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ABSTRACT

A humidity sensor thin film based on nanoporous PbWO,-WO,
composites has been prepared by spin coating technique with different
weight ratio of PbWO, (Pb) and WO, (WO) (PWWO-01, PWWO-82,
PWWO-64, PWWO-46, PWWO-28, PWWO-01) and their humidity
sensing properties have also been investigated at different relative
humidity (RH) in the range of 5% - 98% at room temperature with dc
resistance. It is found that composite PWWO-28 show best humidity
sensing properties with the sensitivity factor value of (S,) 3733. The
response and recovery time of humidity sensor are about 50 s and
120 s, respectively. High sensitivity, narrow hysteresis loop, rapid
response and recovery, prominent stability and good repeatability are
obtained. Synthesized PbWO,-WO, composites were characterized by
power X-ray diffraction, field emission scanning electron microscopy,
transmission electron microscopy, BET and photoluminescence studies.
The photocatalytic result demonstrated photocatalytic efficiency of
nonporous PWWO-28 composite. The antimicrobial activity of the
composites was determined by disc diffusion method.
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INTRODUCTION

Monitoring and controlling environmental
humidity in many different fields, such as
nuclear power reactors, domestic comfort and

* Corresponding Author Email: kavi@tlabs.ac.za

industrial processes, are highly necessary [1-
5]. Commercially available humidity sensors are
fabricated by conventional sensing materials like
alumina, ceramics and electrolytic metal oxides
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[6-11]. Depending upon the nature of materials
these sensors may be expansive or require high
operational power/temperature and high cost of
maintenance [12-14]. Semiconductor metal oxide
(SMO) materials due to light weight, flexibility,
simple technology, low cost and large surface
area have developed great interest for their use
in humidity sensors [15, 16]. The humidity sensors
based on SMO sensing materials are classified in
to capacitive, resistive oscillating, mechanical,
and thermo elemental type sensors depending
upon basic sensing principle [17-19]. Based on its
unique advantages each type of sensor has specific
applications [20-22]. To make the sensor suitable
for commercialization; the wide range sensitivity,
linear response, small hysteresis, short response
and recovery time, low cost and low power along
with long term physical and chemical stability are
the required characteristics [23, 24].

In recent years, ceramic humidity sensors, based
on porous and sintered oxides, have received
much attention, due to their chemical and physical
stability [25]. Furthermore, the nanoporous
thin film types, having nanosized grains and a
nanoporous structure, are optimal candidates for
humidity sensors, because of the miniaturization
of sensing elements and high surface area, which
facilitate the adsorption of water molecules [26,
27]. Sensing properties are based on the change
in the resistance or electrical permittivity with the
adsorbed water on the surface of the material [28].
Hence, the homogeneous and uniform coating
along the sensor is important. Various coating
techniques have been used for humidity sensor
fabrication, but spin coating is the most employed
process due to its simplicity and cost effective way
of preparation [29].

Metal tungstates are the materials, which
have highly potential and widely applications:
photoluminescence, solid-state lasers, optical
fibers, scintillating materials, humidity sensors,
magnetic materials and catalysts [30-32].
Lead tungstate (PbWO,) has been attracting
increasing attention because of its technological
importance as an inorganic scintillating crystal
(now widely used in particle and nuclear physics).
As compared to other well-known scintillators,
PbWO, is most attractive for high-energy physics
applications because of its high density (8.3
g/cm?®), short decay time (less than 10 ns for
a large part of light output), high-irradiation
damage resistance (107 rad for undoped and 10%
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rad for La-doped PbWO,), interesting excitonic
luminescence, thermoluminescence, stimulated
Raman scattering behavior [33]. Different oxide
semiconductors such as SnO,, WO,, ZnO, MoO,,
TiO,, In,0, and mixed oxides have been studied
and showed promising applications for detecting
humidity, target gases such as NO, O,, NH,, CO,
CO,, HS, SO _[34, 35]. Several semiconductor
oxides have been proposed as photocatalysts,
WO, oxide has attractive properties such as a
small energy bandgap (2.5 eV - 2.8 eV), and a high
oxidation power of their photogenerated holes
(+3.1V,,,.) which are capable to oxidize H,0 to O,
[36, 37].

