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HIGHLIGHTS GRAPHICAL ABSTRACT

e GQDs and Fe,O3 NPs reinforced PVA/CS
blend nanocomposites were prepared.

e High dielectric constant and low loss
tangent were observed for
nanocomposites.

e Nanocomposites were characterized
using FTIR, XRD, SEM and TGA.

o Cole-cole plot and equivalent circuits
were obtained from impedance data.

ARTICLE INFO ABSTRACT

Keywords: Novel nanocomposites based on Poly (vinyl alcohol) (PVA), Chitosan (CS), Graphene quantum dots (GQDs) and
Impedance iron oxide (FepO3) nanoparticles (NPs) have been synthesized by solution casting method. The structural mod-
GQDs ifications and morphological studies were carried out by Fourier transform infrared (FTIR) spectroscopy, X-ray
E?zf:!itric properties diffraction (XRD) and Scanning electron microscopy/Energy-dispersive X-ray (SEM/EDX) techniques. The results
Chitosan confirm the microscopic interactions and sphere-like morphology of the nanocomposites due to the presence of
Cole-cole GQDs and FepO3 within the polymer blend. The thermal stability with almost 25% leftover residue for higher

nanofillers loading in the nanocomposite was estimated by thermo-gravimetric analysis (TGA). Moreover, the
frequency and temperature-dependent dielectric properties were investigated. The dielectric constant and loss
tangent values are greatly influenced by reinforcement of GQDs/Fe;03 and the obtained values were in the range
of ~10* and ~10%, respectively at 150 °C and 50 Hz. The rise in ac conductivity i.e., 9.8 x 10™* (S/m) with
increasing nanofiller loadings suggests the reduction in capacitive reactance and impedance. However, the semi-
circular arcs are observed in the cole-cole plot where the fitted impedance data along with the equivalent circuit
is also presented. The reduction of bulk resistance and impedance on increasing the nanofiller loadings with
enhanced dielectric properties signifies the use of PVA/CS/GQDs/Fe20O3 nanocomposites as a potential material
for energy storage applications.
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1. Introduction

Nanocomposites (NCs) having at least 1 nanometre (nm) dimension
have potential applications due to their high-level performance, design
possibilities and combination of exceptional properties. NCs consisting
of matrix and reinforcement phase provides improved properties
depending upon the reinforced nano-filler [1]. NCs are classified into
three different categories on the basis of added nanofiller and the high
quantity matrix material used [2]. They are metal nanocomposites
(MNCs) [3], ceramic nanocomposites (CNCs) [4], and polymer nano-
composites (PNCs) [5]. Among them, PNCs have shown tremendous
potential in various technological applications [6,7]. PNCs are nano-
scale materials that have a wide variety of applications and are manu-
factured by blending inorganic particles having varying properties with
an organic polymer matrix. PNCs are polymer matrices that have been
implanted with nanoscopic components and acquire good flexibility and
processability [8]. Typically, polymers are comprised of monomers that
have flexible, lightweight, and low-cost manufacturing features. On
mixing it with inorganic nanoparticles (NPs) having excellent electrical,
mechanical, catalytic, and magnetic properties, a new material with a
wide variety of applications can be produced [9,10]. Because of their
superior mechanical, dielectric, optical, thermal, electrical, barrier, and
other physical and chemical properties, PNCs are a viable alternative to
traditional composites. The high surface-to-volume ratio of these ma-
terials allows them to drastically alter the inherent characteristics of a
polymer matrix at extremely low nanofiller content [11]. In addition,
PNCs offer excellent gas and water vapour barrier characteristics where
the kind of nanofiller, their aspect ratio, and NCs structure all have a role
to play in reducing gas permeability [12]. In general, PNCs containing
completely exfoliated NPs with high aspect ratios would have the best
gas barrier capabilities. In the last few decades, PNCs have been
extensively studied and due to their fascinating dielectric characteris-
tics, PNCs have potential uses in flexible electronics [13]. Despite the
polymer matrix, nanofillers are considered to be very important for
preparation of NCs. Various nanomaterials such as, metal oxides [14],
semiconductors [15], carbon black [16], fullerenes [17], nanotubes
[18], graphene-based materials [19], etc., can be reinforced within
polymer matrix [20]. Additionally, NPs own higher surface area as
compared to their microscale counterparts, which supports the
filler-matrix interactions and as result improves the performance of the
resulting materials. The PNCs with high dielectric strength and high
energy density have shown considerable potential in electrical energy
storage applications [21]. Generally, polymers possess high breakdown
strength but low dielectric strength, while NPs show high dielectric
strength but are fragile and unable to withstand large electric fields. So,
for enhancing the dielectric strength of polymers, the nanofillers with
high dielectric constant can be incorporated. Though, a significant
concentration of nanofillers is required to effectively strengthen the
dielectric constant of PNCs, which may produce filler agglomeration and
add unavoidable pores and other defects to the composites [22]. Thus,
PNCs have garnered considerable interest for their wide range of ap-
plications in various sectors including automotive, electronics, pack-
aging, engineering, and aviation fields [23,24].

