months, etc.) from

the initial measured values. This may be termed repeatability over a period of time as well. The repeatability graph for
the sensing element ZW-5 with change in %RH after 4 and
8 months have been shown in ﬁgure 7. Corresponding values of sensitivity after 4 and 8 months for sensing elements
ZW-0, ZW-1, ZW-2, ZW-3, ZW-4 and ZW-5 are shown in
tables 2 and 3. In ﬁgure 7, both an initial increasing cycle
and another increasing cycle after 4 and 8 months have been
shown. We observe that for the sensing sample ZW-5, there
is large improvement in reproducibility after 4 and 8 months
for the sintering temperature 600◦ C. Ageing effect present in
the ceramic humidity sensor may be due to either prolonged
exposure of surface to high humidity, adsorption of contaminants preferentially on the cation sites, loss of surface cations
due to vaporization, solubility and diffusion, or sintering to
a less reactive structure, migration of cations away from the
surface due to thermal diffusion [45,46].
4.4 Regression analysis
Regression analysis of the data was carried out on humidiﬁcation graphs. Least square ﬁt with respect to polynomials
of third degree was established. The coefﬁcients of various
power of x (RH) with respect to y (Resistance) are given in
table 4. From polynomial of degree 3, value of coefﬁcients
of the ﬁrst power of x are given in table 4; i.e., a1 is the dominant one, which represents linearity between x and y (RH
and resistance). Considering the present state of instrumentation, it is not essential to go for a linear response in sensors;
a single valued function should sufﬁce. The nanocomposite qualiﬁes to be a good ceramic humidity sensor with the
polynomials of third degree.

Figure 6. Hysteresis graph for the sample ZW-5 (5% ZnO-doped
WO3 ) at the sintering 600◦ C temperature.

4.5 Response and recovery time
Time taken to accomplish 90% of the initial total resistance
variation is deﬁned as response/recovery time during the
humidiﬁcation and desiccation processes. To ﬁnd the response and recovery time, the graph shows the variation of
resistance with time for sample WZ-5, i.e., the best sample.
For sample WZ-5, the response time was 85 s when RH was
changed from 15 to 95%, while the recovery time was 550 s
when RH was changed from 95 to 15% as shown in ﬁgure 8.
Adsorption and desorption of the water molecules take place
at different energy levels. Adsorption is an exothermic process, where as desorption needs external energy for water
Table 4.
degree.

Coefﬁcients of various powers of x for polynomial of

Sintering
temperature
Figure 7. Ageing graph for sensing element ZW-5 (5% ZnOdoped WO3 ) for sintering temperature 600◦ C; a: initial humidiﬁcation cycle of %RH; a-4: humidiﬁcation cycle of %RH after 4
months; a-8: humidiﬁcation cycle of %RH after 8 months.

300◦ C
400◦ C
500◦ C
600◦ C

a0
2048.7
2709.7
2827.6
3288.6

Polynomial coefﬁcients
a1
a2
−99.811
−137.86
−133.49
−147.11

1.5711
2.2214
2.044
2.1593

a3
−0.0079
−0.0114
−0.0101
−0.0103
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molecules to depart from the metal oxide surface. As desorption is an endothermic process, it takes a longer time to desorb the water vapour; therefore, the recovery time is always
greater than the response time [47–49].
4.6 XRD analysis
XRD has been studied using XPERT PRO-Analytical XRD
system (The Netherlands). The wavelength of the source
CuKα used is 1.54060 Å. Figure 9 shows the XRD pattern
of sensing element WZ-5 annealed at temperature 600◦ C.
The XRD pattern for the sensing element WZ-5 annealed at
600◦ C shows a lot of WO3 peaks. High intensity, large number of peaks and sharpness of peaks show high crystallinity
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of the sensing element WZ-5 annealed at 600◦ C [50,51].
Some peaks are found broad and the broadness of the peak
indicates that crystallites are of small size or nano-size. From
Scherer’s formula we can see that broader the diffraction
peak (i.e., greater the full-width at half-maximum (FWHM)
value) smaller the crystal size. XRD pattern for sample ZW5 shows the monoclinic structure of WO3 with space group
P21/n and the hexagonal structure of ZnO with space group
P63mc. Major phase of WO3 exists for 2θ = 24.71◦ at
the plane (200) and d-spacing corresponding to this peak is
3.60000 Å (ﬁgure 9). Scherer’s formula gives measurement
of crystallite size in sample. Average crystallite size of the
samples was calculated using Debye Scherer’s formula:
D = Kλ/β cos θ,

