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In this work, the synthesis and comprehensive characterization of a novel binary composite comprising polypyrrole (PPy) protected Y,O;
was fabricated via in situ oxidative-polymerization technique is presented. The investigation primarily focuses on the elucidating the
structural, chemical and electrochemical properties of the synthesized composite material to assess its potential applicability as an electrode
material in supercapacitors. The structural and bonding aspects of the synthesized sample were examined using advanced analytical
techniques, including X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR). Transmission electron microscopy
(TEM) analysis was employed to confirm the synthesis of particles within the nano-range, providing the crucial insights into the morphology
and size distribution of the composite. Furthermore, the chemical composition and thermal stability of the composite were evaluated through

of the material’s composition and stability under different temperature conditions. The electrochemical performance of the PPy-Y,O;
nanocomposite was assessed via cyclic voltametric measurements, revealing a semi-rectangular loop indicative of high surface area and
specific conductance. The composite displayed significant charge storage capacity and revealed exceptional ionic and electrical conductivity,
highlighting its feasibility for use as an electrode material in supercapacitors. Furthermore, the synthesized PPy-Y,O; nanocomposite
possesses a unique combination of structural integrity, chemical stability and superior electrochemical properties, making it a promising

INTRODUCTION

The evolution of materials has long played a pivotal role
in shaping human culture and driving the advancement of
civilizations. Nanocomposites have recently emerged as a
major subject of interest within the expansive field of micro
and nanoscale material investigation [1,2]. Researchers have
shown significant interest in this emerging discipline, focusing
specifically on the synthesis, characterization, and application
studies in nanoscience [3,4]. At the heart of nanoscience lies
the ability to manipulate matter at the molecular level, resulting
in structures with unique properties and functionalities [5].
Significant progress have been made in the development of
nanomaterials, with their chemical characteristics, such as
domain dimensions, molecular mixing, regularity and phase
consistency, directly influencing their optical, photocatalytic,
antibacterial, physical and mechanical properties [6,7].

energy dispersive X-ray and thermogravimetric (TG) analyses, respectively. These analyses contributed to a comprehensive understanding I
candidate for enhancing the performance of energy storage devices, particularly in supercapacitor applications. I
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Metal oxide nanoparticles have been extensively used in
numerous fields such as phosphorescence, semiconductors,
micro-electronics, biochemical and optical sensors, as well as
energy storage devices like supercapacitors and rechargeable
batteries [8-10]. The properties of these nanoparticles are pro-
foundly affected by factors such as particle size, metal type
and reaction parameters, highlighting the importance of precise
control during synthesis [9,11].

Conducting polymers have also garnered significant atten-
tion due to their unique advantages over conventional materials,
including wide electrical conductivity range, ease of manufac-
turing, mechanical durability and affordability [12-14]. Cond-
ucting polymers are valuable substitutes for semi-metals or
replacement metals that are expensive, time-consuming and
energy-intensive to extract from their source [ 15-17]. Polypyrrole
(PPy), one of the conducting polymers, offers a number of advan-
tages, including excellent conductivity, durability against oxid-
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ation, fascinating redox properties and protection against corro-
sion for a variety of metallic components [18]. Commercially
accessible, readily oxidized, water soluble and possessing favou-
rable chemical characteristics, conductivity and ecological dura-
bility are pyrrole monomer units [19]. Since past two decades,
PPy has attracted interest for a wide range of applications, such
as pigment-sensitive solar cells, sensor technologies, memory
storage, hybrid capacitors and rechargeable batteries for energy
storage and more [20,21]. Polypyrrole is also employed in the
production of tailored nanoparticle structures for electro-
chemical biosensors and storage devices, as well as for metal
security purposes [22,23].