Furthermore, in the area of renewable energy sources, there is an
increasing demand for efficient electrical energy storage devices.
Dielectric capacitors provide a higher operating voltage and power
density, a longer life span, and better cycle stability than batteries and
electrochemical capacitors [25]. Apart from this, high-k dielectric ma-
terials have gained tremendous attention. Nanofillers in the polymer
matrix with homogeneous dispersion have an essential effect on
improving certain functional properties of the PNCs. Poly (vinyl alcohol)
(PVA) is hydrophilic in nature, a non-toxic and synthetic-type of poly-
mer that allows nanofillers to disperse well. It’s a promising material
with great chemical resistance, dielectric and tensile strength, charge
storage capacity, and dopant-dependent optical and electrical charac-
teristics [26]. PVA is employed in coating materials, functional
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membranes, drug delivery, fuel cells, and biomaterial applications
because it generates films that are transparent and show good
improvement in physical and chemical properties [27,28]. Chitosan
(CS), a nontoxic and natural biopolymer. CS is a biodegradable polymer
with extremely excellent film-forming properties [29]. When PVA and
CS are combined together, they demonstrate better mechanical and
chemical properties due to the specific intermolecular interactions be-
tween their chains. Many researchers in the fields of membrane filtra-
tion, biomedicine, packaging and dye adsorption have explored the
combined impact of these two polymers [30,31]. Also, exfoliated
graphite nanoplatelets, graphene quantum dots (GQDs) and carbon
nanofillers have a higher dielectric constant, high carrier mobility, a
large specific surface area and good thermal as well as electrical con-
ductivity [32]. Graphene and its functionalized forms like graphene
nanoribbons or reduced graphene oxide are frequently recommended as
useful dielectric materials due to their ability to improve the electrical
conductivity, dielectric characteristics, and mechanical robustness of
polymeric materials [33]. Because of their facile aggregation and poor
dispersion in several common solvents, 2D graphene sheets are only
partially suitable [34]. Graphene nanoribbons, on the other hand,
minimize these issues while validating the intriguing traits of limited
transport gaps and quantum dot behaviour. GQDs, which are nm sized
zero-dimensional materials have received a lot of attention as they
exhibit the outstanding features of graphene and the edge effect of
quantum dots [35]. GQDs offer remarkable qualities such as minimal
toxicity and high biocompatibility. In addition, GQDs have a high sol-
ubility in a range of solvents, unlike graphene, which tends to agglom-
erate and disperse poorly. GQDs offer great features such as a large
surface area, efficient electron transport, and bright luminescence.
Several research groups have focused on increasing the dielectric con-
stant of PVA and CS matrix-based PNCs by using a variety of inorganic
and organic fillers like BaTiOs, CuO, graphite, and SiC, among others
[36,37]. However, to develop a nanocomposite with a high dielectric
constant, most of these fillers are employed in large quantities. In the
nanocomposite, this results in poor mechanical performance, limited
flexibility, toxicity, brittleness, and low breakdown strength. When a
large quantity of heat is created during operation, high dielectric con-
stant and good electrical conductivity are crucial material qualities.
Flexible dielectric material with high electrical conductivity, dielectric
constant, and comparatively low dielectric loss is highly desirable for
increasing the lifespan of PNCs through heat dissipation, which is
necessary for the energy industry [38].

Iron (III) oxide (Fe3O3) NPs have a wide variety of applications and
are intensively studied both in organic as well as inorganic matrices.
These materials have unique electrical, magnetic, optical, and biological
characteristics that cannot be found in bulk materials [39,40]. These
ferromagnetic NPs may be distributed into appropriate solvents,
generating homogenous suspensions known as ferrofluids, with correct
surface coating. FeyO3 NPs dispersion characteristics and their
compatibility with various organic solvents regulate their real use in
different practical applications [41]. Since, FeoO3 NPs are easily avail-
able and less expensive than other nanoscale fillers, they might be a
good choice for practical applications. They also have multi-functional
capabilities. The nanocrystalline Fe;O3 has potential uses in solar en-
ergy conversion, optical, and magnetic films, etc. In recent years,
v-Feo03 has been extensively employed as a form of gas-sensing material
for the detection of flammable gases, harmful pollutant gases and
organic vapours [42,43]. In this work, GQDs and Fe,O3 are dispersed in
PVA/CS blend and the prepared PVA/CS/GQDs/Fe;03 nanocomposites
are examined for the investigation of their morphological, thermal,
electrical and dielectric properties.
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Table 1
Feed composition for PVA/CS/GQDs/Fe;O3 nanocomposite having different
GQDs and Fe,03 loadings.

Sr. PVA (wt  Chitosan (wt  Iron Oxide NPs Graphene Quantum dots
No %) %) (Wt%) (GQDs) (wt%)

1 100 0 0 0

2 50 50 0 0

3 50 39 10 1

4 50 28 20 2

5 50 17 30 3

Chitosan (CS) in acetic acid+
deionized water (2:8 ratio)
@ 60°C for 4 hrs

PVA in deionized water
@ 60°C for 4 hrs

PVA/CS
blend film
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2. Experimental section
2.1. Materials

CS powder was supplied by Sisco Research Laboratories Pvt. Ltd.,
India. Poly (vinyl alcohol) (PVA) powder with 1,15,000 molecular
weight was procured from Loba Chemie Pvt. Ltd. Mumbai, India. Gra-
phene quantum dots (GQDs) (1 mg/ml) of M.W. 12.01 and glacial acetic
acid of >99.7% purity was procured from Sigma-Aldrich (Merck) Pvt.
Ltd., India. Iron (III) oxide (FeoO3) nanopowder of <50 nm particle size
was procured from Sisco Research Laboratories Pvt. Ltd., India.

