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INTRODUCTION

Metal oxides/metal oxides composite have wide applica-
tions as catalyst [1], gas sensors [2], antifungal agents [3] adsor-
bents [4] and energy conversion [5]. There are various metal
oxides like ZnO, TiO2, CuO, NiO, etc. which have been used
in the designing of different types of sensors. Tungsten trioxide
(WO3) is an n-type semiconductor having a band gap in the
range 2.5-2.8 eV, received much interest in the applications
like photocatalysis [6-9], electrochromic devices [10-12], solar
energy conversion [13] and gas sensors [14], and many more
due to its excellent catalytic, optical and dielectric properties,
good physical and chemical stability.

Humidity sensors are of very high importance due to their
increasing uses in various industries as well as in scientific
laboratories. There are many domestic applications of humidity
sensors such as in controlling cooking for microwave ovens,
intelligent control in buildings and laundry, etc. In automobile
industries, humidity sensors are used in rear window defoggers
and motor assembly lines. In medical fields, humidity sensors
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are used in sterilizers, respiratory equipment, pharmaceutical
processing, incubators and biological products. In agriculture,
humidity sensors are used for green-house air-conditioning,
plantation protection (dew prevention), soil moisture moni-
toring, and cereal storage. In general industry, humidity sensors
are used for humidity control in chemical gas purification, dryers,
ovens, film desiccation, paper and textile production and food
processing [15]. Humidity sensors that are developed using
metal oxides have attracted much attention due to their chemical
and physical stability. Metal oxides having larger surface area
and smaller grain size finds remarkable applications in humidity
sensing. Upon exposure to the moisture on sample surface,
the water molecules get dissociated and are adsorbed at these
defect sites. This leads to an enhancement in the surface electron
concentration [16]. Various humidity sensors have also been
developed using metal oxides that provide high sensitivity,
linear response, low response time and low power consum-
ption. Leng et al. [17] prepared WO3 nanofibers using an electro-
spinning method of fabrication. Teoh et al. [18] reported that
WO3 thin film having mesoporous morphology exhibits pores



with an average size of 5 nm and its specific surface area of 151
m2/g. Yan et al. [19] synthesized WO3 nanowall using solvo-
thermal, whereas Shakya et al. [20] reports the humidity sensing
properties of ZnO-WO3 nanocomposite and found that 5% ZnO
doped WO3 showed highest sensitivity of 20.95 MΩ/%RH in
15-95%RH range. Liu et al. [21] have synthesized tungsten
oxide nanorods assembled microspheres by a facile hydro-
thermal process. Zhou et al. [22] have synthesized the highly
ordered mesoporous tungsten oxides via hard templating method
using mesoporous silica as a hard template and phosphotun-
gstic acid as a precursor. Misra et al. [23] reported humidity
sensing properties of pure and Al2O3 doped ZnO samples in
the form of pellets prepared through solid state route reactions.
It is observed that the resistance of pellets decreased for the
range of humidity from 10%RH to 90%RH. Sample doped
with 15 wt% of Al2O3 in ZnO and annealed at 700 ºC shows the
best results with sensitivity of 14.98 M/%RH. It is also observed
that for this sensing element repeatability over different cyclic
operations is within ± 2% after 6 months and its response and
recovery times are found to be 85 and 286 s, respectively [23].
Kumar et al. [24] prepared polyaniline (PANI) thin films by
spin coating and when exposed to humidity, it shows good
response to humidity leading to development of commercial
humidity sensor using polymers in future. Khadse et al. [25]
fabricated a highly sensitive and fast humidity sensor based
on cerium oxide nanoparticles, which are prepared at low cost
via a simple non-isothermal precipitation method. CeO2 nano-
particles based humidity sensors exhibit high and linear response
within the whole relative humidity (RH) range of 11-97% at
an operating frequency of 60 Hz. The corresponding impedance
changes by approximately three orders of magnitude within
the entire humidity range from 11% to 97% RH. The response
and recovery times for this sample are about 2-3 and 9-10 s,
respectively, when RH was switched between 11% and 97%.
Furthermore, the sensors also show relatively small hysteresis,
excellent reproducibility, long term stability and broad range
of operation (11-97% RH) [25].

