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Abstract

Intrinsically conducting polymers (ICPs) have revolutionized materials science with their versatile
applications in electronics, sensors, and energy storage. This review explores the synthesis, properties,
and applications of polypyrrole (PPy) and its hybrid nanocomposites with metal oxides, emphasizing
advancements in electrical conductivity, stability, and performance. PPy, a prominent conducting polymer,
is synthesized through chemical polymerization or electrochemical methods and exhibits high conductivity
and mechanical flexibility. Doping PPy with metal oxides like nickel oxide (NiO) and tungsten oxide (WO3)
enhances its properties for various applications. PPy-NiO composites show improved conductivity and
dielectric properties, while PPy-WO3 composites demonstrate superior electrochemical performance in
supercapacitors. This review highlights recent advancements in synthesizing and characterizing these
composites, including X-Ray Diffraction (XRD), Ultraviolet-Visible Spectroscopy (UV-VIS), and Raman
Spectroscopy. The findings underscore the potential of PPy-metal oxide composites in advancing

technologies such as energy storage, corrosion protection, and sensor development.
Keywords: Conducting Polymers, Polypyrrole, Metal Oxides, Doping, Electrical Properties.

1. INTRODUCTION

About four decades ago, intrinsically
conducting polymers (ICPs) were added to
the list of modern materials, opening
numerous applications. Important ICPs
include polyacetylene, polyaniline, poly-
pyrrole, polyfuran, polythiophene, and
more.  Polysulfur  nitride  ([SN]x),
discovered by Walatka et al. [1] in 1973,
was the first inorganic conducting polymer.
In the late 1970s, MacDiarmid, Shirakawa,
and Heeger identified the semiconductor
properties of organic polyethene through
chemical polymerization. Dr. Heeger's team
enhanced polythiophene-based diodes,

creating a notable polythiophene LED in
2003 [2].

Conducting polymers are often doped
with metal particles to enhance their
properties, such as stability, flexibility,
capacitance, mechanical strength, thermal
stability, and corrosion resistance. These
doped polymers are referred to as hybrid
conducting  polymers [3]. Common
additives include metal powders, metal
oxides, graphene, and graphene oxide [4].
Chemical polymerization and electro-
chemical synthesis are established methods
for creating conducting polymers. Chemical
polymerization uses oxidizing agents like
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ammonium persulfate and iron oxide, while
electrochemical synthesis employs a three-
electrode system for precise control over
polymerization and doping [5].

ICPs are used in electrocatalysts, sensors,
electrochemical devices, supercapacitors,
and corrosion protection [6]. For example,
polypyrrole (PPy) is commonly used in
lithium-ion batteries due to its high stability
and performance. PPy/aluminium oxide
solar cells offer superior conversion
efficiency compared to silicon-based ones.
Polyaniline (PANIi) and PPy are popular in
supercapacitors for their low cost, stability,
and high conductivity [7].

Conducting polymers are also effective in
preventing corrosion. Polyaniline-epoxy
coatings shield steel surfaces [8], while
composites like PANi-TiO2,  and
PPy/tungstate protect mild steel and
aluminium, respectively [9, 10]. In energy
applications, conducting polymers act as
electrocatalysts and photocatalysts,
improving charge transfer efficiency [11].
For instance, PPy/ TiO2 nanocomposites
have shown enhanced photocatalytic
degradation of Rhodamine B [12].

ICPs are vital in gas, biosensors, optical,
and chemiresistors. They detect gases,
glucose, and urea due to their electron
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donor-acceptor properties and ease of
delocalization [13]. Biomedical
applications include drug delivery, tissue
engineering, diabetes monitoring, and
biomedical implants. Conducting polymers
are used in drug delivery systems for their
biocompatibility, with dopants like carbon
nanotubes and TiO2 enhancing surface area
for better drug capacity [14].

