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Nanoscale materials and nanocomposites composed of metals, conducting polymers, carbon nanotubes,
because of their optical, mechanical, thermal, and chemical properties, are used in a huge number of appli-
cations. Current work includes the fabrication of PANI/rGO, as well as PANI/MWCNT nanocomposites and
the study of their optical and thermal characteristics. The article describes in detail the methodology of
synthesis and relative optical and thermal study of PANI/MWCNT and PANI/rGO nanocomposites with
8 wt. % rGO/MWCNT in pure PANI using an in-situ chemical oxidation polymerization process. Scanning
electron microscopy (SEM) and Fourier Transform Infrared (FTIR) spectroscopy were used to investigate
the surface morphology of synthesized nanocomposites. Thermogravimetric analysis (TGA) was used to
measure the thermal stability of PANI/rGO and PANI/MWCNT nanocomposites. UV-Visible spectropho-
tometry studies revealed a decrease in band gap values in specific PANI/rGO (8 wt. %) nanocomposite
samples due to the enhanced significant interaction between rGO-doped PANI at molecular conjugation
and the corresponding carbon allotropes. The study showed that PANI/rGO specimens have excellent
structural, thermal, and optical characteristics, making them suitable for research and development in the
field of energy storage devices and their applications.
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1. INTRODUCTION

Nanomaterials possess unique physical properties
both at the molecular and macro scales, opening up
new possibilities for physicochemical and biomedical
studies and applications in a variety of fields of chemis-
try, genetics, and medicine. Contemporary develop-
ments necessitate the creation of innovative products
with unique properties. In recent decades, numerous
attempts have been conducted to develop nanomateri-
als with specific functions using new nanoscience and
nanotechnology expertise.

Doping with carbon nanocomposites of polymer
structures, particularly for preparing electronic and
optical materials, is also an important research field.
Standard conducting polymers can be used as matrices
in practical composite planning. These products can be
utilized to achieve various applications, including data
storage, photovoltaic cells and photodiodes, optical lim-
its, photosensitive print drums, and most often due to
the integration of complementary CNTs with specific
properties of polymers. Polymer nanocomposite materi-
als have emerged as a critical field of study in contem-
porary science and technology [1]. With the increased
need for electricity and refining fuels over the last dec-
ades, energy storage has been a critical element in eco-
nomic development. Commercially, energy storage sys-
tems are classified into mechanical (flywheel system for
storing energy, compressed air energy storage systems,
and hydroelectric energy storage systems), electromag-
netic (capacitor, inductor, supercapacitor, and super-
conducting magnetic energy storage systems), chemical
(biofuels, hydrogen, and liquid nitrogen), and biological
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energy storage systems [2-5]. In light of the expanding
range of appliances, the optimal method and energy
storage unit, which fully meet economic and technologi-
cal requirements, are still inaccessible. Nanoparticles or
nanocomposites composed of metals, polymers, semi-
conductors or oxides are of particular interest and are
used as quantum dots and chemical catalysts due to
their electrical, optical, thermal and a variety of many
other characteristics. Carbon atoms in conjugated pol-
ymers have alternating single and double bonds. Each
bond includes a strong, localized sigma bond that holds
the polymer together, as well as a weaker, localized =-
bond. These unsaturated z-bonded polymers have low
ionization potentials and strong electron affinities, facil-
itating oxidation-reduction reactions.

Thus, the electrical structure of conjugated poly-
mers is radically distinct, with one vacant electron (7
electron) in a single carbon atom due to chemical bond-
ing. The overlap of z-orbitals containing consecutive
atoms of carbon in the polymer backbone results in
relocation of electrons along the polymer backbone.
This relocation of electrons creates a path for charge
mobility around the polymer chain backbone. Thus, the
electrical composition of conducting polymers is defined
as chain symmetry, i.e., the number and type of atoms
inside a repeating unit, resulting in semiconducting or
even metallic properties for these polymers.

