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| A series of conductive and porous Zn/TiO, doped polypyrrole (PPy) nanocomposites thin films were prepared by adding Zn/TiO: (5, 10,

prepeared nanocomposites thin films’ sensing properties.
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INTRODUCTION

In a wide range of applications, including environmental
energy and digital programmes, semiconductors have been
extensively studied [1]. Consequently, there has been a lot of
interest in the development of these materials to improve their
physical characteristics. Since, it has so many applications and
is so reasonably priced, titanium oxide (TiO,) has become one
of the most research in the semiconductors field [2]. Additionally,
TiO, has been utilized as an useful and photoanode of sensi-
tized solar cells among the numerous semi-conductor materials
used [3,4] and due to its desirable characteristics, which include
low cost, low toxicity, a high degree of oxidative strength and
little biological or chemical activity [5]. Due to the high band
gap of TiO,, there are several challenges when using it for
photovoltaic activities, such as a damaging UV source. As a
result, the use of titanium oxide in visible sunlight is strictly
regulated. To form a very rapid electron-hole pair, for instance,
pure TiO, without any impurities needs a lot of light energy,
which reduces the photocatalytic activity under visible light
with low energy [6]. When impurities and dopants are present,

15, 20 and 25 wt.%) in an aqueous solution of polypyrrole using a chemical oxidative polymerization process at room temperature. The :
prepared Zn/TiO,-PPy films were characterized by electrical resistivity by two probe techniques, Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD) and scanning electron microscopy (SEM). The surface morphology of Zn/TiO,-PPy films has |
found signicant influence on the gas sensing properties. Results from FTIR and XRD verified the structural formation of Zn/TiO,-PPy |
films from the pyrrole monomer. When the amount of Zn/TiO; increased, the optical absorption in visible (500-700 nm) and UV (200-400 |
nm) regions decreases, according to an analysis of the optical characteristics of all tested films. The NH; gas was used to examine the |
|
|
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TiO,’s characteristics might change. Doping TiO, with Sn and
Zr can improve its electrical and optical properties [7,8].
The photocatalytic activity of TiO, can be increased by
doping it with metals, which can lead to fascinating phase
transitions, such as the change from anatase to rutile [9,10]. It
is challenging to find alternative metals that can improve the
features of TiO,, such as its structural and dielectric capabilities
and to promote its phase change. To enhance the photovoltage
characteristics of TiO,, Zn has caught the attention of several
research groups [11,12]. The prospective applications of this
material were compromised by the complicated procedures
these investigations used to prepare the substance chemically.
TiO, nanoparticles doped with traces of zinc have a range of
important optical uses for research and business in addition to
its activity as a powerful antibacterial substance, thus it is
imperative to find a way for their rapid, environmentally friendly
and more effective manufacture [13]. Zinc doped TiO, has
unique chemical and physical features because it creates an
n-type dopant that assists in electron transport. Additionally,
the doping approach helps control the material’s light band
gap. TiO, was commonly employed in photocatalysis to accele-
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rate photoconduction as compared to undoped TiO, [14]. In
order to detect harmful gases like NHj3, this work investigates
the conducting and gas sensing behaviour of Zn/TiO, doped
polypyrrole nanocomposites.

EXPERIMENTAL

Titanium oxide and zinc chloride (both 99.99% procured
from S.D. Fine Chemicals, India) were used in the preparation
of metal oxide nanocomposites. Ammonium persulphate and
pyrrole monomer (mPPy) (Sigma-Aldrich, USA). The synth-
esis was carried out utilizing a simple wet impregnation method
and all the aqueous solutions were prepared with deionized
water.

Sample preparation: The wet impregnation method was
used to make Zn/TiO, [15]. A 1.0 g of TiO, (undoped) dissolved
in 3 mL of deionized water before being added, along with
0.014 g of Zn (~ 65 g/mol) in ZnCl, (about 136 g/mol), before
5 wt.% of ZnCl, was added. A steady addition of the produced
solution to the combined TiO; solution was made. The mixture
was then dried in 120 °C after being left at room temperature
for 24 h. The sample was then finely crushed into a pellet by a
hydraulic die-set ket.

Synthesis of polypyrrole (PPy): Chemical oxidative poly-
merization was used in the synthesis of polypyrrole by mixing
equimolar pyrrole (0.1 M) and HCI in aqueous medium followed
by the addition of ammonium persulphate (0.2 M) dropwise
at 0-5 °Cin an ice bath by agitation for 12 h followed by poly-
merization reaction about 6 h while being constantly agitated.
The PPy precipitate was collected, washed repeatedly with a
solution of ethanol, deionized water and then dried in a vacuum
for 24 h at 60 °C before being pulverized into a powder.