The combination of metal oxide nanoparticles and cond-
ucting polymers such as PPy can result in synergistic effects,
which can boost functionality in various sectors, including
energy storage, biosensors and catalytic devices [24-28]. In
this context, this study aims to explore the synthesis and chara-
cterization of a novel electrode material consisting of Y,0;
embedded in a PPy matrix, resulting in a Y,Os/PPy composite.
Through techniques such as X-ray diffraction (XRD), Fourier
tranform infrared spectroscopy (FTIR) and transmission
electron microscopy (TEM), the structure, crystallinity and
particle size of the composite will be analyzed. Additionally,
the electrochemical characteristics of the prepared composite
will be evaluated using cyclic voltammetry and electrochemical
impedance spectroscopy. This study aims to enhance our under-
standing of the characteristics and effectiveness of this composite
material.

distilled water and aqueous Y,Os (0.5 g) was transferred to the
former. The obtained aqueous solution was then ultra-sonically
sonicated for 2 h to allow pyrrole to adsorb on surface of Y,Os.
Then aqueous FeCls (0.6 mol) was gradually added to obtain
a suspension with continuous stirring (12 h) using a magnetic
bar at room temperature. The obtain black precipitate was vacuum
filtered and washed systematically water and ethanol. After
that PPy-Y,O; formed was dried in oven (50 °C) and transformed
into an extremely fine powder for various characterizations
[30].

Characterization: The crystalline structure and phase
composition of the sample were investigated by recoding the
diffraction pattern of samples using Rigaku Ultima-IV diffracto-
meter with Bragg-Brentano geometry using CuKo radiation
having wavelength of 1.5416 A. X-ray pattern of the materials
were recorded from 15°-70° (20 angle) having scanning speed
of 2°/min and 0.02° step interval. The IR spectral profile was
recorded using an FTIR spectrometer (Perkin-Elmer 5700)
using KBr as a reference. The morphology and average particle
size of the samples was determined by using TECNAI (200
kV) transmission electron microscope (TEM). Elemental anal-
ysis and chemical composition of the composite was executed
on Ametek (energy dispersive X-ray spectrometer). At a heating
rate of 10 °C min™, the thermograms (30-1000 °C) of the prep-
ared samples were recorded using a Hitachi STA 7300 thermo-
gravimetric analyzer. The redox behaviour of the composite
material was investigated using the Ivium potentiostat.

RESULTS AND DISCUSSION

EXPERIMENTAL

Preparation of polypyrrole: Pyrrole monomer was poly-
merized using chemically oxidative process where FeCl; was
used as oxidizing agent. Pyrrole (0.2 mol) was agitated in 100
mL distilled water and aqueous FeCl; (0.6 mol) was gradually
added to pyrrole solution with continuous stirring (12 h) using
amagnetic bar at room temperature. The obtained black preci-
pitate was vacuum-filtered and washed thoroughly with water
and ethanol. The solid PPy formed was dried in oven (50 °C)
and was transformed into an extremely fine powder [29,30].

Preparation of Y,O; nanoparticles: Y,O; nanoparticles
were formed at a lower temperature using a combustion method.
Water was utilized as a solvent, while Y(NO;);-6H,0O and urea
were employed as source materials. To obtain a homogeneous
aqueous solution, the estimated quantity of yttrium nitrate was
dissolved into a 100 mL beaker and then heated at 80 °C. Excess
water was evaporated during heating, resulting in the formation
of gel-like product. A known quantity of urea was then added
along with some distilled water resulting in the formation of
paste before being heated. The purpose of the added urea was
to dissolve the metal ions evenly in the reaction solution by
forming complexes with them. For around 15 min, the paste
was heated to 500 °C in a furnace.