In this work, we chose nanoparticles of reduced gra-
phene oxide (rGO) and multiwall carbon nanotubes
(MWCNT), which are utilized to create nanocomposites
from polymers with polyaniline (PANI). PANI compo-
sites with GO and rGO also represent a viable candidate
for this application, among which rGO is preferred due
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to its higher conductivity and thermal stability as com-
pared to rGO. PANI has become widely known in the
last decade due to the inclusion of energetic —NH-
groups in polymer chains, interesting oxidation proper-
ties, low-cost monomers, cold amalgamation and high
electrical conductivity. PANI has attracted the attention
of researchers owing to its peculiar electrical properties;
nevertheless, PANI tends to agglomerate in organic sol-
vents, which reduces its processability [6, 7]. Carbon
nanocomposites such as rGO and MWCNT have a high
percolation threshold and low abundance. Carbon nano-
composites are often used as fillers in PANI matrix com-
ponents to improve their optical and thermal stability.

2. EXPERIMENTAL DETAILS

PANI/MWCNT(@8 wt. %) and PANI/rGO(8 wt. %)
nanocomposites were created by using ammonium per-
oxide sulphate (APS) as an oxidant and in-situ aniline
polymerization by chemical oxidation in the presence of
rGO and MWCNT nanoparticles at temperatures rang-
ing from 0 to 5 °C in the presence of air. The rGO and
MWCNT nanoparticles remained suspended in a 1 M
HCI solution for one hour after being sonicated to avoid
aggregation of nanoparticles. Before being sonicated for
30 min, 0.1 M aniline solution was dissolved in 100 ml
of 1 M HCI solution with 10 ml rGO and MWCNT na-
noparticles in order to get the desired result. After 2 h
of continuous stirring at 0-5°C, 100 ml of a 1M HCI
mixture containing APS [(NH4)2S20s)] in an equivalent
aniline molar ratio were gradually added to the sus-
pension solution by a drop-by-drop method, resulting in
improved dispersion after addition of APS. To complete
the chemical reaction, the mixture was kept at rest
overnight. The reaction's precipitate was drained out,
washed several times with 1 M HCI, and dried under
vacuum for 24 h [8, 9]. As a result, the nanocomposite
powder was prepared in the form of conductive emerald
salt (ES) of PANI/MWCNT(8 wt. %) and PANI/rGO
(8 wt. %) nanocomposites.

Scanning electron microscopy (SEM) using FE-SEM
(FEI quanta 450) was performed to examine the sur-
face morphology of the produced nanocomposites.
Nanocomposites were characterized using Fourier
transform infrared spectroscopy (FTIR). A Perkin
Elmer FTIR spectrophotometer was used to record the
FTIR spectra in the region of 4000 to 500 cm~1. The
UV-Vis absorption spectra were recorded using a Per-
kin Elmer LAMBDA 750 UV-Vis-NIR spectrophotome-
ter. Thermogravimetric analysis (Perkin Elmer STA
6000) was used to determine the material's thermal
stability under consideration.

3. RESULTS AND DISCUSSION
3.1 Structural Characterization

Fig. 1a shows the SEM image of pure PANI, which
exhibits a relatively plane surface, indicating rough
protuberances in the layered structure with cracks,
while Fig. 1b and Fig. 1c show the SEM images of the
nanocomposite structure. SEM micrographs do not
show any significant changes in PANI/MWCNT compo-
sites, except some irregular lumps and smoothed
boundaries of dispersed MWCNT within the PANI ma-
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trix. It is also observed that agglomeration of MWCNT
takes place, which strongly affects the morphology of
the base matrix of the PANI molecule. Apart from the
distribution of uneven lumps and smoothed bounda-
ries, no significant changes were observed in the SEM
images of composites. Further, the absence of the rGO
structure on the surface indicates the encapsulation of
the rGO structure by PANI polymer chains [10].

Fig. 1 - SEM pictures of (a) PANT, (b) PANUMWCNT (8 wt. %),
(¢) PANT/rGO(8 wt. %)

Fig. 2 depicts the FTIR spectra of PANI and its
MWCNT/rGO nanocomposites. FTIR spectra of PANI
reveal its characteristic peaks at 3423, 1628, 1133, and
607 cm~1, as well as the C=C stretching peak of “qui-
nonoid” (1628 cm~—1), N-H stretching vibration peak
(3423 cm 1), and N=Q=N stretching peak (1133 cm 1),
[11] all of which are visible in the spectrum.
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Fig. 2 - FTIR spectra of pure PANI and nanocomposites

In addition, some peaks were detected, such as
3411 em 1, which is attributed to absorbed water and
O-H stretching mode of carboxyl groups in MWCN'T/
rGO, dual peaks at 2855 and 2921 cm-1!, which are
credited to C-H stretching in CHz and CHs groups,
respectively, and dual peaks at 2855 and 2921 cm 1,
indicating the development of a strong interaction
amongst the conjugated construction of “quinoid rings
of PANT” and #-bonded MWCNT/rGO surfaces of the
composite structure [12, 13].