This review explores the synthesis
methods, characteristics, and applications
of polypyrrole and its nanocomposites with
metallic oxides. The oxidative chemical
route is the most common synthesis
method, utilizing various  dopants.
Electrochemical techniques are also
employed to synthesize doped PPy thin
films. Characterization methods include X-
Ray Diffraction (XRD), Ultraviolet-Visible
Spectroscopy (UV-VIS), Raman
Spectroscopy, Fourier Transform Infrared
Spectroscopy (FTIR), Field Emission
Scanning Electron Microscopy (FESEM),
Transmission Electron Microscopy (TEM),
conductivity measurements, XPS, and
cyclic voltammetry. The applications of
PPy-metal oxide nanocomposites are
examined for electrical conductivity,
supercapacitance, and gas sensing.
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Figure 1. (a) Dielectric permittivity Vs Frequency, (b)Dielectric Loss Vs Frequency for PPy-
NiO NCs(30wt%). Reproduced from ref [23] with permission.

2. POLYPYRROLE

Polypyrrole (PPy) is a leading conducting
polymer due to its high conductivity,
flexibility, ease of preparation, stability,
and excellent mechanical properties [15]. It

is widely applied in electronic and
electrochromic devices and sensors as a
stationary phase, membrane separators,
capacitors, and supercapacitors [16].
Pyrrole monomer polymerizes to form
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black conducting powder using oxidizing
agents like iron chloride and ammonium
persulfate. PPy can be synthesized in
aqueous solutions and electrochemical
methods, with the chemical method being
more suitable for composite preparation.

PPy’s conductivity, crucial in analytical
applications, arises from its non-degenerate
conduction band dominated by polarons
and bipolarons [17]. The electrical
conductivity depends on factors like
electrolyte nature and concentration,
counterions, doping level, current density,
synthesis conditions, and solvent [18].
Conductivity can reach up to 500 S/cm
under optimal polymerization conditions.
The pulse potential technique in
electrochemical synthesis produces
smoother films with higher conductivity
compared to the constant potential mode
[19]. The electrolyte temperature during the
synthesis affects PPy film structure, with
lower temperatures leading to longer
conjugation lengths, better structural
networks, fewer defects, and higher
conductivity. Doping enhances mechanical
strength and conductivity. PPy s
extensively used in sensors, membranes,
and rechargeable batteries due to its
electroactivity and switching properties
[20]. Researchers have synthesized and
characterized PPy nanocomposites with
metal oxides like NiO, WOQOs3, ZnO, SnOg,
TiO2, MnO,, and Y203 for various
applications.

3. COMPOSITES OF POLYPYRROLE
-NICKEL OXIDE (PPy-NiO)

Nickel Oxide has a cubic crystalline
structure that resembles the NaCl structure
[21]. NiO has a partially filled 3d band and
is supposed to be a good conductor.
However, strong coulomb repulsion (a
correlation effect) between the d-electrons
makes NiO a wide band gap Mott-Insulator.
Thus, NiO has an electronic structure that is
neither simply free electron-like nor
completely ionic but a mixture of both. In
the NiO-doped PPy nanocomposite, NiO
increases the conductivity of the pristine

PPy to a certain extent according to its
percentage of addition to PPy. Adding NiO
in PPy leads to making useful super-
capacitors,  Sensors, and  cathode
electrochromic devices [22]. The various
synthetic routes, characterization
techniques and applications of PPy-NiO are
highlighted.

Hajeebaba K. Inamdar et al. [23,24]
characterized the pure polypyrrole and the
PPy/NiO (30 wt. %) nanocomposites. The
dielectric ~ properties  like  dielectric
permittivity and dielectric loss are plotted in
Figure 1 (a, b) in the graphs against the
frequency of PPy/NiO (30 wt. %). The
proposed composites exhibit a rapid
decrease in the values of &' (dielectric
constant) and &" (dielectric loss) as the
frequency increases, indicating significant
dielectric dispersion.
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Figure 2. DRS spectra of (a) PPy (b)
PPy/NiO (30 wt%). Reproduced from ref
[24] with permission.