GQD added
dropwise
Fe,0, in deionized water
6 @ 1hr Ultrasonication
¢

Casting @ 60°C for 5 hrs

PVA/CS/GQD/Fe,04
nanocomposite film

ad Asnl L

Fig. 1. Schematic procedure of PVA/CS blend film and PVA/CS/GQDs/Fe,O3 nanocomposite film preparation via solution casting method.
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Fig. 2. Schematic diagram of possible chemical interaction of GQDs and Fe,O3 within the polymeric chains of PVA/CS blend.
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2.2. Preparation of PVA/CS/GQDs/Fe;03 nanocomposite film

2.2.1. Synthesis of PVA/CS blend

To begin with, 0.5 g of PVA powder was dissolved in 20 ml deionized
water via heating at 60 °C for 4 h followed by stirring to obtain trans-
parent solution. Simultaneously, 0.5 g of CS powder was dissolved in a
mixed solution of acetic acid: deionized water (2:8) by heating and
stirring at 60 °C for 4 h. Later on, both the solutions are added together
via stirring at room temperature (RT) for 8 h. The obtained homogenous
solution is further transferred into a clean glass petri dish for casting at
60 °C for 3 h. The smooth and flexible PVA/CS blend film was peeled off
and preserved at room temperature for further characterizations.

2.2.2. Synthesis of PVA/CS/GQDs/Fe;03 nanocomposite film

The PVA/CS/GQDs/Fe,03 nanocomposite films with various load-
ings of GQDs and nano-Fe;O3 as mentioned in Table 1 are prepared by a
simple solution casting approach. The earlier prepared PVA/CS blend
solution is used for nanocomposite preparation. GQDs of the desired
amount is added dropwise in the polymer blend solution and stirred for
homogenous mixing. Further, the Fe;O3 solution prepared by dispersing
Fey0O3 nanopowder in 10 ml deionized water through ultrasonication at
RT for 1 h followed by vigorous stirring is added in PVA/CS/GQDs so-
lution. The PVA/CS/GQDs/Fes03 solution was further stirred for nearly
~12 h in order to obtain the homogenous dispersion. At last, the uni-
formly dispersed solution was collected in the glass petri dish for casting
at 60 °C temperature for 5 h. Fig. 1 provides the systematic preparation
of PVA/CS/GQDs/Fe;0O3 nanocomposite film. Additionally, the chemi-
cal interaction occurring between the PVA and CS along with the
possible interaction of GQDs and Fe;O3 within the polymer blend is
demonstrated in Fig. 2.

3. Characterization details

Fourier transform infrared (FTIR) spectra of neat PVA, PVC/CS
blend, and PVA/CS/GQDs/Fe;03 nanocomposite films were obtained
using Fourier transform infrared spectrophotometer (Shimadzu,
IRAffinity-1, Japan). The samples were measured in a transmission
mode within the wavenumber range of 500-4000 cm ..

X-ray diffraction (XRD) pattern for the neat PVA film, PVC/CS blend,
and PVA/CS/GQDs/Fe;03 nanocomposites having different content of
GQDs and FeyO3; were investigated by employing AXS D8 (Bruker)
Advanced X-ray diffractometer (Japan). The data were collected using
CuKa radiation of wavelength (A = 1.5406 10\) in the 26 range from 10° to
60° having 1°/min scanning rate and with 0.01° step size.

The field-emission scanning electron microscopy (FESEM) for
analyzing the surface morphology of PVA/CS/GQDs/Fe;O3 nano-
composite film with various GQDs and Fe»O3 loadings was analyzed by
using FEI Quanta FEG 200 with 15 kV acceleration voltage.

The thermal stability of pure PVA, PVC/CS blend, and PVA/CS/
GQDs/Fe203 nanocomposite film with various GQDs and Fe;O3 loadings
was studied by using thermogravimetric analyzer (Shimadzu TGA-50),
under nitrogen atmosphere. The samples were heated to 800 °C at a
rate of 10 °C per minute.

The dielectric properties for pure PVA, PVC/CS blend, and PVA/CS/
GQDs/Fe203 nanocomposite film having different content of GQDs and
Fe,O3 were evaluated using PSM1735 Impedance analyzer (Newtons
4th Ltd., UK). The samples were placed in a computer-controlled furnace
with a temperature range of 40 °C-650 °C and a precision of +0.2 °C.
The measurements were carried out at a temperature (40 °C-150 °C
range) and in the frequency (50 Hz-20 MHz range) with the supplied
voltage of 2V. The experimental impedance data were compared with
fitted curves and the corresponding equivalent circuits were evaluated
by using ZSim 3.20 software.
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Fig. 3. FTIR spectra of (a) neat PVA, (b) PVA/CS blend, and PVA/CS/GQDs/
Fe,O3 nanocomposites with (c) 1:10 wt%, (d) 2:20 wt%, and (e) 3:30 wt% of
GQDs:Fe,03 loadings.