Fabrication of Zn/TiO, doped polypyrrole nanocomp-
osite thin films: Polypyrrole (PPy) was dissolved in deionized
water at 90 °C and then diluted to 10 wt.%. After being further
crushed to a size lower than 50 nm, the Zn/TiO, powder was
mixed with the PPy solution. The homogeneous slurry was
cast on a Teflon petridish and allowed to solidify at room temp-
erature, resulting in the formation membrane with a thickness
of around 0.2 to 0.5 nm. The membrane was then stored in a
dry atmosphere after being dried for 24 h at 60 °C. The wet
impregnation method was used to construct different PPy-Zn/
TiO, composite by doping different compositions of Zn/TiO,
(5, 10, 15,20 and 25%) into an aqueous solution of polypyrrole.
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Characterization: The crystallinity of synthesized PPy-
Zn/TiO; polymer nanocomposite films was investigated using
an X-ray diffractometer (Ultima IV Japan) with CuKc radiation
(L= 1.5405 A) at 40 mA and 40 kV with a scanning speed of
0.02 per second. The chemical bonding was investigated using
FTIR spectroscopy and a Spectrum RXI make-model instru-
ment from Perkin-Elmer. Using a 120 kV-operating scanning
electron microscope (SEM, JSM-6360LV, Japan), the morpho-
logical characteristics of the films were investigated. A progra-
mmable Keithley source metre was used to examine the films’
current-voltage (I-V) properties (Keithley 2636A)

Gas sensing measurements: Ammonia gas was used to
conduct probing operations. Digital multimeters were used to
measure resistance, an alumel-chrome thermocouple and
digital thermometer were used to measure the temperature of
the micro heater utilizing a gas sensor unit. In order to maintain
a constant room temperature, a current supply of 12.5V to the
heater was given. The air resistance of the sensor was then calcu-
lated. Following the chamber’s filling with a predefined amount
of ammonia gas, the steady loss of sensor resistance was moni-
tored. Once the bottle has been opened and the minimal conti-
nuous resistance value has been established, the sensor was
placed outside in the open air [16].

RESULTS AND DISCUSSION

FT-IR studies: The FT-IR spectra of pure PPy and PPy-
Zn/TiO, nanocomposites are shown in Fig. 1. The stretching
vibration of C=C and C-C in the pyrrole ring is attributed to
the band at 1560 cm™ and the weak band at 1470 cm™ [17,18].
The IR spectra of PPy exhibit the distinctive C-N and C-H
stretching vibrations of pyrrole at wavelengths of 1202 cm™
and 1051 cm’', respectively [ 19]. The C-H in-plane deformation
modes are related to the absorption at 1317 cm™ [20]. The
band found at 920 cm™ and 677 cm’, respectively, may be
brought on by polymer N-H vibration and out-of-plane ring
deformation [21]. A considerable attenuation of the peak in
the FT-IR spectrum of PPy-Zn/TiO, nanoparticle composites
suggests that each nanoparticle is coated with PPy. The pyrrole
ring’s band at 1565 cm™ and 1475 cm™ caused by the stretching
modes of C=C and C-C has vanished and a broad band has
instead emerged at 1530 and 1490 cm™ in concentrations of
10% and 20% of PPy-Zn/TiO, nanoparticle, respectively. The
metal oxide bond caused the peak to appear at higher frequen-
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Fig. 1. IR spectra of (a) polypyrrole films and (b) PPy-Zn/TiO; thin films
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cies between 1322 and 1290, 1210-1190 and 1060-1042 cm™,
with a broad peak at 890 cm™. These notable alterations are
related to a chemical reaction between PPy and Zn/TiO nano-
particles, which is attributed due to the better conjugation or
chain length.

XRD studies: A large peak in Fig. 2a, centred around 20
= 18-30 °C suggests that polypyrrole is amorphous. Fig. 2b
displays the XRD spectrum for pure TiO and Zn doped TiO»
(Zn/Ti0O,). The typical X-ray diffraction patterns for the PPy-
Zn/TiO, composite samples are shown in Fig. 2c. The observed
diffraction peaks in the recorded XRD patterns matched the
typical Zn/TiO, polycrystalline patterns.