K. Inamdar et al. used aloe vera gel as a
fuel and nickel nitrate hexahydrate
(NiNO3)2.6H20) as a powder to produce
nickel ~ oxide nanoparticles.  These
nanoparticles were incorporated in the PPy
matrix using the chemical polymerization
method, and the PPy-NiO composites were
characterized. The diffuse reflection spectra
(DRS) of pure PPy and 30 wt % NiO-doped
PPy (Figure 2) indicate that the bandgap at
1.84 eV is primarily caused by the matrix's
arrangement and mess as well as the
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bandgap's transformation of the energy
distribution.
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Figure 3. The electrochemical performances of the PPy—NiO composite between 0.0 and 3.0 V
vs. Li*/Li. (a) comparison of the potential profiles of the PPy—NiO composite and commercial
NiO in the first two cycles; (b) the CV plots of the PPy-NiO composite in the first 8 cycles (the
inset is for the CV plots from 71st to 75th cycles) at a scan rate of 0.1 mV s™/; (c) the rate
performance and (d) the galvanostatic (current density 0.1 mA cm~2) cycling performance (the
inset is for the lithium storage capacity of pure NiO). Reproduced from ref [66] with
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Figure 4. Frequency dependence dielectric constant, Ac conductivity of (a),(b) &(c) Pure
PPy,(d),(e) & (f) PPy-NiO nanocomposite. Reproduced from ref [26] with permission.

Ya MaO et al. [25] prepared pristine
polypyrrole using p-toluene sulfonic acid
(CeHsCH3SO3H.H20, p-TSA) as a dopant
and FeCI3 as the oxidant. The voltage
characteristics of the PPy- NiO composite
in the range of 0.0 to 3.0 V vs Li*/Li, at a
working current density of 0.1 milliamperes
per square centimetre, are shown in Figure
3.

H. Devendrappa and colleagues [26]
synthesized pure PPy and PPy-NiO
nanocomposites using camphor sulfonic
acid (CSA) as an anionic surfactant, FeCl3
as the oxidant and the reaction time
maintained at 24 hours in an ice bath.
Permittivity, dielectric dissipation, and AC
conductivity were measured with varying
frequencies and temperatures for both
samples. The relative permittivity (¢') and
dielectric dissipation factor (") were
calculated (Figure 4), showing that both
decrease with increasing frequency and
stabilize at higher frequencies. At lower
frequencies, dipoles align with the applied
field, while at higher frequencies, alignment
is minimal. Higher temperatures increase
permittivity and dissipation due to dipole
mobility [27]. AC conductivity, determined

by the equation 6=2nfeoe", was enhanced in
PPy-NiO due to interactions between PPy
and NiO nanoparticles, which reduce the
conduction path and hopping distance. The
current-voltage relationship is plotted
(Figure 5) for PPy and PPy-NiO
nanocomposite at room temperature. The
conductivity of PPy-NiO is observed to be
higher than the PPy sample. The
conductivity ~ values of  PPy-NiO
nanocomposite were 0.1635 S/cm, and PPy
was 2.24x10° S/cm. The higher
conductivity value in the PPy-NiO sample
is due to the presence of NiO nanoparticles.
H. M. Yadav et al. [28] synthesized three
nanocomposites: NIO@NMWCNT/PPy,
N2-doped multi-walled carbon nanotubes
(NMWCNT), and  NiO/NMWCNT
composites. Raman  spectra  showed
increased intensity, indicating structural
defects in carbon. XPS spectra confirmed
the presence of nickel, oxygen, carbon, and
nitrogen in the composite. The uniform
dispersion of NiO particles over NMWCNT
enhanced the composite’s electrochemical
properties and specific capacitance due to
increased surface area and porosity.
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Figure 5. I-V characteristics of (a) Pure PPy and (b) PPy- NiO nanocomposite. Reproduced

from ref [26] with permission.
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Figure 6. a) CV curves (at 5 mV s /), b) charge-discharge curves (at 1 A g~), c) the specific
capacitance and d) Nyquist plots of the hybrid electrodes (NiO@PPy-n) and the pristine
electrode (NiO). Reproduced from ref [29] with permission.

Ji et al. [29] developed a PPy-coated NiO
core matrix via an in-situ method, revealing
a highly porous NiO structure. The
electrochemical analysis (Figure 6)
demonstrated that PPy layer thickness
significantly influenced the composite's
electrochemical properties. Thicker PPy
layers reduced specific capacitance and
increased conductivity. Nyquist plots
(Figure 6d) from EIS displayed a
semicircular pattern in the high-frequency
range, indicating charge transfer resistance
between the electrolyte and electrode
surface

4. COMPOSITES OF POLYPYRROLE
-TUNGSTENOXIDE (PPy-WOQ:3)

Tungsten oxide (WO3) is an oxygen-
deficient oxide and often exists as a sub-
stoichiometric oxide (WOz.x). Due to this, it
exhibits an n-type semiconductor with a
wide bandgap ranging from 2.6 to 3.0 eV
[30, 31].