4. Results and discussion
4.1. FTIR

The FTIR spectra of neat PVA, PVA/CS blend and PVA/CS/GQDs/
Fe;03 nanocomposite films illustrated in Fig. 3. In PVA (Fig. 3(a)), the
strong bands detected at 3261 em™), 1413 em™!, 1325 em™! and
1236 cm ™! are related to the O-H stretching vibration, CH, bending and
C-H vibrations, respectively. The asymmetric stretching vibration of the
alkyl group can be seen at 2907 cm ™' and 2941 cm ™! [44]. The vibration
of the acetate group of C=0 stretching appeared at 1712 cm ™. Also, the
C-O stretching of the acetyl group corresponding to the crystalline na-
ture of PVA and can be seen at 1145 cm ™!, while the amorphous nature
of PVA is observed at 1084 cm ™! [45,46]. After blending PVA with CS,
the significant characteristic peaks of PVA with minor shifts are
observed and can be seen in Fig. 3(b). For PVA/CS blend, the shift for
O-H stretching vibration at 3261 cm™! to 3275 cm ™' indicates the
formation of a hydrogen bond between the PVA and CS [47]. However,
the shifts at 1413 cm ™! to 1411 cm™! and 2941 em ™! to 2948 cm™?
indicate the interaction of the CS chain with the PVA chains. Meanwhile,
peaks assigned to O—=C-NHR stretching vibration of the carbonyl group
and vibrations related to N-H bonding of the amino group appeared at
1641 cm ! and 1558 cm ™, respectively. Also, the peak that appeared at
1078 cm™! corresponds to the vibrations of C-N bending of CS and
C-OH stretching of PVA, while the peak at 839 cm™' suggests the
interaction of skeletal vibration of PVA and saccharide structure of CS.
Additionally, stronger transmittance is observed for the most of bands
than that of pure PVA confirming the miscibility and compatibility be-
tween PVA and CS [48]. For PVA/CS/GQDs/Fe;O3 nanocomposites
having various loadings of GQDs and Fe2Os3, characteristic FTIR peaks
are observed to be similar to that for pure PVA and PVA/CS blend as
illustrated in Fig. 3(c—e). The O-H bands and alkyl group peaks shifted to
a higher wavenumber. The peaks corresponding to O—C-NHR stretch-
ing and N-H bonding are shifted to the higher wavenumber and the
peaks at 1649 cm ' and 1562 cm ™ become more intense when the
nanofiller loadings increased [49,50]. Likewise, the peak consistent with
vibrations of C-N bending related to CS and C-OH stretching of PVA
shifted to a higher wavenumber at 1085 cm ™!, whereas the intensity is
reduced to the minimum indicating the reduction in crystallinity of PVA
[51]. The interaction peak corresponding to the skeletal vibration of
PVA and saccharide structure of CS also showed a shift to a lower
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Fig. 4. (a) XRD spectra of pure PVA film, PVA/CS blend, and PVA/CS/GQDs/Fe;O3; nanocomposites with 1:10 wt%, 2:20 wt%, and 3:30 wt% of GQDs:Fe;O3

loadings (b) XRD peak of GQDs for PVA/CS/GQDs/Fe,O3 nanocomposite.
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Fig. 5. SEM monographs at 10 pm resolution for (a) 1:10 wt%, (b) 2:20 wt%, and (c) 3:30 wt% of GQDs:Fe,03 loadings and SEM monographs at 1 pm resolution for
(d) 1:10 wt% and (e) 3:30 wt% of GQDs:Fe,03 loadings, (f) EDX spectra for PVA/CS/GQDs/Fe,O3 nanocomposite with 3:30 wt% of GQDs:Fe;O3 loading.

wavenumber and reduction in intensity for lower loading of nanofillers
signifying the complexation between the functional groups of nanofillers
and two polymers (Fig. 3(c)). However, it is noteworthy that all the
peaks and bands are less intense for lower nanofiller content and become
more intense with increasing nanofillers concentration, resulting from
the bond formation between the polymer blend, GQDs and Fe;O3 NPs
[52,53]. (Fig. 3(e)). This confirms the compatibility of GQDs and Fe;03
with the polymeric chains.