3.2 Thermal Stability Analysis

Thermal studies were done using thermogravimet-
ric analysis (TGA) scans from room temperature to
900 °C. Fig. 3 shows the deviation of weight loss rela-
tive to temperature for PANI and its MWCNT/rGO
nanocomposites due to the decomposition of water and
oxygen containing groups of MWCNT/rGO nanocompo-
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sites. It was found that, first, at a marginally greater
room temperature, the tendency for weight loss for
PANI/MWCNT (8 wt. %) and PANI/rGO(8 wt. %) nano-
composites is higher. This procedure remains with the
continuing increase in temperature. The weight loss for
PANI/rGO and PANI/MWCNT nanocomposites sudden-
ly decreases within 250 to 350 °C temperature range
due to the destruction of PANI chain fragments [14].
Fig. 3 also shows that at higher temperatures, the
comparative weight loss of the PANI base matrix dis-
persed with MWCNT(8 wt. %) and rGO(8 wt. %) nano-
composites is smaller in comparison to pure PANI. Def-
initely, the main weight loss of PANI containing 8 %
MWCNT is 57.96 % and that containing 8 % rGO is
50.85 % relative to 62.11 % PANI at 900 °C to achieve
significant thermal stability associated with PANI.
This shows that the thermal stability of PANI/rGO
(8 wt. %) is improved compared with PANI/MWCNT
(8 wt. %) nanocomposite.
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Fig. 3 - TGA analysis of PANI, PANI/MWCNT and PANI/rGO
nanocomposites

3.3 Optical Band Gap Analysis

Fig. 4 depicts the Tauc's plot of pure PANI,
PANI/MWCNT(8 wt. %) and PANI/rGO(8 wt. %) nano-
composites. According to Tauc's model, the optical band
gap can be calculated from UV-Vis spectra by applying
the relationship given in equation (1) [15]:

ahv=A(hv-E,)", 1)

where E; is the band gap of the material (it may be
direct band gap or indirect band gap), vis the frequen-
¢y of incident rays, a is the absorption coefficient, A is
the Planck constant, A is an arbitrary constant. The
value of n is 2 for an indirect electron transition or 1/2
for a direct transition.

The Tauc’s plot displays the determination of the
band gap for PANI, PANI/MWCNT(8 wt. %) and
PANI/rGO(8 wt. %) nanocomposites. The band gap of
PANI is observed at 3.40 eV, which is similar to other
reports [16]. A decrease in the band gap with the addi-
tion of MWCNT/rGO is also observed from 3.40 to
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3.20 eV with 8 wt. % MWCNT, and from 3.40 to 3.18 eV
with 8 wt. % rGO, which indicates an adequate effect of
complex coordination between PANI molecular chain
segments doped with MWCNT/rGO nanoparticles.
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Fig. 4 — (ahv)? versus hv plot for PANT and nanocomposites

The change in the band gap indicates modified ab-
sorption of the coordination complex formed between
MWCNT/rGO and PANI chains, which exhibit a de-
creasing trend due to MWCNT/rGO nanoparticles in
nanocomposites [17, 18]. The charge transfer from
MWCNT/rGO to polymer chains causes a decrease in
the band gap because new excitation energy levels are
created below the regular band gap [19, 20].

4. CONCLUSIONS

The study of the structural and thermal stability of
a specially prepared PANI base matrix dispersed with
MWCNT(8 wt. %) and rGO(8 wt. %) nanocomposites
allows to draw the following conclusions.

1. SEM and FTIR studies reveal that the overall
morphology of MWCNT and rGO doped PANI speci-
mens has improved.

2. TGA analysis of these nanocomposites shows bet-
ter thermal stability of PANI/rGO(8 wt. %) nanocompo-
site in comparison with pure PANI and PANI/MWCNT
(8 wt. %) studied sample. This shows that the addition
of rGO to the PANI matrix increases the thermal sta-
bility of nanocomposites. The TGA findings show that
covalent bonds were established between PANI and
rGO functional groups, resulting in improved thermal
stability of nanocomposites.