Also, it can exist in various crystal
structures like cubic, triclinic, monoclinic,
orthorhombic, tetragonal and hexagonal.
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WOz often exhibits high thermal stability
and promising electronic properties like
superior charge transport and electron
mobility. In the nanohybrid composites
with PPy, the conductivity of WO3
increases according to the oxygen ratio in
the non-stoichiometric form. WOz is used in
various forms like nanoparticles, nanodisks,
nanorods, nanowires and nanofibers [32]. In
any of these nano structural forms
associated with PPy, it is used as gas

Sensors, photoelectronic devices,
supercapacitors, etc.
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Figure 7. Sensitivity of Sensing electrodes
towards Oxygen (magenta), Hydrogen
(blue), LPG (red) and Ammonia (black).
Reproduced from ref [33] with permission.

Albaris et al. [33] investigated PPy-GO-
WO3 hybrid nanocomposites for NH3z gas
sensing. PPy-GO-WOs selectivity towards
NH3 was tested against oxygen, hydrogen,
and LPG (Figure 7). The hybrid
nanocomposite exhibited higher sensitivity
to NHjs than individual nanostructures. For
ten ppm NHs, hybrid nanocomposites
showed better performance in sensitivity,
response, and recovery time (Table 1).
Ammonia adsorption on WOs and
subsequent electron transfer to PPy
enhanced conductivity and sensitivity. WO3
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facilitated faster NHs desorption, improving
recovery time.

Table 1. Comparison of the sensing
parameters of the fabricated electrodes
towards 10 ppm of Ammonia. Reproduced
from ref [33] with permission.
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Figure 8. Gas sensing response of PPy, WOz and PPy-WOs hybrid nanocomposite. Reproduced

from ref [35] with permission.
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Mane et al. [34, 35] developed PPy/n-
WO3 composites for NO2 gas sensing. The
selectivity of PPy, WO3, and PPy-WO3 was
tested against CH3OH, CoHsOH, H,S, NHs,
and NO; gases. PPy-WOz showed the
highest response towards NO», with the
response increasing with higher weight
percentages of WOs (Figure 8). PPy-WO3
(50%) had a response value of 61% to 100
ppm NO2, which dropped to 8% at five ppm
due to less surface area coverage by NO:
[35]. Stability and reproducibility tests
confirmed the robustness of PPy-WOs
(50%) for NO2 sensing at room
temperature.

Hung et al.[36] synthesized Poly (4-
styrene sulfonic acid) (PSSA)-doped
polypyrrole (PPy)/tungsten oxide
(WOz3)/reduced graphene oxide (rGO)
hybrid nanocomposites via in situ
polymerization in an aqueous solution for
sensor application. The sensor showed a

favorable frequency shift in response to NO
exposure, with sensitivity varying between
12 Hz per ppb for 1 to 110 ppb
concentrations. The frequency alteration
was linear with NO concentration changes.
The sensor maintained stability for over 30
days and demonstrated high repeatability at
five ppb NO (Table 2).

In 2014, Peng et al. [37] developed a
sensor for H2S detection. They prepared a
composite of WOs/PPy on an alumina
substrate. These nanocomposites were
prepared using the in-situ
photopolymerization method with TiO2 as a
co-photoinitiator. The sensor's reaction
increased from around 9% to about 81%
when the concentration of H»S rose from a
hundred parts per billion to a thousand parts
per billion. The sensor's stability was
considered acceptable for the initial 30-day
period.

Table 2. The sensor's reaction to different concentrations of NO. Reproduced from ref [36]
with permission.

NO Concentration (ppb) 1 5 20 50 80 110
Frequency shift (Hz) 440 |707 888 |1190 1691 1788
Response time (sec) 119 |120 |[128 |128 112 108
Recovery time (sec) 97 101 |123 |115 119 120

5. COMPOSITES OF POLYPYRROLE
-ZINC OXIDE (ZnO-PPy)

ol —eo— 1000ppm |

A

[ —u— 1500ppm
[ A~ 2000ppm
150 |- |

0

150

Figure 9. The sensitivity of PPy/ZnO
materials at 30°C. Reproduced from ref
[39]with permission.

