7® ROYAL SOCIETY
P OF CHEMISTRY

RSC
Applied Polymers

View Article Online

View Journal | View Issue

Fabrication of all-organic nanodielectrics
reinforced with electrospun polymer fibres for
capacitive energy storage

’ M) Check for updates ‘

Cite this: RSC Appl. Polym., 2025, 3,
960

Stavros X. Drakopoulos, (&) *12 Konstantinos Loukelis, °
Marios Triantafyllou-Rundell,”> Constantinos C. Stoumpos,
Maria Chatzinikolaidou ) ®€ and Georgios C. Psarras

Advancements in all-organic dielectrics are crucial for electrical energy storage devices and flexible elec-
tronics due to their low cost and easier processability compared to inorganic materials for similar appli-
cations. In the present work, epoxy-based all-organic nanodielectric materials were developed for
capacitive energy storage applications. To be employed as fillers, nanofibres were developed by means of
electrospinning, utilizing two polymers, polyvinyl alcohol (PVA) and chitosan (CS). Three cases were exam-
ined with nanofibers consisting of pure PVA (5% w/w in epoxy) and PVA: CS in weight ratios of 5:1 and
5:2 (both 4% w/w in epoxy). The morphological, structural, thermal and dielectric properties of the
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developed polymer nanodielectric materials were extensively investigated, with a clear focus on their
ability to store and recover energy in a capacitor configuration. The presence of CS appeared to signifi-
cantly increase the dielectric permittivity and restrict charge transport, which is beneficial for energy
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1. Introduction

Polymers and polymer composites are important industrial
materials that find utility in various products, from everyday
items to high-end biomedical and aerospace applications.'™
Most polymers are characterized by significant electrical resis-
tivity; thus, various polymers and their nanocomposites (poly-
olefins, vinyl-based polymers, epoxies, etc.) are used in appli-
cations involving electrical insulation.>® Another, less com-
monly known, application of polymer nanocomposites
involves exploiting their dielectric properties towards the
design of electrostatic capacitors in the microelectronics
industry.”** The dielectric/electrical response of polymer
nanocomposites (or nanodielectrics) is governed by interfacial
properties, due to the immense interfacial area of
nanofillers.">™*® The dielectric interfacial properties depend on
the electrical behaviour of the individual constituents and give
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recovery efficiency, attributed to its strongly insulating nature.

rise to an additional dipolar effect, namely Maxwell-Wagner-
Sillars or interfacial polarization (MWS-IP).">™*” To investigate
the complicated electrical response of polymer nanodielec-
trics, a technique called broadband dielectric spectroscopy
(BDS) is often used that provides information on polarization
and charge transport phenomena over broad frequency and
temperature ranges.'®*?

The development of all-organic nanodielectrics for capaci-
tive energy storage applications remains an active research
area, focusing on key parameters like dielectric permittivity,
dielectric breakdown, dielectric loss, cycle life and
efficiency.”®”" Compared with typical polymer nano-
composites, all-organic nanodielectrics have been proven to be
advantageous towards continuous industrial production.**??
Additionally, the absence of inorganic fillers does not compro-
mise the dielectric breakdown strength of the nanodielectric
material, a common issue in polymer/ceramic nano-
composites.”® As with regular polymer nanocomposites, the
interface between the various constituents in an all-organic
nanodielectric system plays a significant role in the resulting
dielectric performance.'®** An efficient method to control the
interfacial interactions in energy materials is by fabricating
fibres via electrospinning,>® >’ a method that can be extended
towards the development of all-organic nanodielectrics.

The technique of electrospinning is a popular manufactur-
ing method, increasingly employed over the last 15 years to

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://rsc.li/rscapplpolym
http://orcid.org/0000-0002-6798-0790
http://orcid.org/0000-0001-8396-9578
http://orcid.org/0000-0002-2749-2506
http://orcid.org/0000-0002-0539-2838
http://crossmark.crossref.org/dialog/?doi=10.1039/d5lp00029g&domain=pdf&date_stamp=2025-07-10
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00029g
https://pubs.rsc.org/en/journals/journal/LP
https://pubs.rsc.org/en/journals/journal/LP?issueid=LP003004

Open Access Article. Published on 04 June 2025. Downloaded on 12/27/2025 2:38:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Polymers

produce polymer fibres of various sizes, porosities and
orientations.”””*® In order to tune the properties and the mor-
phology of the resulting electrospun fibres, factors like the dc
voltage between the spinneret and the conductive collector
and the viscosity of the polymer solution or melt are taken
into account.”® Electrospinning is particularly important in
the development of new materials in the biomedical sector,
including tissue engineering,*?° drug delivery,>’* and
wound dressings.*>® In sustainability applications, electro-
spun materials have been used as filter membranes for micro-
plastic filtration.>® Finally, in the field of energy storage,
electrospinning has found applications in nanogenerators,
actuators and sensors, for example, in the case of PVDF fibres
or PVDF derivatives due to their piezoelectric properties,*®™°
and as separators in batteries.’”