4.2. XRD

The XRD spectra for PVA/CS/GQDs/Fe;O3 nanocomposites with
various content of both nanofillers along with pure PVA and polymer
blend samples is illustrated in Fig. 4. The XRD pattern for neat PVA
shows an intense peak at 20 = 19.5°, ensuring the semi-crystalline na-
ture related to the intermolecular hydrogen bonding of PVA which is
corresponding to the (101) orthorhombic lattice crystal plane [45,54].
For the PVA/CS blend, a less prominent shoulder peak arises at
20 = 19.8°, which belongs to the (020) crystal plane of CS in addition to
the diffraction peaks of PVA [55]. Also, there are broad peaks appeared
for PVA/CS blend in the 20 = 25°-35° region possibly due to the

amorphous nature of polymers, particularly those containing CS (Fig. 4
(a)). On adding GQDs and Fe;0s3 in the polymer blend, the diffraction
peaks related to polymers become less intense and characteristic peaks
related to GQDs appeared at 20 = 25.7° which is quite less intense due to
the small size of GQDs (Fig. 4(b)). However, the peak related to Fe,O3
were found at 20 = 30.10°, 35.45°, 43.08°, 56.90° and 62.6°, corre-
sponding to the crystal planes (220), (311), (400), (511) and (440). The
characteristic peaks obtained for the Fe;O3 are matching with JCPDS
card no. 860550 [56,57]. Additionally, the peaks corresponding to the
presence of GQDs and Fe,O3 are quite more intense for higher nanofiller
loadings than that of the lower content of nanofillers in the
PVA/CS/GQDs/Fe,;0s3. This can be due to the interaction of nanofillers
with the polymer matrix [58]. Also, it indicates the structural modifi-
cations in the nanocomposite due to GQDs and Fe;O3. Moreover, the
broad peaks related to the amorphous nature of CS decreased and almost
disappeared for higher filler loading due to a decrease in CS content and
increasing content of nanofillers.

4.3. SEM

The SEM monographs and EDX spectra presenting the surface
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Fig. 6. TGA graph for pure PVA, PVA/CS blend, and PVA/CS/GQDs/Fe;03
nanocomposites with 1:10 wt%, 2:20 wt%, and 3:30 wt% of GQDs:
Fe,03 loadings.

morphology of PVA/CS/GQDs/Fe;O3 nanocomposites with different
content of GQDs and Fe;O3 at 10 pm and 1 pm resolution are given in
Fig. 5. The nanocomposite with 1:10 wt% of GQDs:Fe;O3 loading rep-
resents the wrinkled structure along with white particles corresponding
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to the adhesion of GQDs and Fe;Og3 (Fig. 5(a)) [59,60]. Also, the grey
spots can be seen in Fig. 5(d), which indicates the homogenous blending
of CS on the smooth surface of PVA [50]. In Fig. 5(b), due to the increase
in the loading of nanofillers, the flakes of GQDs are more visible and
aggregates of Fe;O3 also increased on the surface of the PVA/CS blend
[61]. In the higher nanofiller loading, more discrete aggregates
appeared presenting the GQDs and Fe;O3 adhesion (Fig. 5(c)). Addi-
tionally, there is a sphere-like morphology that can be seen in Fig. 5(e) at
1 pm resolution for the nanocomposite having 3:30 wt% of GQDs:Fe;O3
loadings [62,63]. In Fig. 5(f) the EDX spectra reveal the presence of
elements in the PVA/CS/GQDs/Fe;O3 nanocomposite. The oxygen
content is nearly 68 mass % present in the nanocomposite. However, the
characteristic energy level for C, O and Fe is located at 0.35, 0.50 and
2.15 keV, respectively. The EDX spectra of different elements validate
the presence of elements related to GQDs and Fe;O3 [64].

4.4. TGA

Fig. 6 represents the TGA curves demonstrating the thermal degra-
dation behaviour of pure PVA, PVA/CS blend and PVA/CS/GQDs/Fe;03
nanocomposites with different nanofiller loadings. Pure PVA follows
three-step degradation in which initial degradation occurred till 240 °C
having 8% weight loss indicating the evaporation of assimilated loosely
bonded water molecules [65]. Further, the thermal degradation
occurred in between 240 °C to 400 °C temperature range involving 75%
weight loss. This step relates to the dehydration processes triggered by
the structural heat degradation of the polymer [66]. The final degra-
dation indicates the decomposition of the residue occurred beyond
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%, and (e) 3:30 wt% of GQDs:Fe,O3 loadings.

400 °C temperature with almost 11% weight loss. The thermal degra-
dation for PVA/CS blend occurred in three different stages at
30 °C-240 °C, 240 °C-490 °C and beyond 490 °C involving 22%, 57%
and 2% respectively. It begins with the moisture evaporation at the
initial stage, then the side groups elimination along the breakage of PVA
and CS polymer backbone chains [67]. The residue disintegration
occurred at the final stage. Although, there is almost 20% residue left
mainly the char residue indicating the better thermal stability of poly-
mer blend rather than pure PVA film [68]. However, on introducing
GQDs and Fe»0j3 in the polymer blend the thermal stability was found to
be improved. It can be seen in the TGA curve of PVA/CS/GQDs/Fe;03
nanocomposites with 1:10 wt% of GQDs:Fe;O3 loadings. The initial
degradation with 18% weight loss till 240 °C was due to the reduction of
adsorbed water, followed by 35% weight loss between 240 °C-400 °C
temperature indicating the pyrolysis of oxygen-containing functional
groups of GQDs and decomposition of organic layers of Fe;O3 [69]. The
final degradation of 15% weight loss beyond 400 °C temperature was
due to the core fraction of GQDs [70]. The leftover residue was 18%,
similar to PVA/CS blend film. While for the higher nanofiller loadings
following the same degradation trend, the residue left is nearly 25%. It is
clear from the TGA curves, that maximum thermal stability is found for
the higher filler loadings involving a higher quantity of leftover residue
(i.e., char residue of CS, GQDs and Fe;O3) than that of other samples.
This improved thermal stability might have resulted from the presence
of higher carbon content due to GQDs and the organic layers of Fe;O3

which somehow restricted the heat flow in the nanocomposite leading to
the lesser thermal degradation of polymer chains [71,72]. Hence, the
obtained TGA results suggest the improved thermal stability of the
polymer blend by reinforcing the GQDs and FeyOs3 loadings in the
polymer matrix.