(4)

where D is the crystallite size, K the ﬁxed number of 0.9, λ
the X-ray wavelength, θ the Bragg angle and β FWHM of the
peak. The minimum crystallite size calculated from Scherer’s
formula for the sample ZW-5 is found to be 16 nm. Average
crystallite size of sample WZ-5 annealed at 600◦ C is found
to be 48 nm. These crystallites may not be the only factor that
affects sensitivity. Crystallites in metal oxides have tendency
to agglomerate and form larger grains. The measurement of
grain size by SEM for different sintering temperatures was
carried out.
4.7 SEM study

Figure 8. Resistance–time variation graph for sensing element
ZW-5.

To study the grain micro-structure, SEM micrographs were
taken, which would provide a view of the grain development
and grain size. SEM micrographs show that porous structure is dependent on the sintering temperature. Sintering at
each temperature gives characteristic typical porous structure
and small crystallites without inner pores but many intergrain

Figure 9. XRD pattern for sensing element of ZW-5 (5% ZnO-doped WO3 ) for sintering temperature 600◦ C.
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pores. In addition, it can be observed that intergranular pores
are linked through the large pores. The pore structures should
be regarded as interconnected voids that form a kind of capillary tube. This structure favours adsorption and condensation of water vapour. Figure 10 shows SEM micrographs
of sensing element ZW-5 sintered at temperatures 300, 400,
500 and 600◦ C. The micrographs were taken at 35.00 KX
magniﬁcations. SEM micrographs show that the sensing
elements manifest porous structure having granulation and
tendency to agglomerate. SEM image, ﬁgure 10a, of sensing
sample WZ-5 for the sintering temperature 300◦ C shows
highly densely interconnected clusters of small grains (120–
180 nm), while ﬁgure 10b shows the formation of highly
interconnected clusters of small grains (120–240 nm) and
densely packed aggregates in sensing sample WZ-5 for the
sintering temperature 400◦ C. When sintering temperature is
changed from 400 to 500◦ C, these dense aggregates grow
rapidly and homogeneous grains form (180–240 nm in size)
with intergranular pores and capillary pores (ﬁgure 10c). At
higher temperature 600◦ C, shown in ﬁgure 10d, these grains
still grow, such that they form large grains (300–540 nm in
size) with larger intragranular pores and a network of capillary pores, which is expected to provide sites for adsorption.
As sintering temperature increases, crystallinity of the sensing sample increases and the porosity increases surface-tovolume ratio of the material. Due to the presence of larger
grains, more of the surface areas of the sensing elements are
exposed leading to more adsorption of water molecules. This
increases the sensitivity of the sensing elements.
Arresting particle growth by additives is an established
ceramic technique. In general, when the additive ions are not