Preparation of PPy-Y,0; nanocomposite: To prepare
PPy-Y,0; nanocomposite, in situ polymerization technique
was used including a similar procedure followed for synthesis
of polypyrrole. Pyrrole (0.2 mol) was agitated in 100 mL double

X-ray diffraction studies: Using diffraction analysis, the
crystal structure and phase of the prepared samples were deter-
mined. The XRD patterns of pure Y,O; and PPy-Y,0O; nano-
composite are shown in Fig. 1. The synthesis of highly crystal-
line materials is indicated by the presence of strong diffraction
peaks in the XRD profiles. Diffraction pattern of Y,O; was found
to be closely related to the cubic structure and /a3 (206) space
group of Y,0; with JCPDS card no. 86-1326 [31,32]. Addition-
ally, the lack of foreign peaks in the Y,O; diffraction pattern
demonstrated the pure synthesis of the material under consider-
ation. Additionally, a nearly identical diffraction pattern showing
a small deviation of peaks from Y,O; was seen for the PPy-Y,0;
composite material, revealing the homogenous participation
of both PPy and Y,O; phases in the nanocomposite. The optimal
interaction between the various phases in the nanocomposite
is demonstrated by a minor change in a few peak positions
[33,34].

With the help of Scherrer’s formula (eqn. 1), the crystal
size was calculated from FWHM of the strongest peak. The
determined crystal size for Y,O; and PPy-Y,0; nanocomposite
was found to be 34.56 and 32.98 nm, respectively.

KA
BcosO M
k = constant, X-ray wavelength (A) = 0.15416 nm, 6 = angle

of diffraction, B = full width at half maxima (FWHM), D =
average crystallite size.
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Fig. 1. Diffraction patterns of Y>O; and PPy-Y,0; matched with JCPDS

FTIR studies: FTIR spectrum PPy—Y,0O;binary composite
was recorded in the range of 400-4000 cm™ range to analyze
its structural and bonding characteristics. The spectrum of com-
posite material contains peaks at 919 and 814 cm™ correspon-
ding to the C—H wagging (Fig. 2). The C=C stretching vibrations
are assigned to intense bands at 1607 an 1584 cm™ for the
oxidized states of PPy while C=N and C-N stretching appears
at 1657 and 1291 cm™ in the FTIR spectrum [35,36]. The
presence of the quinoid and benzenoid units indicates that PPy
is in the conductive emeraldine state. A broad band at 3533
cm™ has been assigned to N-H stretching vibration of PPy
[37]. The characteristic peaks corresponding to Y—O vibrations
were observed at 703, 597 and 492 cm’'.
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Fig. 2. FTIR spectrum of PPy-Y,0O;binary composite material

Morphological studies: The nearly spherical PPy-Y,0s;
particles are observed in the TEM picture along with some aggre-
gation (Fig. 3). The material exhibits a consistent distribution
of particles with a size between 35 and 65 nm. The non-uniform
dispersion of mass and heat throughout the synthetic process
is responsible for the irregular shape and diverse sizes of the
particles. This nanocomposite material may be useful as super-
capacitor electrodes because of the production of nanoparticles.

The matching peaks for the elements included in the sample
were seen when various parts of the sample were focused, as
shown in Fig. 4. Only the peaks in the spectrum that match Y
and O are present. The synthesis of pure PPy-Y,0; nanocom-
posite is confirmed by the lack of peaks that correspond to the
extraneous components other than the ingredients. Table-1 lists
the information related to EDX spectrum of PPy-Y,0; nano-
composite in terms of atomic and weight percentages. A homo-
geneous formation of the material with a suitable elemental
dispersion encouraging structural analyses was suggested by
the existence of distinctive peaks in the spectrum.
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Fig. 4. EDX spectrum of PPy-Y,0s nanocomposite
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TABLE-1
CHEMICAL COMPOSITION OF PPy-Y,0; COMPOSITE
IN ATOMIC AND WEIGHT PERCENTAGE

Element Weight (%) Atomic (%)
CK 41.57 56.33
NK 25.79 16.98
OK 19.36 16.01
YL 13.28 10.68