In continuation of the research done in
fabrication and investigation of the humidity
sensors based on SMO, here we present the
investigation of humidity sensing properties,
photocatalytic activity, antimicrobial activity of
nanoporous PbWO,-WO, nanocomposites. The
biological approach is alternative to the chemical
methods which are very costly as well as and
emits hazardous by-product which can have
some deleterious effect on the environment [38].
Therefore, we tried to fabricate PbWO,-WO,
nanocomposites with high active surface area and
less particle size using cost effective biomolecules
as capping agent than the previous chemical
method [39]. These organic contaminants highly
pollute the environment and human health, due to
their toxicity, carcinogenicity and hazardous side
effects [40, 41]. Hence these highly carcinogenic
organic compounds and its detoxification are
essential to save the environment and this process
become currentresearch to preserve human health
and safety [42]. Therefore, we need an efficient
method to discard these organic contaminants
from the various waste materials in our day
today life [43, 44]. However, only fewer studies
have reported by the researchers Kaviyarasu
et al.,, prepared metal oxide nanocomposites
and investigated the photocatalytic studies and
antibacterial studies [45]. When the usage of
antibacterial NPs is therefore, among the most
promising paths to overcome the microbial drug
resistance by the disruption of the bacterial cell
membrane. Simple technique has been used
for the fabrication of sensors and these sensors
showed faster response and recovery times as
compared to some previously reported sensors
based on PbWO,-WO, composites [24].
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MATERIALS AND METHODS
Synthesis procedure

Lead tungstate (PbWO,) was prepared by the
precipitation method [24]. In a typical synthesis,
3.331 g of Pb (NO,), and 3.298 g of Na,WO,.2H,0
were put in two beakers. Then 25 ml deionized
water was added to the beakers and magnetically
stirred to form a homogeneous solution at room
temperature. After that, the solution Na,WO0,.2H,0
was added drop wise to the Pb(NO,), solution with
continuous magnetically stirring for 1 hour. The
white product was obtained and washed with
deionized water and dried at 100 °C for 1 hour.
The as-prepared product was sintered at 500 °C
for 1 hour. The different weight ratios of PbWO,
and WO, (80:20, 60:40, 40:60 and 20:80) were
mixed together for the fabrication of PbWO,-WO,
composites.

Fabrication of pellet and thin films

The synthesized composite (PbWO,-WO,) was
compacted into a pellet with thickness 2.5 mm
and diameter 9 mm at a pressure of 616 MPa
by hydraulic press. For the fabrication of the
film, in the first step, the precursor of ITO was
prepared. Before the deposition processes, the
glass substrate was cleaned followed by rinsed in
water and dried (100 °C) in an oven. In the next
step, on cleaned substrates the ITO precursor
was deposited by the spin-coating method. The
rotation speed was made steady on 2000 rpm.
The film was dried at 120 °C for 4 hours. This drying
procedure stabilizes the film. Further the film was
annealed at 500 °Cin the furnace which transforms
the film as mesoporous sensing material.

Characterization Techniques

The morphologies were characterized using
scanning electron microscopy (FESEM, Hitachi
S4800) and transmission electron microscopy
(JEM 2100F). The composition of the product
was analyzed by energy dispersive X-ray detector
(EDX). The X-ray diffraction (XRD, PANanalytical
Pro Diffractometer with Cu Ka irradiation, A =
0.15406 nm) was used to analyze the crystallinity.
BET surface area was measured by nitrogen
adsorption using a Micromeritics, ASAP 2010
surface area analyzer. Optical characterization was
done using UV-visible spectrophotometer (Varian,
Carry-50Bio). Photoluminescence measurement
was made with Perkin Elmer LS-45 luminescence
spectrometer.
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Sensing measurements