Zinc oxide is a semiconductor of n-type
[38] and has a hexagonal wurtzite structure,
which is thermodynamically stable. Zinc
oxide (ZnO) is an economical and non-toxic
material ~ with  distinctive electrical,
catalytic, optoelectronic, and luminescent
properties. Moreover, ZnO possesses a
broad energy band gap of 3.2 eV to 3.37 eV
that may be influenced by the method of
synthesis utilized. Zinc oxide possesses a
high refractive index and thermal stability,
ultraviolet protection, good transparency
and high election mobility. These properties
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help make nanohybrid composites with PPy
for various applications.

Lina Geng et al. [39] synthesized hybrid
composites of polypyrrole (PPy) and ZnO
by mechanically mixing PPy in varying
amounts (1%, 3%, 5%, 10%, and 40%) with
Zn0O. The composites were tested for gas
sensitivity to NHs, H2S, and NOx at 30, 60,
and 90 °C. Geng et al. observed that
PPy/ZnO composites with 1%, 3%, 5%,
10%, and 20% PPy content were sensitive
to NOx, while NH3z and H.S showed no
sensitivity even at concentrations of 1000,
1500, and 2000 ppm. Both PPy (30%)/Zn0O
and PPy (40%)/Zn0O were not susceptible to
any of the gases tested (Figure 9). The PPy
(10%)/ZnO combination exhibited the
highest sensitivity to all gases under the
same conditions (Figure 10).
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Figure 10. The sensitivity of PPy/ZnO
materials at 60°C. Reproduced from ref
[39] with permission.

T. Fatima et al. [40] examined the DC
conductivity of polypyrrole (PPy)/ZnO
composites with varying ZnO
concentrations (20%, 30%, 40%, and 50%)
across temperatures from 302 K to 423 K.
The study found that conductivity increased
with temperature for pure PPy and PPy-
Zn0O composites, demonstrating
semiconductor behavior. Conductivity at
ambient temperature rose from 1.955 x 1073
Qm ! for pure PPy t0 5.28 x 10 Qm! for
PPy-ZnO composites, attributed to

increased charge carriers due to ZnO
doping. Conductivity increased steadily up
to PPy-ZnO (40%) but declined at PPy-ZnO
(50%) due to excessive charge carriers
reducing mobility. The activation energy
increased with ZnO content, except for the
40% ZnO sample, compared to pure PPy
(Figure 11).

Khouloud Jlassi et al. [41] developed
cost-effective  bio-based supports by
modifying polypyrrole with bentonite (B)
for immobilizing metallic nanoparticles.
The antibacterial efficacy was tested on
A549 cells. The MTT viability assay
indicated a reduction in cell viability from
80% at 0.04 mg/mL of bentonite to 50% at
0.07 mg/mL. B-PPy showed better results
than pure bentonite, with the least toxicity
observed in  Bentonite-PPy.  Using
electrochemical impedance spectroscopy,
the impact of PPy-ZnO on corrosion
resistance was studied with varying ZnO
concentrations (0 to 5 wt.%). The B-
PPy/ZnO composite with four wt.% ZnO
showed the highest charge transfer
resistance (9.85 MQ cm2) compared to
epoxy alone (0.213 MQ cm2).

afn m)

PPy g

Vhﬂ%onnO
Figure 11. Conductivity versus ZnO
concentration for PPy/ZnO composites.
Reproduced from ref [40] with permission.

Li et al. [42] synthesized PPy/ZnO
nanocomposites using ZnO particles and
nanosheets prepared via hydrothermal and
electrospinning techniques. The ZnO
nanosheet-PPy  composite exhibited
superior ammonia-sensing  capabilities
compared to pure PPy and PPy/ZnO
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nanoparticle composites due to a p-n
junction formation between PPy and ZnO
layers and a three-dimensional porous
structure facilitating ammonia diffusion.
This composite also showed selective
sensitivity to ammonia over other VOCs.
Shimpi and colleagues found that adding
dopants and metal oxides to PPy
significantly enhanced its gas-sensing
properties by altering its electronic and
morphological characteristics [43].