Several attempts have been made by the researchers to
enhance the sensitivity of metal oxide based humidity sensors.
One of which includes doping with other metal oxide/metal
which is an effective method for improving its sensitivity. In
this work, we have reported the characterization of the prepared
samples using X-ray diffraction (XRD) and scanning electron
microscopy (SEM) and humidity sensing properties of pure
WO and Cu2O-WO nanocomposites prepared by solid state
reaction route are studied at various annealing temperatures.
The humidity sensing performance of Cu2O-WO3 nanocompo-
site is also evaluated by measuring essential sensing parameters
such as ageing effect, hysteresis, reversibility and stability in
the 10-99%RH range.

EXPERIMENTAL

Tungsten trioxide (WO3) powder (Loba Chemie, 99.99%)
and cuprous oxide (Cu2O) powder were used as a main material
for the preparation of samples. All pellet samples were prepared
using solid state reaction route. For the preparation of pure WO3

pellet, 1 g of pure WO3 powder is added with 5 wt% polyvinyl

alcohol (PVA) with acts as a binder to increase the strength of
pellet. The obtained mixture is grinded uniformly in mortar and
pestle for 3 h. The resultant powder is then pressed into pellet
shape by applying uniaxial pressure of 250 MPa in a hydraulic
press machine (M.B. Instruments, Delhi, India) at room temp-
erature. The prepared pellets were in disc shape having diameter
of 12 mm and thickness 2 mm. Nanocomposite of Cu2O-WO3

was also prepared by the similar procedure. The only difference
was the addition of 0.1 g of Cu2O in 0.9 g of WO3. The pellet
samples are then annealed at temperatures of 300 ºC, 400 ºC,
500 ºC and 600 ºC for 3 h in an electric muffle furnace.

Humidity sensing setup: The samples were exposed to
humidity (10-99%RH) in a specially designed humidity control
chamber as shown in Fig. 1. Inside the humidity chamber, a
thermometer (± 1 ºC) and standard hygrometer (digital, ±1%
RH) were placed for the purpose of calibration. Variation in a
resistance is recorded by a multifunctional digital multimeter
(±0.001 MΩ.VC-9808) with respect to change in percentage
relative humidity. The potassium sulphate solution was used as
a humidifier, while KOH solution was used as a dehumidifier.
For measuring the resistance of pellets, copper electrodes were
used. Two thin copper plates were used for making the electrical
contacts on the surfaces of pellets. The copper sheets were put
in such a way to cover the two opposite cross sectional areas
of pellet. In order to see the effect of ageing, humidity sensing
property of these elements was examined again after six months
in same humidity control chamber under the same conditions.

Glass plate

Sinometer

89 899

Stand

Glass chamber

Hygrometer

Sample holder

Humidifier/
Dehumidifier

Fig. 1. Set up of humidity control chamber

RESULTS AND DISCUSSION

SEM analysis: Surface morphology of pellet samples was
studied using scanning electron microscope (SEM, LEO-0430,
and Cambridge). Fig. 2a-b show the micrographs of pure WO3

and Cu2O-WO3 nanocomposite, respectively annealed at 600
ºC. SEM images showed that the morphology of nanoparticles
was spherical with some elongation and having highly porous
structure. These pores were expected to provide sites for humidity
adsorption therefore, increases the humidity sensitivity of
material. The grain size of pure WO3 was 158 nm and Cu2O-
WO3 nanocomposite was found to be 159 nm. Highly porous
structure of Cu2O-WO3 nanocomposite offers more sites for
interaction of water molecules offering maximum sensitivity.
Higher porosity increases the surface to volume ratio of the
material and enhances the diffusion rate of water into or out
of porous structure and thus helps in getting good sensitivity.
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Powder XRD analysis: X-ray diffraction was studied using
X-pert PRO Analytical XRD system (Netherland) having CuKα
radiation source of wavelength 1.5406 Å. Fig. 3a-b shows X-
ray diffraction pattern for pure WO3 and Cu2O-WO3 nanocom-
posite at annealing temperature 600 ºC. The average crystallite
size of the samples was calculated using Debye Scherer′s formula:

K
D

cos

λ=
β θ (1)

where D is the crystallite size, K is the fixed number of 0.9, λ
is the X-ray wavelength, θ is the Bragg′s angle (radian) and β is
the full width at half maximum of the peak (radian). The cryst-
allite size calculated from the Scherer′s formula for pure WO3

sample was 72.4 nm, while for Cu2O-WO3 nanocomposite was
74.4 nm.