Additionally, when Zn** was added to TiO, matrix, the
diffraction peaks for Zn doped TiO; increase stronger, showing
the generated (Zn/Ti0,) is well crystalline [22]. In comparison
to TiO, that has not been doped with Zn, the XRD peaks for Zn
doped TiO, exhibit a large and discernible shift towards high
diffraction angles. The Zn/TiO, particles are highly scattered
and too tiny (Fig. 2¢). Additionally, the Zn/TiO, doped poly-

pyrrole diffraction peaks become more intense with the addition
of Zn/TiO,, indicating the well-crystalline character of the
generated PPy-Zn/TiO, composite films. As Zn/TiO is doped
into polypyrrole, the XRD peaks shift significantly and visibly
in favour of a high diffraction angle when compared to undoped
polypyrrole. The XRD pattern also suggested that as dopant
(Zn/Ti0O,) percentage increases the sharpness of the peaks
increases, hence composite materials change from amorphous
to crystalline nature as dopant (Zn/TiO,) concentration increases
in polypyrrole matrix. This implies that the interplanar spacing
decreases as dopants are added. This would increase the bond
overlap by bringing the chains together and improving the
interaction of the dopants. The recent study found that this
may result in a rise in conduction.

Morphology studies: The SEM images for the composite
films made of PPy-Zn/TiO, and Zn/TiO, are shown in Fig. 3.
The SEM clearly distinguishes between the doped and undoped
sample’s microstructures. In general, undoped PPy has a greater
granular structure than the doped one. The diameters of the
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Fig. 2. XRD patterns of (a) polypyrrole, (b) undoped TiO, and Zn/TiO, and (c) PPy-Zn/TiO, samples

Fig. 3. SEM images of (a) PPy, (b) Zn/TiO,, (c) PPy-Zn/TiO, (5%), (d) PPy- Zn/TiO: (10%) and (e) PPy-Zn/TiO (20%)
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granules were discovered to vary when dopants were utilized
during the polymerization with polypyrrole. The PPy-Zn/TiO,
films have a completely different morphology from the doped
PPy. For instance, the microscopic Zn/TiO, particles that diffused
into the layer of PPy combine to form semi-spherical structures
or grains (Fig. 3). A thorough examination revealed the appear-
ance of tiny black holes or cavities in the microstructures of
PPy-Zn/TiO, composites, due to the emergence of comparable
holes associated to the order-disorder transition in TiO, [23].
These morphological characteristics are thought to be beneficial
for gas sensing applications.

Optical properties: The optical properties of each sample
were examined in the 300-1800 nm wavelength range. The
Zn/TiO; and PPy-Zn/TiO; films’ optical transmission (T) spectra
are shown in Fig. 4a. The reduced transmittance of the films
with greater PPy-Zn/TiO, doping concentrations is due to an
increase in photon scattering caused by the generated films’
increased surface roughness [24]. Fig. 4 shows the optical
absorption coefficient (o) of PPy-Zn/TiO; films with various
Zn/TiO; doping contents (b). Beer-law Lambert’s [25] provides
an estimation of the absorption coefficient as follows:
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where T is the transmittance and d is the film thickness. A film
without Zn/TiO; has a thickness of 550 nm and films doped
with various amounts of Zn/TiO; have a thickness of 580 nm.
It has been found that as the Zn/TiO, proportion rises, (ct)
increases while the wavelength (A) drops. According to the
association between incident photon energy (h) and absorption
coefficient (o), the direct allowed energy band gap (E,) of
PPy-Zn/TiO, samples has been computed:

ahv = A(hv-E,)"

As shown in Fig. 4c, the optical band gap (E,) value was
computed by projecting the straight line segment of the curve
to the (h) axis. The results show that as Zn/TiO, doping levels
rise, the optical band gap rises as well, which is consistent
with differences in particle size. A well-known quantum confine-
ment phenomenon known as the Burstein-Moss effect on band
gap broadening causes the band gap to expand by reducing
the particle size in addition to when the quantity of doping
increases [126,27]. Additionally, structural disturbance in the
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lattice may alter the distribution of mid-level energy levels
between the band’s gaps, changing the E, values. The rise in
E, suggests that PPy-Zn/TiO; films might be applied to opto-
electronic components. The extinction coefficient (k) ratio
demonstrates how quickly light intensity decreases as it passes
through a substance. In Fig. 4d, the connection between k and
wavelength is depicted, showing that k increased as the wave-
length and Zn/TiO, content increased.

Electrical conductivity: As shown in Table-1, the conduc-
tivity of PPy and the doped samples in pelletized powder is
marginally lower than that of PPy films. As a result of the
numerous kinds of structural problems that exist in PPy chains,
which have a significant impact on the mobility of charge carriers
and ultimately, the conductivity of the polymer. Because Zn/
TiO, changes the conducting network of PPy chains and intro-
duces an ordered arrangement of the macromolecular chains,
it will increase conductivity when added to the backbone of
PPy [28].