4.5. Dielectric measurements

4.5.1. Dielectric properties as a function of frequency

The measurement of dielectric properties allows a better under-
standing of the interconnected nature and variation of parameters on
embedding nanofillers in the polymer blend. In nanocomposites, po-
larization occurs in association with polymer and nanofiller interfaces
due to the large volume fraction of interfaces. The dielectric parameter
“complex permittivity” known as the dielectric constant of material can
be calculated through

¢ = C.d/ey. A

where, C is the measured capacitance, d corresponds to the thickness of
the sample (in m), ¢, is the permittivity of free space (8.8549 107'2F/m)
and A is the surface area of the sample (in m?).

The variation of obtained dielectric constant (¢') values on varying
the frequency for pure PVA, PVA/CS blend and PVA/CS/GQDs/Fe;03
nanocomposites are illustrated in Fig. 7. For pure PVA, the maximum ¢’
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Table 2
Dielectric constant (¢’) and loss tangent (tan §) values for PVA/CS/GQDs/Fe;O3
nanocomposite having different GQDs and Fe,O3 loadings.

PVA/CS/GQDs/Fe;03 Dielectric constant Loss tangent (tan 3)
nanocomposite ()
Pure PVA 32.7,130 °C, 50 Hz 8.09, 100 °C, 1 KHz

PVA/CS blend

1:10 wt%, GQDs:Fe,03 loading

523.4, 150 °C, 50 Hz
3770.5, 150 °C, 50 Hz

9.54, 100 °C, 5 KHz
8.01,110°C, 1 KHz

2:20 wt%, GQDs:Fe 03 loading 11006.2, 150 °C, 11.67, 110 °C,
50 Hz 1 KHz

3:30 wt% GQDs:Fe,03 loading 35449.1, 150 °C, 15.18, 60 °C,
50 Hz 500 Hz

value was 32.7 in 50 Hz frequency and 130 °C temperature (Fig. 7(a)).
After blending PVA with CS as given in Fig. 7(b), the ¢’ value increased
upto 523.4 in 50 Hz frequency and 150 °C temperature. This increment
resulted from the space charge polarization due to the large number of
defects that establish an asymmetric distribution of charges at the in-
terfaces of the polymer blend [73,74]. On adding GQDs and Fe,O3 in the
PVA/CS blend, the ¢ value was increased more abruptly than the
polymer blend and pure PVA samples. The ¢’ was found to be 3770.5,
11006.2 and 35449.1 for 1:10 wt%, 2:20 wt% and among all maximum
for higher loading i.e., 3:30 wt% of GQDs:Fe;Os, respectively. From
Fig. 7(c—e), it can be seen that € is high at low frequency (50 Hz), and
decreases rapidly on increasing the frequency. At low frequencies, there
is more charge accumulation at grain boundaries i.e., Maxwell-Wagner
interfacial polarization [75,76], which indicates the sufficient time for
dipoles to align themselves with the electric field. While at high fre-
quency, € reduces due to the disability of dipoles to align quickly with
the changing electric field [76]. Moreover, the addition of GQDs and
Fe;03 formed the intermolecular conductive network by conformation
within the chain lengths of the polymer [77]. Additionally, the ¢’ value
increased with the increment of nanofillers loading. Generally, the
addition of ferromagnetic NPs such as Fe;Os, having pre-orientated
electric charges results in higher & values [78,79]. So, by increasing
the content of Fe;O3 and GQDs, the value of ¢ also increased in this
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study where the conductive pathways are formed throughout the poly-
mer blend [77,79].

Another parameter measured is loss tangent (tan §) with varying
frequency for pure PVA, PVA/CS blend and PVA/CS/GQDs/Fez03
nanocomposites and presented in Fig. 8. For pure PVA, the tan §
measured to be 8.09 at 1 KHz frequency and 100 °C temperature. On
blending PVA with CS, the tan & value slightly increased upto 9.54 at
5 KHz frequency and 100 °C temperature. Fig. 8(c—e) represents the
variation of PVA/CS/GQDs/Fe;0O3 nanocomposites having different
nanofiller loadings, along with the change in frequency. The values of
tan § increased from 8.01 to 15.18 on adding GQDs and FeyOs in the
polymer blend for lower and higher nanofiller loadings, respectively.
The results revealed that the presence of GQDs and Fe,O3 has improved
the tan § values of the nanocomposite than that of the polymer blend.
This improvement is attributed to the charge carrier increment inside
the nanocomposite and the space charge polarization relaxation [77,
80]. However, it can be seen that at low frequency the tan § is lower and
then increased on the further increment of frequency which is due to the
dominance of the Ohmic component and later on the tan § values drops
off on higher frequencies indicating the growing nature of reactive
component [81]. Also, the maximum values obtained for ¢’ and tan & for
all the samples are summarized in Table 2. From these results, it can be
confirmed that the presence of GQDs and Fe;Os3 in the polymer blend has
significantly improved the dielectric properties of nanocomposites
owing to the compatibility of nanofillers within the polymer matrix.