Qin et al. [44] explained that adding ZnO
and Camphor Sulphonic Acid to PPy
increased ammonia sensitivity by 50-79%
as ammonia concentration rose from 5 ppm
to 120 ppm due to the formation of a p-n
heterojunction in ZnO/PPy. The 1D ZnO
nanostructures provided a high surface
area-to-volume ratio and 15% ZnO loading
on PPy-optimized transmission through the
junction. Microporous structures facilitate
ammonia absorption and diffusion.

Song and colleagues [45] developed PPy
composites with ZnO for ammonia
detection by copolymerizing Perovskite-
based metal oxides with zinc stannate
nanoparticles, which interacted strongly
with the PPy chain. Patil et al. developed
PPy/CSA-ZnO composites for NO2
detection, achieving 80% sensitivity at 100
ppm NO2 with a response time of 1-3
minutes and a recovery time of 24 hours at
a 3.7% CSA concentration.

Sonawane et al. [46] created an LPG
sensor using ZnO/PPy pellets synthesized
by polymerizing pyrrole in the presence of
ZnO nanoparticles via ultrasonication. The
effective interconnection and narrow
interface between ZnO and PPy enhanced
electron transfer kinetics and gas diffusion,
leading to higher gas response and lower
response time than pure PPy.

6. COMPOSITES OF POLYPYRROLE
-TIN OXIDE (PPy- SnOz)

Y. Li et al. [47] researched a susceptible
ammonia sensor with a detection limit
below one ppm. The sensor was based on
SnO,/PPy composites, where SnO. sheets
were arranged vertically. The composites

were synthesized using a combination of
vapor phase polymerization and the
hydrothermal method, allowing quick
preparation in only one hour. The sensor
exhibited a 15% and 75% detection
sensitivity in 1 and 10.7 ppm ammonia gas,
respectively. Sunny and colleagues [48]
also fabricated an ammonia probe with high
sensitivity at ppb levels using SnO:
nanofibers combined with PPy. This
composite was prepared using the
electrospinning method for SnO; and vapor
phase polymerization of pyrrole. The
detector exhibited a response (%) that
spanned from 57% to 182.2% for
exceedingly small amounts of ammonia,
ranging from 100 parts per million (ppm) to
2.5 ppm, respectively. The porous
microstructure of SnO», along with its
Debye length and particle size, facilitated
the absorption and desorption kinetics of
ammonia molecules.

Mude and colleagues [49] conducted a
study and found that a composite made of
SnO> and polypyrrole (PPy) can detect 100
ppm concentration of CO; with 65%
sensitivity. The composite material displays
a  distinctive  character where a
heterojunction at a particular site is
generated between two dissimilar materials
with distinct chemical compositions. The
metal oxide (n-type) nanoparticles and PPy
(p-type) composites combine to form a
composite material that generates an n-p
heterojunction. The presence of this
junction leads to the development of a
strong depletion layer near the junction.
This depletion layer arises from the
transport of electrons and gaps in divergent
directions until a state of balance is
achieved. The impedance characteristics of
n-p junctions within these composites can
be modulated by manipulating the
composition of either oxidizing or reducing
agents. For reducing gases such as NHs, the
deprotonation process dramatically reduces
the hole density in the PPy matrix. This
results in an expansion of the width of the
depletion region, causing an increase in the
contrast between the base impedance of the
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detector when exposed to air/nitrogen and
the resistance observed when exposed to
target analytes. It was also suitable for
detecting low ppm CO: concentrations.
However, it has a long response time of 2
minutes and a recovery time of 1 minute.

7. COMPOSITES OF POLYPYRROLE
-TITANIUM OXIDE (PPy-TiO2)

Titanium oxides—rutile, anatase, and
brookite—feature an octahedral structure
with titanium bonded to six oxide anions
[50]. Rutile has a tetragonal structure, while
anatase and brookite are orthorhombic.
Titanium oxides exhibit n-type
semiconductor behavior with a band gap of
32 — 335 eV, similar to ZnO. When
combined with polypyrrole (PPy), TiO:
enhances PPy’s conductivity by forming p-
n junctions, both externally and within the
composite. This interaction with oxygen
results in significant charge exchange and
impacts the depletion regions of the p-n
junctions. Consequently, the conductivity
of PPy/TiO2 nanocomposites increases
approximately  20-fold compared to
unaltered PPy [50].