In this study, fully organic nanodielectrics were engineered
using an epoxy resin matrix reinforced with electrospun nano-
fibres. The nanofibres consist of PVA or PVA: CS blends in 5: 1
and 5:2 ratios, resulting in ultrathin electrospun nanofibres
as determined via scanning electron microscopy (SEM). After
the implementation of the nanofibres in the epoxy matrix,
their presence was observed to improve the thermal, dielectric,
and capacitive properties as opposed to the plain epoxy resin.
Their presence introduced interfaces that restricted charge
transport while promoting interfacial polarization. Notably,
the inclusion of chitosan within the electrospun fibres further
improved the dielectric response, contributing to superior
material performance.

2. Experimental

2.1. Materials and sample preparation

A commercially available two-part epoxy resin was employed as
the matrix material in the developed nanocomposites, namely,
ER2223 (Electrolube Ltd, Leicestershire, UK), specifically
designed for electronics applications. The epoxy resin consists
of an uncured pre-polymer and a curing agent, i.e., the hard-
ener. The pre-polymer is based on 4,4'-(propane-2,2-diyl)
diphenol-(epichlorohydrin) (CAS No.: 25068-38-6) and the
hardener is 4,4-methylenedi(cyclohexan-1-amine) (CAS No.:
1761-71-3). The manufacturer also includes 2-[6-(oxiran-2-
ylmethoxy)hexoxymethyl]oxirane (CAS No.: 16096-31-4) in the
mixture as a reactive diluent. The epoxide rings in 4,4'-
(propane-2,2-diyl)diphenol-(epichlorohydrin) react with the
primary amine groups in 4,4-methylenedi(cyclohexan-1-
amine) through nucleophilic attack, leading to ring opening
and the formation of hydroxyl groups. This process allows
crosslinking between multiple epoxide and amine sites, creat-
ing a rigid, thermosetting epoxy resin with high mechanical
and thermal stability that consists of ether linkages. As fillers,
polyvinyl alcohol (PVA) (CAS No.: 9002-89-5) and chitosan (CS)
(CAS No.: 9012-76-4) nanofibre blends were developed based
on commercially available raw materials. 99% hydrolysed (or
higher) PVA powder was purchased from Sigma Aldrich with
an average molecular weight ranging from 89 000 to 98 000 g
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mol ™" and a density of 1.19-1.31 g cm™>. 75% deacetylated (or
higher) CS powder with a bulk density ranging between 0.15
and 0.3 g cm™> was also obtained from Sigma Aldrich. To
facilitate electrospinning, a non-ionic surfactant, namely, 1,4-
Anhydro-p-glucitol 6-[(9Z)-octadec-9-enoate], ie., Span® 80
(CAS No.: 1338-43-8), was used as purchased from the same
company.

2.1.1. Electrospinning. In this study, PVA and PVA/CS
blends were electrospun into nanofibres. To fabricate the elec-
trospun scaffolds, three different solutions were prepared
under magnetic stirring for 3 h at 100 °C until the polymers
were fully dissolved. The solutions were (i) 5% w/w PVA in
water, (ii) 6% w/w PVA/CS blend in a 5: 1weight ratio in water
with an additional 1% v/v acetic acid and (iii) 7% w/w PVA/CS
blend in a 5: 2 weight ratio in water with an additional 1% v/v
acetic acid. The acetic acid is expected to evaporate during the
electrospinning process due to its volatility.*® In that way, the
presence of PVA in the solution was kept constant at 5% w/w
in all cases. In order to facilitate the electrospinning process,
the non-ionic surfactant Span® 80 was added to each polymer
solution at a concentration of 0.2% v/v at the initial mixing
stages, due to its surface tension reduction capability, as estab-
lished by some of us in a previous study.*® Considering that
Span® 80 was used at very low concentrations in the prepa-
ration of the nanofibrous mat and then implemented in the
epoxy resin, we do not expect any effects on the dielectric
response.”® Then, 5 ml of each composition were aspirated
using a plastic syringe and mounted onto a custom-designed
electrospinning device (CommonsLab SCE, Heraklion, Greece).
The plunger component of the syringe was driven by an elec-
tronic extrusion control platform, while at the end part of the
syringe, an 18-gauge metallic spinneret needle was attached
and later connected to a syringe pump. For the electrospinning
process, a positive electrode clip was fixed to the needle, and a
negative electrode clip was connected to a metallic plate (col-
lector) covered with aluminium foil. The distance between the
needle tip and the cathode collector plate was kept constant at
12 cm. Electrospinning was conducted at a set speed of 0.4 ml
h™', while the voltage values ranged between 10 and 13 kV.
Finally, the electrospun PVA-based scaffolds were subsequently
extracted from the aluminium foil that covered the cathode
collector. The procedure is shown schematically in Fig. 1.