The main characteristic diffraction peaks at 600 ºC corres-
pond to the (001), (110), (101), (111), (200), (201), (102), (221),
(310), (212), (400), (401), (331), (203) and (421) planes at 2θ
equal to 21.8º, 24.3º, 28.6º, 32.7º, 34.1º, 41.8º, 49.9º, 54.3º,
55.9º, 62.2º, 71.9º, 76.9º, 81.6º, 83.3º and 86.1º, respectively
for pure WO3. The diffraction peaks of Cu2O [(111) and (200)]
at 44.3º and 50.4º can be observed obviously. These peaks were

well matched with the diffraction lines reported in JCPDS card
no. 00-005-0388 for tungsten oxide and JCPDS card no. 01-
071-3645 for cuprous oxide.

Majority of peaks [(101), (111), (201), (221), (401)] were
shifted towards slightly lower value of diffraction angle while
some shifted at higher value [(001), (110), (200), (212)] and
some maintained their previous value [(102), (310), (400)].
Appearance of few Cu2O peaks in XRD indicated the atomic
substitution of Cu2O in WO3 rather than interstitial substitution.
Majority of the diffraction peaks shifted slightly towards lower
2θ angles for Cu+ doping, which is due to the occupancy of
W6+ (0.78 Å) sites by Cu+ (0.77 Å) (Fig. 3) causing some kind
of lattice distortion that is induced by the stress during the prep-
aration [26]. The crystallite size increased in the case of Cu2O-
WO3 nanocomposite annealed at 600 ºC as compared to pure
WO3. This increase in crystallite size might be due to the lattice
strain induced in the Cu2O-WO3 nanocomposite caused by
the small mismatch of ionic radii between the W6+ and Cu+.
The shifting of XRD peaks and a corresponding increase
in crystallite size suggest that Cu+ ions were successfully
incorporated into the WO3 without altering the overall crystal
structure.

Fig. 2. SEM images of (a) pure WO3 (WC-0) and (b) Cu2O-WO3  (WC-10)  nanocomposite annealed at 600 °C
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Fig. 3. XRD patterns of (a) (WC-0) and (b) (WC-10) nanocomposite annealed at 600 ºC
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Humidification graph: The variation in sensor resistance
with different percentage relative humidity values (10-99%RH)
for pure WO3 and Cu2O-WO3 nanocomposite is shown in Fig. 4.
It is clearly seen that addition of Cu2O in WO3 increases the
electrical conductivity of the pellet sample. It wass noticed
that with an increase in the %RH level, the obtained resistance
of sensor shifted to the lower values monotonically. The adsorbed
water molecules lower the resistance by 2-D capillary effect
and can strengthen the space-charge polarization effect and
initiate fast diffusion into the inner portion of Cu2O-WO3 nano-
composite pellet [27]. Additionally, this will also help the
formation of protons between the hydroxyl-containing groups.
Among all the samples, Cu2O-WO3 nanocomposite sample
annealed at 600 ºC exhibited the highest sensitivity. Sensitivity
of the humidity sensor is defined as the change in resistance
(∆R) of the sensing element per unit change in relative humidity
(%RH). The sensitivity of the sample is calculated by using
the following formula:

R
S

RH%

∆=
∆

(2)

where ∆R is the change in resistance and ∆RH% is the change
in percentage relative humidity.