4.5.2. Dielectric properties as a function of temperature

The ¢’ is observed to be increased with temperature as given in Fig. 9
(a). This increment is associated with the rise in charge carrier density as
a consequence of ion aggregate disintegration [82,83]. Conversely,
when the temperature rises, the viscosity of the polymer blend de-
creases, allowing dipoles to orient themselves more rapidly in the di-
rection of the electric field. Furthermore, the chain segments receive
enough heat energy to accelerate their rotating motion, resulting in a
rise in polarization [84]. Meanwhile, as depicted in Fig. 9(b) with the
rise in temperature the maximum of tan § changed to higher frequencies,

(a)
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Fig. 9. (a) Dielectric constant (¢’) and (b) loss tangent (tan §) as a function of temperature for PVA/CS/GQDs/Fe;03; nanocomposite having 2:20 wt% of GQDs:

Fe,03 loadings.

Table 3

Comparison of dielectric parameters of graphene and metal oxide based various PNCs.
Polymer nanocomposites Nanofiller Loading (wt%) Frequency Dielectric constant (¢') Loss tangent (tan 8) Reference
PVDF/BaTiO3/GQDs 9 wt% + 3 wt% 100 Hz 54 6 [58]
PVA/EEG 4 wt% 8-12 GHz 203 0.2 [87]
PVDF/fGNPs 6.67 wt% 100 Hz 3841 16.8 [88]
PVA/graphene 5 wt% 1 kHz 5720 0.08 [89]
PVDF/GQDs/BaTiO3 3 wt% + 20 wt% 1 kHz 17249 52 [90]
PVDF/PVP/GQDs/BaTiO3 3 wt% + 20 wt% 1 kHz 37993 2.3 [90]
PVA/CS/GQDs/Fe;03 3 wt% + 30 wt% 50 -20 MHz 35449 15.18 This Work

Note: PVA- Poly (vinyl alcohol), PEO- Polyethylene oxide, {GNPs - functionalized Graphene nanoplates, EEG-Electrochemically exfoliated graphene, GQDs — Graphene

quantum dots, CS- Chitosan, PVP- Polyvinylpyrrolidone.
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indicating that the relaxing dipoles were more dynamic [85]. Polymer
chains and their connected dipoles do not move with a single relaxation
time in the bulk, but rather with a variety of relaxation periods,
depending on the intermolecular interactions present [86]. The relaxa-
tion time spectrum is frequently tilted toward higher frequencies. Both
of these phenomena are frequent in polymer based dielectric measure-
ments. Table 3 compares the present work with previously reported
graphene and metal oxides-based various PNCs.

4.6. AC conductivity measurements

Fig. 10 represents the AC conductivity (c,.) of neat PVA, PVA/CS

blend and PVA/CS/GQDs/Fe;O3 nanocomposites with different load-
ings of GQDs and Fep03 as a function of frequency at different temper-
atures. The o, was found to be increased with the rise in temperature for
all samples. This increment is attributed to the energy acquired by an
electron at higher temperatures to move freely that leads to faster
electrical conduction [52]. As evident in Fig. 10(a and b), the 6, values
for pure PVA and PVA/CS blend are observed to be 9.3x 107 (S/m) and
3.2 x 107 (S/m), respectively. Here, the formation of voids resulting
from the amorphous nature of the polymer blend helps to increase
conductivity with the rise in temperature [91]. The different content of
GQDs and Fey03 in the polymer blend also enhanced the o, values. For
lower loading i.e., 1:10 wt% of GQDs:Fe203, the 6, measured to be 2.4 x
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10~*(S/m) (Fig. 10(c)). The value improved on increasing the loading of
nanofiller such as 7.3 x 10~# (S/m) and 9.8 x 10~ (S/m) for 2:20 wt%
and 3:30 wt% of GQDs:FeyO3 loadings, respectively at 10 MHz fre-
quency and 150 °C temperature (Fig. 10(d and e)). Here, with the
increment in the content of nanofillers, the formation of the interatomic
network also increased which results in the rapid movement of free
electrons and the rise in electrical conduction [92]. The
frequency-dependent behaviour of o, revealed the maximum electrical
conductivity for all the nanocomposites which was attained in

high-frequency regions. At low-frequency regions, because of the
interfacial polarization effect, the c,. values are low as the mobile
charge carriers have a limited capacity to hop from one localized state to
another. On the other hand, at high-frequency regions, the mobile
charge carriers are freer to move resulting from the reduction in
capacitive reactance and impedance which causes the increase in the
conductivity of the nanocomposites [93]. Therefore, the enhanced 6,
conductivity values of nanocomposites, especially with the higher
nanofiller loadings can be utilized as potential material for energy
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storage applications.