Jiang (2007) [51] developed a TiO2/PPy
composite for NHsz sensing using a self-
assembled structure with PSS/PDDA
layers. This method facilitated PPy growth
around TiO2 nanoparticles deposited on the
quartz substrate.

Sun et al. [52] synthesized a PPy/TiO;
composite doped with Pd for hydrogen
sensing, achieving high sensitivity (6%-
26%) for Hz concentrations from 0.005% to
2.5% vol. The composite demonstrated
selective sensitivity to H, over CO2 and H2S
due to palladium’s catalytic reduction of Hx
molecules, improving the composite’s
hydrogen sensitivity.

Debabrata Nandi et al. [53] prepared and
characterized titania-doped iron oxide
polypyrrole composites. They synthesized
Fe(HlID-Ti(1V) oxide (NITO)
nanocomposites by reacting TiCls with
ferric chloride and NaOH, forming a
yellow-brown precipitate. The resulting
PPy/NITO nanocomposites were

characterized using XRD, confirming
NITO's incorporation into the polymer
matrix. The conductivity decreased with
increasing NITO content, attributed to the
expansion of the bipolaron energy gap.
Pristine PPy showed lower conductivity
than composites, and the composite with a
higher amount (0.25 gm) of NITO showed
the lowest conductivity. The polymer chain
continuity was affected by higher NITO
content.

Gao et al. [54, 55] deposited PPy onto
TiO2 nanotubes via electrochemical
methods, enhancing the nanotubes surface
area and electronic conductance.

8. COMPOSITES OF POLYPYRROLE
WITH OTHER METAL OXIDES
8.1. With Manganese Oxide (PPy-MnO3)

Manganese Dioxide exists in several
polymorphs. It crystallizes mainly in arutile
structure called B-MnO; with three
coordinate oxide and octahedral metal
centres [56]. MnO: is considered
nonstoichiometric and deficient in oxygen;
the o polymorph of MnOz has an open
structure  with  channels that can
accommodate metal ions of Barium or
silver. MnO; has a low electrical
conductivity (107 to 107® S/cm) and a low
ionic diffusion constant (~107'* cm? /Vs).

Ji et al. [57] prepared a coating of the
composite of PPy/MnQO2 where nanotubes
of PPy surrounded MnO.. This coating was
observed to have high capacity and
stability. Similarly, the chemical oxidation
of Pyrrole was carried out by Seelj et al.
[58] with KMnO4 converted into MnO./PPy
composites. This composite was more
stable even at low electrode potentials.

R. K. Sharma et al. [59] prepared PPy by
electrodeposition process in the presence of
MnSQO4. This Reaction converted the
porous PPy matrix along with MnO:
particles. This porosity created a large
active surface area that was useful and
increased electronic conductivity. The
interlinking between the porous matrix of
PPy and MnO; particles increased the
stability of the composite. Malook et al.
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[60] reported that forming p-n junctions on
the enhanced surface is responsible for
ammonia sensing on MnO2/PPy composites
compared to pristine PPy.

8.2. Ruthenium Oxide (PPy-RuO:)

J. F. Zang et al. [61] showed that the
capacitance increased three times when
nano cones of PPy were deposited by a layer
of RuO> as compared to uncoated cones of
PPy due to its particle morphology and
creation of a sizeable interfacial contact
area.

8.3. Cerium Oxide (PPy-CeOy)

Wang et al. [62] deposited CeO; particles
on PPy by a chemical deposition. They used
surface-functionalized particles of CeO..
This  process  improved  electronic
conductance as compared to plain PPy.

8.4. Iron Oxide (Fe203)

Tang etal [63] developed Honey
Camblite Fe>Os (Hematite) nanoflakes on
nickel foam with branched PPy nano leaves.
These composites showed high stability and
capacity.

8.5. Molybdenum Oxide (MoO3)

F. Wang et al. [64] improved the capacity
of the PPy by preparing composites with
hollow MoOs nanotubes by a coating
method. The benefit is also reflected in
structural stability.