3. Optical study of nanocomposites reveals that the
distribution of MWCNT and rGO offers a more appro-
priate band gap reduction to 5.88 % and 6.47 % due to
the interaction between 7-7* transition PANI in molec-
ular conjugation and carbon allotropes (MWCNT and
rGO) in the composite. The reason for the bond shift is
related to the new excitation energy levels created by
MWCNT/rGO near the band gap of the pure PANI.

Finally, the study found that PANI/rGO specimens
show superior structural, thermal, and optical charac-
teristics, making them suitable for research and devel-
opment in the design and application of energy-efficient
supercapacitors.
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ITopiBHAIPHE TOCHIAKEHHA TEIIOBUX Ta ONTHYHUX BJIACTUBOCTEN OiHApHUX
HaAHOKOMIIO3UTiB Ha ocHOBI PANI

Ajay Kumar Sharma, Manasvi Dixit

Department of Physics, Swami Keshvanand Institute of Technology, Management & Gramothan,
Jaipur 302017, India

Hamopoamipal Marepiann Ta HAHOKOMITO3WUTH, SIK1 CKJIAJAI0ThCSI 3 METAJIB, MPOBIIHUX IIOJIIMEPIB, BYT-
JIETIEBUX HAHOTPYOOK, BUKOPUCTOBYIOTHCS Y BEJIMUE3HIM KIJBKOCTI JOJATKIB 3aBIIKH CBOIM OIITUYHUM, Me-
XaHIYHAM, TEILIOBUM Ta XIMIYHMM BJiIaCTHBOCTSIM. PoboTa mosisirae y BUTOTOBJIEHHI HAHOKOMIIO3UTIB
PANI/rGO 1 PANI/MWCNT Ta BuBYeHH] IX OITUYHHUX 1 TEILIOBUX XAPAKTEPUCTUK. ¥ CTATTI AETAJBHO OIHU-
CaHO METOJIOJIOTII0 CHHTE3y Ta BIAIOBIIHE ONTHYHO-TEILIOBE AOCTimKeHHs HaHorommoauTiB PANI/rGO rta
PANI/MWCNT 3 8 Bar. % rGO/MWCNT y uncromy PANI 3 BUKOpUCTAHHAM MPOIECY XIMIUYHOI OKMCIIIOBA-
JIBbHOI mosriMepuaarii in-situ. s gocmimxensas MopdoIoril HOBepXHI CHHTe30BAHNX HAHOKOMITIO3UTIB OyJIr
BHKOPHMCTAHI CKaHyI0Ua eJIeKTpoHHA Mikpockormria (SEM) Ta indgpadepBoHa CIIEKTPOCKOIILS 3 ITe PETBOPEHHIM
®yp'e (FTIR). Jnsa sumipoBaHHsa TemwIoBoi crabisbHocTi HaHnokoMmmo3uTiB PANI/rGO 1 PANI/MWCNT Bu-
KopucTtoByBaau TepMmorpasiMerpuunnit anaiaiad (TGA). JMocmimxrenasa ciexrpodgoromerpii B YO Ta Buammii
00J1aCTSIX CIIEKTPY BUSBUJIN 3MEHIICHHS 3HAYEHDb IUPUHU 3a00POHEHOI 30HU B KOHKPETHUX HAHOKOMIIO3U-
tauX 3paskax PANI/rGO (8 wt. %) uepes mocurensst B3aemozii mixk rGO-erosarum PANI npu moserysisi-
pHOMY 3'eTHAHHI Ta BIAMOBIIHUMU aJsioTponamu Byriero. Jlocmmxenus mokasaso, mo 3pasku PANI/rGO
MAaTh YyJ0Bl CTPYKTYPHI, TEIJIOBl T4 ONTHYHI XapAKTEPHCTUKH, IO POOUTH IX MPWIATHUMH JJIS JIOCJII-
JI3KeHbB 1 po3poboK y cepi HaroIMYIyBadiB eHeprii Ta ii qogaTKIB.

Knrouori ciopa: Crpykrypa HaHopoamipHux marepianis, [IpoBimai momimepu, Enexrponra mikpockoris,
Termnosi Bnacrusocti, ONTHUYHI BJIACTABOCTI.
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