The dc electrical resistance at different relative
humidity levels of the samples in the form of
pellets was determined by a two-probe method.
The present work is to measure the changes in
surface conductivity from the function of applied
field and the current. Conducting silver paste
was employed to ensure the Ohmic contacts.
The samples were electrically connected to a dc
power supply and a Keithley 614 electrometer in
series. Given the higher resistivity of the materials
under investigation, the potential inaccuracy due
to contact resistance is assumed as negligible. The
controlled humidity environment was achieved
by using anhydrous PO, and saturated aqueous
solutions of CH,COOK, CaCl,.6H,0, Zn(NO,),.6H,0,
Ca(NO,),.4H,0. NaNO,, NHCI, BaCl.2H,0 and
CuSO,.5H,0 in a closed glass vessel at ambient
temperature, which yielded 5%, 20%, 31%, 42%,
51%, 66%, 79%, 88% and 98% RH, respectively.
The sensitivity factor (S,) was calculated by the
ratio of resistances, RS%/R%%. The dc resistance
of R, and R, is 5% and 98% RH, respectively
[21]. A degassed glass chamber (200 cm?®) was
used for the evaluation of response and recovery
characteristics. This chamber has got a provision
for a two-way inlet, one for transpiring dry air
from 5% RH and the other for transpiring moist
air containing 98% RH. The response and recovery
characteristics were studied between 5% and
98% RH conditions. The resistance measurements
in dry air as well as in moist air alternatively
helped to establish the recovery and response
characteristics for moisture sensing.

RESULTS AND DISCUSSION
XRD analysis

Fig. 1(a-d) shows the X-ray diffraction patterns
of PbWO,-WO, composites thin films. In the case
of PbWO,, all the diffraction peaks can be well-
indexed to the pure tetragonal PbWO, (JCPDS
card No. 08-0476). The sharp peaks suggest a
good crystallization structure of the sample. For
the WO,, the peaks are indexed to the monoclinic
phase (JCPDS card No. 72-1465). The composite
sample is purely composed of PbWO, and WO,
that can be further confirmed from the EDAX
spectrum as shown in Fig. 1(e). The EDX spectrum
shows that the as-synthesized product contains
only W, O and Pb elements and no other elements
or impurity found in the PbWO,-WO, composites.
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Fig. 1. Powder XRD patterns of PbWO,-WO, composites. a) PWWO-82, b) PWWO-64,c)
PWWO-46, d) PWWO-28 (e) The energy dispersive X-ray spectrum of PWWO-28 composite

FESEM and TEM

The FESEM images of PWWO-28 shown in
Fig. 2(a-d). In the morphology of PWWO-28, the
aggregated particles of small size are observed,
may be due to the influence of interfacial
energies and interamagnetic interaction [42]. The
micrograph shows rough surface pores with rod
shaped flakes. The pores present in sample that
enables the rapid adsorption and condensation of
water vapor which leads to an effective response
and recovery towards humidity. The structural/
microstructural characteristics was explored by
TEM in both imaging and diffraction modes. The
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TEM image of PWWO-28 is depicted in Fig. 3a. It
indicates that the grains have diameters ranging
from 10 to 40 nm and most grains are spherical
shaped. In Fig. 3b, the TEM image shows the
selected area electron diffraction (SAED) pattern
of the grain which have several sharp rings and
the rings confirm that the material is nanoporous
composite. The specific areas of PWWO-28
composite were measured by Brunauer-Emmett-
Teller (BET) using nitrogen adsorption method
shown in Fig. 3(c). This figure reveals the pore size
of the sample was distributed between 30-50 nm
in radius. It is well known that large surface is of
a humidity sensor is favorable to absorb water

J Nanostruct 7(1): 47-56, Winter 2017
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Fig. 3. (a-¢c) TEM image of PWWO-28 nanocomposites, (b) Pore volume vs. pore diameter of PWWO-28
nanocomposites, (d) Relative humidity vs. log R plots of PbWO,-WO, nanocomposites
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molecule during the reaction.