When the relative humidity increases from 10%RH to
99%RH, for pure WO3 the sensitivity increases from 7.64 MΩ/
%RH to 10.40 MΩ/%RH with increase in annealing temper-
ature from 300 ºC to 600 ºC as shown in Fig. 5. An increase in
sensitivity value with temperature was mainly attributed to nano-
pores, which facilitate high surface area for water molecules
to diffuse across the sample. While for Cu2O-WO3 nanocom-
posite, sensitivity increases from 9.44 MΩ/%RH to 13.88 MΩ/
%RH. The sensitivity for pure WO3 sample was significantly
lower than the sensitivity obtained for Cu2O-WO3 nanocom-
posite under the same conditions. The increment in the sensing
capability of Cu2O-WO3 nanocomposite was due to the presence
of water molecules in the extended interlayer, which increases
charge storage capability [28]. With increase in %RH, the succ-
eeding water molecules attached with the first water layer and
result in a continuous water adsorption by layer-by-layer perm-
eation. This was possible because of the attachment of water
molecule with the H-bond through hydroxyl groups. At high
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Fig. 5. Characteristics of sensitivity with annealing temperature 300 to
600 °C for pure WO3 and Cu2O-WO nanocomposites

relative humidity (> 50%RH), liquid water condensed in the
capillary like pores, forming a liquid like layer. A decrease in
the value of resistance or increase of conductance might also
occur due to variation of grain boundary barrier height in metal
oxides. In this case, adsorption of water molecules at metal
oxide surface penetrated inside the sample can decrease the height
of potential barriers at the surface grains and at the surface of
necks between metal oxide grains. Therefore, size of depletion
regions in the vicinity of necks in the direction of electric field
was lowered and conductance of ceramics increased. Penetrated
water molecules could promote decrease in barrier height of
grain boundary potential exponentially and even slight decrease
of grain boundary barrier height due to relative humidity can
cause substantial decrease of resistance (or increase of conduc-
tance).

Hysteresis: Hysteresis in metal oxides occurs mainly due
to the chemisorption and physisorption processes. The hysteresis
is mainly attributed to the initial chemisorptions on the surface
of the samples. This chemisorbed layer is not easily affected
by exposure to atmosphere but can only be desorbed thermally.
On the other side, the physisorbed layer can be easily desorbed.

1000

900

800

700

600

500

400

300

200

100

0

1400

1200

1000

800

600

400

200

0

R
es

is
ta

nc
e 

(M
)

Ω

R
es

is
ta

n
ce

 (
M

)
Ω

0  20 40 60 80 100 120 0  20 40 60 80 100 120

Relative humidity (RH%) Relative humidity (RH%)

(a) (b)300 °C

400 °C

500 °C

600 °C

300 °C

400 °C

500 °C

600 °C

Fig. 4. Humidification graphs for (a) pure WO3 and (b) Cu2O-WO nanocomposites annealed at temperature 300°C to 600 °C

2338  Pandey et al. Asian J. Chem.



Hence, in the dehumidification process, initially adsorbed water
was not removed completely leading to hysteresis. The hyste-
resis deteriorates the efficiency of sensor by increasing the time
lag in the continuous process of adsorption and desorption. In
this work, the hysteresis error (γH) was calculated using the
expression [29]:

max

FS

H
H

2F

∆γ = ± (3)

where, ∆Hmax is the difference in output of adsorption and desor-
ption processes and FFS is the full scale output. To determine
the hysteresis effect in the sensing elements, the humidity in
the chamber had been increased from 10% RH to 99% RH and
the values of resistance of the samples recorded with change
in %RH. All sensing elements show acceptable hysteresis
values. The value of hysteresis for pure WO3 and Cu2O-WO3

nanocomposite were 0.47% and 0.18%, respectively at 600
ºC annealed temperature. It was observed that hysteresis decreases
in case of composite as compared to pure WO3. Fig. 6a-b shows
the hysteresis graphs for pure WO3 and Cu2O-WO3 nanocom-
posite respectively, annealed at 600 ºC.