Thermal studies: To evaluate the thermal stability of the
synthesized PPy-Y,O; nanocomposite, the thermogravimetric
analysis was carried out. The progressive weight loss transition
phases, which correspond to moisture loss and the breakdown
of organic matter, are revealed in temperatures range 30-900
°C in a N, environment. At a lower temperature, PPy-Y,0;
nanocomposite starts to degrade (Fig. 5). The first weight loss
of 6.54% was noted at 110 °C which involve the elimination
of H,O molecules, weight loss of 43.89 % between 110 and
360 °C indicated the elimination of small molecular weight
oligomers and a decrease in weight of 76.23% between 360
and 680 °C indicated the decomposition of the nanocomposite
matrix. This behaviour could be the result of Y,O; nanoparticles
acting as catalysts, which increase the temperature at which
PPy degrades. The interaction between PPy and Y,Os is respon-
sible for the PPy-Y,0; nanocomposite excellent thermal stability.

100 +

80 1

60

Weight (%)

40 1

201

— —
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 5. Thermogravimetric curve of PPy-Y,0O3 nanomaterial

Current-voltage measurements (I-V): The [-V charact-
eristics of PPy-Y,0Os binary nanocomposite has been depicted
in Fig. 6, which exhibited outstanding ohmic character at room
temperature. The high conductivity of the sample approved it
as excellent material for usage in electrode materials for super-
capacitor.

Cyclic voltammetry (CV): In order to study the electro-
chemical properties of the PPy-Y,0; nanocomposite, CV was
carried out using a three-electrode cell construction in 1 M KOH
electrolyte at a voltage (0-0.6 V). Fig. 7 exhibits the cyclic
voltammogram of PPy-Y,0; nanocomposite having a semi-
rectangular loop of higher area indicating its higher value of
specific conductance (Cy,= 407 Fg™') calculated as follows:
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Fig. 6. I-V characteristics plot of PPy-Y,O; composite
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Fig. 7. Cyclic voltammogram of PPy-Y»O; binary composite

Iav
Co = -[ smV

where fIdV = area under the CV curve, s = sweep rate (10
mV/s), V = voltage range and m = loaded mass. The inorganic-
organic association in nanocomposites, which could potentially
improve the redox performance of the constructed electrode,
is responsible for a high C,, value.

Electrochemical impedance spectroscopic (EIS) studies:
The electrochemical behaviour PPy-Y,O; nanocomposite of
was further explored using EIS. Nyquist plots (Fig. 8) between
7’ (real part) and Z” (imaginary component) were used to fit
the examined data of all three electrode materials in order to
get net impedance (z). The linear and quasi-circular region of
Nyquist plot are located in low and high-frequency zone, resp-
ectively. A compact semi-circle with small diameter indicates
a high level of ionic conductivity in PPy-Y,0; nanocomposite
[38]. The I-V findings further supported the greater electrical
conductivity. These findings indicated that the charge transfer
rate is more important at the interface between the electrode
and electrolyte surfaces, which therefore accounts for its high
charge storage capability [39,40].
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Fig. 8. Nyquist plot of PPy-Y,0; binary composite
Conclusion

The Y-0s—PPy nanocomposite was synthesized by the in
situ chemical oxidative method. The prepared material was
characterized using XRD, FTIR, TEM, EDX, TGA, cyclic volt-
ammetry and EIS techniques to understand the composition,
structural and electrochemical properties. Diffraction data
confirmed the synthesis of uncovered and PPy-covered Y,Os;
having hexagonal crystal structure and /a3 (206) space group.
FTIR analysis supported XRD results exhibiting vibration
bands corresponding to both PPy as well as Y,Os;. TEM images
revealed the formation of nanocomposite with some agglomer-
ation. The TG analysis exhibited the excellent thermal stability
of the sample confirming the possible interaction between PPy
and Y>0Os in the nanocomposite. The [-V and cyclic voltammetry
revealed the high ionic and electrical conductivity alongwith
high charge storage capability which were further supported
by Nyquist plot of PPy-Y,0s nanocomposite. Due to such exce-
llent electrochemical behaviour, PPy-Y,0; nanocomposite
could be used as a potential candidate for its usage as electrode
material in supercapacitor.
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