Humidity sensing properties

Fig. 3(d) shows the humidity sensing properties
of nanoporous PbWO,-WO, composite thin
film samples in terms of resistance variation,
as a function of relative humidity (RH), at a fixed
temperature of 25°C. Humidity sensitivity factor
was evaluated in Table 1. The greater the value
of S, the higher the sensitivity of the material
towards moisture. The sensitivity factor of prepared
composites is PWWO-10 (3223), PWWO-82 (361),
PWWO-64 (396), PWWO-46 (473), PWWO-28
(3,733), PWWO-01 (209). From this experimental
values PWWO-28 composite resistance in the entire
range of RH which makes it a best sensing material
with S, value of 3733 and linearity. The large decrease
in resistance with the increase in relative humidity
in oxide films is related to the adsorption of water
molecules on the film surface with a large surface
area and capillary pores. At low humidity, only a few
water molecules are adsorbed. Since the coverage
of water on the surface is not continuous, the
electrolytic conduction is difficult and the resistance
is relatively high. At high humidity, one or several
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10 - (C)

log R

Relative Humidity (%)

water layers are formed among the nanoporous thin
film, which accelerate the transfer of H,O".

Response and recovery properties

The response and recovery time are also
important parameters for a humidity sensor. The
response time is defined as the time required
for the response signal to reach 90% of the
sample conductance variation after the injection
of test gas. The recovery time is defined as the
time needed to return to 10% above the original
response in air after the test gas has been released.
Fig. 4(a) shows the response-recovery curves
of PWWO-28 composite sensors to humidity. It
is found that the PWWO-28 sample displays a
shorter response and a recovery time of 50 s and
120 s, respectively. To measure long term stability
under natural conditions, this sensor was exposed
to air for one month and the resistance was
measured at 5%, 20%, 31%, 42%, 51%, 66%, 79%,
88% and 98% RH. As shown in Fig. 4(b) there are
minor changes in resistance confirming the good
stability of this sensor. Hysteresis curves exhibit
the humidification and desiccation processes of
humidity sensors [48, 49]. The hysteresis loop
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Fig. 4. (a) Response and recovery characteristics of PWWO-28 nanocomposites, (b) The long term stability
of PWWO-28 nanocomposites at room temperature, (¢) Humidity hysteresis characteristics of PWWO-28
nanocomposites, (d) UV-Vis spectrum of PWWO-28 nanocomposites
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of PWWO-28 for the adsorption and desorption
behavior of sensing is shown in Fig. 4(c), this
process was measured at room temperature. This
sample exhibited a narrow hysteresis loop. The
linearity with the narrow hysteresis loop means
that the facility of the adsorption and desorption
process of water vapors, and hence the sensitivity
are increased. To investigate the optical properties
of the fabricated PWWO-28 composite, the UV
spectra were measured at room temperature. As
indicated in Fig. 4(d), the absorption band edges
of PWWO-28 composite are located around 502
nm. The absorption edge of PWWO-28 composite
sample has shifted significantly towards longer
wavelengths which means that the absorption
edge of PWWO-28 composite is shifted to the
lower energy region. The band gaps of PWWO-28
composite 2.47eV. The bandgap of the composite
PbWO,-WO, sample exists between PbWO, and
WO,. This result reveals that the formation of
tightly chemically bonded interfaces between
PbWO, and WO, phases can make PbWO,-WO,
composite photocatalyst shift to the lower energy
region.

PL intensity (a.u.)