accommodated in the lattice, they tend to segregate at the
grain boundaries of host particles. Zn2+ having much bigger size (88 pm) than W6+ (67 pm) or W4+ (68 pm) is not
expected to take lattice site. Therefore, it is reasonable to
suggest that only a part of the Zn2+ takes lattice site for all
the compositions, while the remaining part gets segregated
at the WO3 grain boundaries, thus arresting particle growth
[52]. With increase in sintering temperature this agglomeration around the host ions increases leading to grain size
growth. For sample WZ-5, average grain sizes are 132, 180,
200 and 348 nm for sintering temperatures 300, 400, 500 and
600◦ C, respectively. As sintering temperature is increased,
an evolution in the distribution of the grain size occurs, and
that the crystallinity increases with increase in the sintering temperature. The texture and grain size distribution are
highly inﬂuenced by the increase in sintering temperature.
More voids are created during the sintering process. Scanning electron micrographs for sintering temperatures 400 and
500◦ C manifest a continuity and almost uniform distribution
of grains, increasing the formation of voids and interconnected voids or capillaries which are very important conditions for the adsorption of water molecules in the sensing
elements. Thus, they will show increasing adsorption capacity for moisture and hence the increasing sensitivity. Sensing
element sintered at 600◦ C has the highest crystallinity as well
as the maximum void concentration and porosity. This synergy turns out to be the reason for the afﬁnity towards moisture and hence a higher conductivity. It may be argued that
the higher sensitivity may be due to a multiplicative effect
of two or more than two parameters of the resultant composite. Samples sintered at lower temperatures may have more

Figure 10. SEM micrograph of sensing element ZW-5 (5% ZnO-doped WO3 ) for sintering temperatures (a–d) 300, 400, 500 and 600◦ C.
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grains per unit area of the surface, yet the range in size of
grain is so narrow that the surface of the composite appears
smooth and therefore does not provide kinks as adsorption
sites [53]. Higher porosity increases surface-to-volume ratio
of the materials and therefore, helps in getting good sensitivity. It also helps in reducing response and recovery times
because it enhances diffusion rate of water into or out-off the
porous structure. An observation of the crystallite size and
grain size would suggest that smaller crystallites are getting
agglomerated to form larger grains. In this process, more of
the surface areas of the sensing elements are exposed leading to more adsorption of water molecules. This increases the
sensitivity of the sensing elements.
4.8 Raman spectroscopy
Raman scattering is a very sensible tool to examine the structure, phase and components of materials such as tungsten
oxides. It is suitable to study the vibration and rotation of
molecules. As shown in ﬁgure 11, the Raman spectrum of
the pure WO3 and ZnO-doped WO3 nanostructures sintered
at 600◦ C exhibits ﬁve Raman peaks placed at around 134,
275, 327, 715 and 803 cm−1 . In Raman spectrum, peaks
in the 700–803 cm−1 range correspond to the stretching
vibrations of W–O bonds while the bands at 275, 327 and
lower 200 cm−1 correspond to the deformation vibrations of
O–W–O bonds, O–W–O bending modes of the bridging oxygen and lattice modes [54]. The peaks at 803 and 715 cm−1
are Raman peaks of crystalline WO3 (m-phase), which correspond to the stretching vibrations of the bridging oxygen
[55]. These peaks are attributed to W–O stretching (ν), W–
O bending (δ) and O–W–O deformation (γ ) modes [56,57].
Figure 11 shows absent of substantial peaks, which means no
impurities were present in the samples. The Raman spectra
of crystalline WO3 (WO3 crystal does not have any double

Figure 11. Raman spectra of sensing elements pure WO3 (ZW-0)
and 5% ZnO-doped WO3 for sintering temperature 600◦ C.

261

bond) [58,59] as well as all the above information conﬁrms
the hypothesis of an open (or porous) structure of the sample with many inner empty spaces and intergrain boundaries.
This means the sample is suitable for sensing purpose.
5.

Conclusion

Pure WO3 and composites with different % doping of ZnO
in WO3 were fabricated and studied for humidity sensing
applications. The SEM revealed that WZ-5 composites at
annealing temperature 600◦ C have higher porosity, which
increases surface-to-volume ratio of the materials and therefore, helps in getting good sensitivity. It also helps in reducing response and recovery time because it enhances diffusion
rate of water into or out-off the porous structure, hence are
good candidates for humidity sensors. Among all composites
5 wt% of ZnO–WO3 composite shows high sensitivity, lower
hysteresis and less effect of ageing. Hence our studies suggest that, ZnO–WO3 composite can be a promising material
for high-performance humidity sensing applications.
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