Ageing effect: Ageing is one of the major drawbacks of
metal oxides based humidity sensors. For analyzing the effect
of ageing, the sensing properties of pure WO3 and Cu2O-WO3

nanocomposite annealed at 600 ºC was examined again in the
humidity control chamber under the same conditions after six
months. The variation of resistance of both pure and nanocom-
posite sensing elements with change in %RH after six months
is shown in Fig. 7a-b. It was observed that average sensitivity
in the range 10%RH to 99%RH for pure WO3 annealed at 600
ºC was 10.40 MΩ%RH and after six months decreases to 8.87
MΩ%RH is shown in Table-1. The value of average sensitivity
for Cu2O-WO3 nanocomposite annealed at 600 ºC was 13.88
MΩ%RH and after six months it decreases to 11.44 MΩ%RH.
The values have been found to be stable within +5% of mea-
sured values after six months. In humidity sensors ageing
mechanism may be due either to 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 annealing to a less reactive structure,
migration of cations away from the surface due to thermal
diffusion.
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Sensing mechanism: The nanocomposite based humidity
sensors presented in the work are based on the interaction of
water vapour with porous metal oxide surfaces, which results
in change in electrical resistance of the pellet sample. The process
of humidity sensing is generally occurs in two steps process:
(i) chemisorption: at low percentage relative humidity, the water
molecules are chemically bonded on sensor surface by means
of hydrogen interactions and (ii) physisorption: at high percen-
tage relative humidity, the successive layers of water molecules
are condensed on the sensor surface to form water layers (Fig. 8).
Only small amount of water molecules get adsorbed on the
surface of dry sensor under the low relative humidity condi-
tions, which results in the formation of the first chemisorption
layer through double hydrogen bonding with the W-OH groups.
This small amount of water molecules forms a discontinuous
layer, which disrupts the smooth propagation of charge carriers
across the sensor surface. Only few water molecules were chemi-
sorbed at this time to form hydroxyl groups on the activated sites
of grain surface of sensor and protons may be transferred from
surface hydroxyl (W-OH) groups to water molecules to form
H3O+ as shown by eqn. 4:

2 32H O H O OH+ −→ + (4)

O

H

H H

O

H

H H
OO

W
or
Cu
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or
Cu

H

O

H

H H
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First
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Chemisorbed
hydroxyls

Fig. 8. Sensing mechanism of solid state humidity sensor

The chemisorbed layer, once formed, was not further affected
by exposure to humidity, however, with the increase in relative
humidity (50%), the water molecules get physically adsorbed
on the surface hydroxyl group layer to form physically adsorbed
water layers. At this stage, the conduction occurs through the
proton "hopping" between adsorption sites as per the Grothuss
chain mechanism (eqn. 5):

2 3 3 2H O H O H O H O+ ++ → + (5)

This inturn promotes the energetic hydration of H3O+ in
liquid water as H3O+ → H2O + H+, which facilitates the trans-
portation of proton thereby leading to increase in conductivity
of the sensor. At the 99%RH conditions, more layers of water
molecules gets physically adsorbed on the prior adsorbed water
molecules and resemble to bulk water. At this time, H+ ions
travel freely on the surface of sensor and as a resultant a signi-
ficant decrease in impedance of the sensor was observed [30].

Conclusion

In this work, pure WO3 and Cu2O-WO3 nanocomposites
were prepared by using solid state reaction. The crystallite
size increased to 74.4 nm from 72.4 nm when pure WO3 form
nanocomposite with Cu2O for annealing temperature at 600 ºC.
It was observed that an insignificant Cu2O peaks appeared in
XRD pattern which indicate atomic substitution of Cu2O atoms
rather than interstitial substitution. SEM images revealed that
the samples having spherical morphology with pores on the
surface and its grain size were increased from 158 nm to 159
nm with addition of Cu2O atoms in pure WO3. The larger grain
size indicated agglomeration of crystallites near interstitials.
When pellet samples are exposed to humidity, its sensitivity
increased with an increase in annealing temperature for both
pure and nanocomposite sample. The Cu2O-WO3 nanocom-
posite sample annealed at 600 ºC showed best sensitivity of
13.88 MΩ/%RH. The problem of hysteresis and ageing was
also reduced in case of nanocomposite. As Cu2O-WO3 nano-
composite shows an improved sensitivity with low hysteresis
and high reproducibility, it proved to be a robust, low cost,
high strength sensor for humidity sensing.
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