T T T T T T
400 450 500 550 600 650 700

W avelength (nm)

Abs
Abs

Photoluminescence and Photocatalytic studies

A photoluminescence spectrum is used to
determine defect related transitions and oxygen
vacancies [46, 47]. The density of defects and
surface states may change with the formation
conditions, morphology, and size of the
crystallites. It is therefore interesting to examine
the different defect energy levels. As shown in
Fig. 5(a), PWWO-28 composite emission peaks
were observed at ~ 425 nm and 532 nm, which
were due to intra-band gap defects like oxygen
vacancies. These defects provide donor levels
near the conduction band edge of the lead
tungstate and tungsten trioxide. However, the
emission peaks were considerably blue shifted
to 436, 456, 487, 504, 572 and 595 nm, due to
the reduction in the average crystallite size,
which was in good agreement with the XRD data
[37]. The time dependent UV-Visible spectra of
the mixture of MB and nanoporous PWWO-28
composite were evaluated. The experimental
results shown the absorption of MB at 550 nm
decreased gradually and finally disappeared

(b)
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Fig. 5. (a) Photoluminescence spectrum of PWWO-28 nanocomposites, (b) Effect of PbWO4-WO3 nanocomposites on
the degradation of MB solution under UV-Vis light exposure (¢) Time dependent UV-Vis spectra of MB as a function of
reaction time with PWWO-28 nanocomposites (d) and pure MB solution
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35:5

A. niger

A. fumigatus
Fig. 6. Comparison of Antimicrobial performance of PWWO-10, PWWO-28, PWWO-48, PWWO-64, PWWO-82, PWWO-01

within 40 minutes with PWWO-28 composite
Fig. 5(c), and the control experiment without
catalyst Fig. 5(d)) the degradation of MB could
not have finished in two days. The results
exhibited photocatalytic efficiency of PWWO-
28 composite. Photodegradation experiments
were carried out to investigate the photocatalytic
activity of the sample shown in Fig 5(b) and
the photodegradation curves of MB over the
samples under UV-Vis lamp irradiation and
shows the corresponding In(C /C) vs time curves
of the samples. After 40 minutes, almost all the
MB eliminated over the nanoporous PbWO,-
WO, composites. This result indicates that the
generation of hydrated tungsten trioxide on the
lead tungstate surface effectively promotes the
photocatalytic activity. The photocatalytic activity
is related to such factor as the surface area,
bandgap, absorption of light, and the utilization
of photo-generated carriers.

Biological activity

The antibacterial activity of six samples were
analyzed against Klebriella Pneumonia, Escheischia
coli and antifungal activity of six samples were
analyzed against Aspergillus niger, Aspergillus
fumigates by disc diffusion susceptibility method
(Fig. 6). The diameter of inhibition zones around
disc in the presence of PoWO,-WO, composites is
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H PWWO-10
HPWWO-28
B PWWO-48
B PWWO-64
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H PWWO-01

K. pneumoniae E.coli

determined. In the present study, the antibacterial
tests experiments were repeated twice, and
average values are shown by nanoporous PbWO,-
WO, composites using surviving bacteria were
reduced under dark condition. The antibacterial
and antifungal activity is observed to be dependent
on the band gab; higher surface area is results in
more bacteria, fungal adsorption and more facility
of catalytic activity even under dark conditions
[18, 50].

CONCLUSION

A nanoporous composite PbWO ,-WO, thin film
sensing material (PWWO-28) has been developed
for RH sensing which can sense a wide range of RH
(5-98%), with high stability, repeatability, and fast
response and recovery times with linear resistance
response. Three different weight ratios of the two
composite materials have been mixed and analyzed
to optimize the performance of the sensor. The
response and recovery time of this sensor shows
an extraordinary improvement as compared to
the previously reported printed humidity sensors.
Overall, our nanoporous composite material
shows high potential towards humidity sensing
in food, artificial skin, and environmental sensing
industries. The present study clearly indicates
that nanoporous PbWO,-WO, composites can be
used an excellent photocatalyst for the industrial

J Nanostruct 7(1): 47-56, Winter 2017
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owing waste water contains dye effluents and as
antimicrobial agents in industrial products.
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