8.6. Bismuth Oxide (Bi203)

Chowdhary et al. [65] conducted a study
to investigate the gas-sensing properties of
composites containing binary metal oxides
in the presence of LPG gas. The composites
were denoted as PPy-BioO3-MOy, where
MOx represents ZrOz, Agz20, and TiO2. The
composite (PPy-Bi.03-Ag.0) exhibited the
highest selectivity towards LPG gas. A
linear increase in response (%) was
observed for all the compounds, showing an
elevation in LPG concentration up to five
hundred parts per million. The optimal
temperature for gas sensing was found to be
350 K. The adsorption of gas molecules on

the surface of the composites was due to
internal vibrations of the gas molecules,
which occurred at higher temperatures.

9. COMPOSITES OF POLYPYRROLE
WITH NANO YTTRIUM OXIDE (PPy-
Y203)
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Figure 12. Variation in dielectric constant
vs frequency for (a) PPy, (b) PPy-DBSA, (c)
2% Y203, (d) 4% Y203 and (e) 8% Y203 in
PPy-DBSA. Reproduced from ref [67] with
permission.
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Figure 13. Variation in dielectric constant
vs frequency for (a) PPy, (b) PPy-DBSA, (c)
2% Y203, (d) 4% Y203 and (e) 8% Y203 in
PPy-DBSA. Reproduced from ref [67]with
permission.

Yttrium Oxide is a well-known body-
centred cubic material [66]. Yttrium ions
occupy two distinct sites: eight sites with
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octahedral coordination and Cs;i point
symmetry and 24 sites with prismatic
coordination and C> symmetry. Six oxygen
ions surround each yttrium ion. Yttria has a
band gap of around 6.0 eV [66]. Yttria is
widely used in lasers, gas lighting, dental
ceramics, microwave filters and super-
conductors.

Muhammad Irfan et al. [67] synthesized
polypyrrole (PPyY) by chemical
polymerization using APS, DBSA, HCI and
Y203 powder. Dielectric measurements
(Keithley 2400) demonstrated (Figures 12
& 13) that the dielectric constant (g')
decreased with increasing frequency and

Y203 content, while higher €' values were
observed at lower frequencies due to
polarization and charge movement. The
dielectric loss (€") increased with Y203
content, decreasing with higher frequencies
due to less energy dissipation.

A comparative table of various
Conducting polymer/Metal oxide nano-
composites tested for gas sensing
applications for various gases like NHs,
NOy, LPG, H>S, etc. are presented in Table
3. This table indicates that the
nanocomposites of PANi/metal oxides and
PPy/metal oxides have good gas-sensing
properties.

Table 3. Comparative studies of various Conducting Polymers/Metal oxides hybrid
composites used in gas sensors [68]

Concentration Temperature
Polymer M(_etal Target Gas Response Respo_nse/ Recovery °
y Oxides g (ppm) P time (sec) c
PANI TiOy NHs 23 1.67 18 ~58 25
CO 140 ~1.9 - -
NHs 50 ppt 0.4% RT
Sno; NHs 100 - 15 ~80
NO> 50 ppb - 5 ~15 mins 25
Zn0O NH3 20 14% <35 300K
W03 NHs 5 24% 136 ~137 RT
NO; 100 ~40%
PANi: PSS Fe20Os NO; 0.5 ~8% RT
PPy SnO, NHs 10.7 75% 259 ~468 RT
4 ~40 mins
Zn0 LPG 1400 32.5% RT
NHs 0.5 21% 256 ~370 RT
TiOy LPG 1040 55% 112 ~131 RT
W03 H>S 1 83% 6 ~210 mins RT
NO; 100 61% 38
PPy-DBSA WOs NO; 100 2% 288 ~5990 38
PT SnO; NO; 100 3.69 90
W03 H2S 100 1.35 <15 70
PEPDS(;T' TiO, NO; 0.005 RT
W03 NO; 0.05 ~1.2 45.1 ~88.7 RT

10. CONCLUSION

In summary, conducting polymers such as
PPy and metal oxides show significant
improvements in electrical conductivity,
stability, and performance across various
applications. The hybrid nanocomposites
enhance supercapacitance, electro-
chromism, and gas sensing properties.
Future research should optimize synthesis

methods and explore new applications for
these advanced materials.
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