TABLE-1
ELECTRICAL CONDUCTIVITY OF PPy AND
PPy-Zn/TiO, SAMPLES IN PELLETIZED FORM

Sample name

Conductivity (S/cm)

Ppy 2.55% 107
PPy-Zn/TiO, (5%) 3.10 x 102
PPy-Zn/TiO, (10%) 4.27 % 102
PPy-Zn/TiO, (15%) 565 x 102
PPy-Zn/TiO, (20%) 6.69 x 102
PPy-Zn/TiO, (25%) 7.58 x 102

Gas sensor: All of the Zn/TiO, doped polypyrrole samples
were examined for ammonia gas detection. A typical graph of
current versus time for polypyrrole generated following exposure
to ammonia gas is shown in Fig. 5. All samples were tested
three times to check the repeatability of the samples’ absorption
and desorption processes. The I vs. time curves for the second
and third cycles to be somewhat different from the first cycle.
This is possible because the desorption process took longer
than expected to complete.
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Fig. 5. Response of different PPy-Zn/TiO, samples towards ammonia gas

The sensitivity factor was calculated using the following
equation:

where R, and R, are resistances with gas and without gas (in
air), respectively [29,30].

Comparison studies: For both pure PPy and PPy doped
with Zn/TiO,, it was shown that different materials responded
to ammonia gas in different ways. These tests revealed that a
drop in current was observed when ammonia gas was exposed
to Zn/TiO, doped PPy that had been doped with varied weight
percents of Zn/TiO, dopants. These Zn/TiO, doped PPy have
higher electrical conductivity than pure PPy, which shows a
significant amount of charge carriers at high doping levels.
Ammonia cannot create more charges because the charge
density is already higher; instead, it lowers the effective charge.
Therefore, under this situation, the conductivity of polypyrrole
will decrease, as has actually been shown in present research.
To sum up, the metal nanoparticles can improve the sensing
properties of conducting polymers, mainly due to the following
reasons: firstly, the introduction of metal nanoparticles changes
the conductivity of polymers. Secondly, certain kinds of metal
nanoparticles show a chemical affinity for specific gas subst-
ances and metal nanoparticles as chemical receptors enhance
the selectivity of sensors. Last, the effective surface area of
nanocomposites interacting with target gas is increased by
introducing nano metals into conductive polymers. Several
sensors based on the hybrid system of conducting polymers
and metal oxides developed recently and their main sensing
properties are summarized in Table-2. It was observed that as
dopant (Zn/TiO,) concentration increases the response of the
PPy-Zn/TiO, composites were also increases.

TABLE-2
CONDUCTING PPy/METAL OXIDES DOPED COMPOSITES
USED IN NH; GAS SENSORS AT ROOM TEMPERATURE

‘ Conc. Response/
Metal oxide Response recovery Ref.
(ppm) time (s)
SnO, 0.1 57 18-30 [31]
Zn,SnO, 100 82.1 26-35 [32]
ZnO 0.5 21 256-370 [33]
Au 100 1.35 20-40 [34]
AgSn0O, 0.02 - - [35]
AuTiO, 0.02 3.2 - [35]
Zn/TiO, (5%) 100 65 -
Zn/TiO, (10%) 100 77 - Present
Zn/TiO, (15%) 100 79 - study
Zn/Ti0, (20%) 100 82 -
Zn/Ti0, (25%) 100 85 -
Conclusion

In this work, PPy-Zn/TiO, polymer nanocomposite thin
films were prepared by chemical oxidation method. Strong
peak attenuation in the FT-IR spectrum of PPy-Zn/TiO, nano-
composites suggests that each nanoparticle is successfully
coated with polypyrrole (PPy). According to an XRD analysis,
the diffraction peaks for Zn/TiO, doped polypyrrole grow more
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strong upon insertion into the polypyrrole matrix, indicating
the well-crystalline character of the obtained PPy-Zn/TiO,
nanocomposite films. The SEM studies revealed that micro-
scopic black holes or cavities in the microstructures of the
PPy-Zn/TiO, composite is similar to the formation of such
holes associated with the order-disorder transition in Zn/TiO..
Increased Zn/TiO, doping ratios result in a rise in the optical
band gap, which is correlated with changes in particle size.
The conductivity measurement showed that the modification
of chain’s conducting network by the addition of Zn/TiO, to
the PPy chain’s backbone will boost conductivity. All of the
Zn/TiO, doped polypyrrole samples were examined for NH;
gas detection. It was shown that the responsiveness of PPy-Zn/
TiO, composites increased as dopant (Zn/TiO,) concentration
increased.
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