4.7. Complex impedance analysis

The impedance spectroscopy is studied for grain and grain boundary
quantitative contribution in the PVA/CS/GQDs/Fe203 nanocomposite.
The two components e.g., Z'", the capacitive component versus Z' the real
impedance component provides the grain and grain boundary properties
via successive semicircle arcs. Fig. 11 provides the cole-cole presenta-
tion of the complex impedance plots for nanocomposite having various
nanofiller loadings. Typically, the Z** versus Z' plots discloses semicircle
arcs in which the semicircle arc at a higher frequency region can be
assigned to the grains whereas the semicircle arc for a lower frequency
can be attributed to the grain boundary [94]. However, from the
impedance plot, it can be analyzed that at low temperatures, only one
semicircle arc is formed and as temperature rises, the arc is formed
completely and the second semicircle spike goes on increasing corre-
sponding to the grain boundary [95]. The higher temperature imped-
ance curves can be seen in the insets provided in Fig. 11. Also, it is
evident that on increasing the GQDs and Fe;O3 in the polymer blend the
semicircle arcs get suppressed. This reduction in the semi-circular arcs
on the addition of higher content of nanofillers may be ascribed to the
formation of space charge at the polymer-nanofiller interface which
might be a result of the capacitive effect and total conductivity of
nanocomposites [96]. Moreover, the comparison for the measured
impedance values i.e., dotted line and the fitted curves i.e., solid line, are
represented in Fig. 12. The solid line confirms the best fit of the equiv-
alent circuit in agreement with the experimental impedance data. It is
also evident that the addition of different loadings of GQDs and Fe;O3 in
the polymer blend has greatly influenced the impedance properties of
the nanocomposite. Here, the first semi-circular arc is observed to be
suppressed and shifted to the left side of the graphical representation as
an increment in nanofiller loadings. Secondly, the spike goes on
increasing with the higher content of nanofillers. So, the associated
impedance was found to be decreasing with the increase in nanofiller
loadings. This particularly signifies the reduction of bulk resistance and
the increment of the ionic conductivity in the nanocomposites [97,98].
The corresponding equivalent circuit for the fitted curves is also pro-
vided. The equivalent circuit given as inset in the graph, consists of Q as

a value of capacitance for constant phase element (CPE) (symbol @)
and capacitance (C) (symbol —“—) in parallel combination, together

with the series combination of the bulk resistance (Rp) (symbol -"W-)
[99]. Also, in real systems, the term CPE can be used in place of an ideal
capacitor. The circuit shows the parallel connection of the Q, C and Ry, in
parallel at the high frequency and a parallel combination of C and Ry, at
low frequency [100]. Additionally, if the semi-circular arc exhibits a
non-Debye nature, then it is expected to introduce a CPE or replace the
ideal capacitor with a CPE. Also, the nanocomposite is made up of
conducting nanofillers in the insulating matrix. The conductive path-
ways arise from the high-resistance region (polymer blend) and
low-resistance region (GQDs and Fe;O3) [101]. The parallel combina-
tion of Q in the circuit also supports the formation of a double-layer
capacitor device for energy storage applications.

5. Conclusions

The present study investigates the dielectric properties of the nano-
composites consisting of GQDs and Fe,O3 reinforced in PVA/CS blend
via solution casting technique. The comparative evaluation of structural
modifications, morphological and thermal degradation analysis has
been carried out. The PVA/CS/GQDs/Fe;0O3 nanocomposites are found
to be thermally stable for higher nanofiller content. The structural
modification and sphere-like morphology confirm the presence of GQDs
and FeyOs interacting with the polymer blend. The frequency and
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temperature-dependent behaviour of various dielectric parameters are
examined in the frequency range of 50 Hz to 20 MHz and at a temper-
ature ranging from 40 °C to 150 °C. Maximum values of dielectric
constant and loss tangent are measured to be 35449.1 and 15.18,
respectively at 150 °C temperature and 50 Hz frequency. The higher
values of the dielectric constant and corresponding low values of loss
tangent suggested the potential of nanocomposites for various electrical
applications. The dielectric properties and ac conductivity (6,c) of
nanocomposites are greatly influenced by the addition of GQDs and
Fes03. The increase in o, immensely dependent on the increase in
frequency and temperature. Also, the reduction in capacitive reactance
and impedance resulted in the rise in ac conductivity upto 9.8 x 10~* (S/
m) with increasing nanofillers loadings i.e., 3:30 wt% (GQDs:Fe3O3).
The impedance analysis provided a clear insight into grain and grain
boundaries in the nanocomposites. However, the semi-circular arcs
observed in the cole-cole plots are in agreement with the fitted imped-
ance data along with the equivalent circuit. The reduction of bulk
resistance and impedance on increasing the nanofiller loadings indicates
the impact of GQDs and Fe;O3 on the properties of the nanocomposite.
These significant results support the utilization of PVA/CS/GQDs/Fe203
nanocomposites as a potential candidate for energy storage applications.
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