2.1.2. Sample preparation. The two parts of the epoxy resin
were slowly mixed, and prior to gelation, the epoxy prepolymer
was poured into a cylindrical mold (d = 3 cm). Subsequently, a
square (2 x 2 cm?) piece of the nanofibrous membrane was
weighed and then placed in the mold with additional epoxy
prepolymer poured on top, similar to the procedure discussed
elsewhere.”” The nanofibrous membrane was left to soak in
the epoxy prepolymer, and during the whole procedure, air
bubbles were removed using a needle. Following a 30 min gela-
tion time, the samples were allowed to cure at room tempera-
ture for at least 30 h to ensure saturation and wetting of the
nanofibres. Prior to measurements, the samples were ther-
mally treated for 45 min at 150 °C, to erase the thermal history
of the samples by heating them above the glass-to-rubber tran-
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Fig. 1 Schematic representation of the sample preparation steps, namely: (a) polymer/solvent solutions where (i) plain PVA, (ii) PVA 5:1 CS, and (iii)
PVA 5:2 CS; (b) filler electrospinning; and (c) incorporation of electrospun nanofibrous membranes into the epoxy resin. Created with BioRender.

com.

Table 1 The weight concentrations of the prepared samples. For each
sample, a code number was used as e(y)fipo_x, Where e stands for
epoxy resin, x is the epoxy weight percentage (% w/w), y is the nanofiller
used, and f stands for fiber

Sample Epoxy (% w/w)  PVA (% w/w)  Chitosan (% w/w)
Epoxy 100 — —

eos(PVA)f5 95.0 5.00 —

eqs(PVA5: 1CS)f,  96.0 3.33 0.67

eqs(PVA5 : 2CS)f,  96.0 2.86 1.14

sition temperature of the epoxy resin, thus allowing molecular
rearrangement. The average thickness of the resulting samples
was on the order of 1.25 mm. The weight concentrations
under study are provided in Table 1.

2.2. Materials characterization

2.2.1. Scanning electron microscopy. The morphology of
the materials was examined via scanning electron microscopy

962 | RSC Appl. Polym., 2025, 3, 960-972

(SEM) using a JEOL JSM-6390 LV supplied by JEOL Ltd. Prior
to SEM imaging, the samples were sputter coated with an
80 nm thick layer of gold via a Baltec SCD 050 sputter coater.
During imaging, a 20 kV accelerated voltage was applied.

2.2.2. Fourier-transform infrared spectroscopy. The FTIR
spectra of the nanofibrous membranes and polymer nano-
composites were obtained at room temperature in the wave-
number range of 4000 cm™'-400 cm™"' using a Nicolet 6700
FT-IR spectrometer purchased
through Thermo Fisher Scientific. All spectra measurements

non-destructive

presented were obtained via transmittance sampling technique
mode.

2.2.3. X-ray diffraction. The diffraction patterns of the
nanofibrous membranes and polymer nanocomposites were
examined via a SmartLab SE X-ray diffractometer provided by
Rigaku Co, Japan. All the XRD experiments were
conducted under ambient conditions with a five-axis goniometer
including an in-plane arm operating at 40 kV and 50 mA and
using Cu Ka radiation (4 = 1.5406 A). The data for phase identifi-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cation were collected over a range between 5° and 70°, with a step
size of 0.01°.

2.2.4. Differential scanning calorimetry. The thermal
behaviour of the nanofibrous membranes and polymer nano-
composites was investigated by means of differential scanning
calorimetry (DSC) using a Discovery DSC250 calorimeter pro-
vided by TA Instruments. High-precision TZero pans with lids
were used, and nitrogen was continuously purged at 50 ml
min~"' during the experiments. A protocol of three consecutive
thermal cycles (heating-cooling-heating) was followed, where
the first two thermal cycles (heating-cooling) were performed
at a rate of 10 °C min™" and the third thermal cycle (2™¢
heating) at 5 °C min~". Taking into account that the epoxy
resin becomes thermally unstable at temperatures above
180 °C, the fibrous mats and the polymer nanocomposites
were measured over temperature ranges of —50 to 250 °C and
—50 to 160 °C, respectively.

2.2.5. Thermogravimetric analysis. The thermal
stability of the nanofibrous membranes and polymer nano-
composites was examined via thermogravimetric experiments
by means of a TGA5500 provided by TA Instruments. The
samples were heated at a heating rate of 20 °C min", starting
from room temperature up to 900 °C, in a nitrogen gas
environment.

2.2.6. Broadband dielectric spectroscopy. The dielectric
response of the all-organic nanodielectric samples was exam-
ined via an Alpha-N Frequency Response Analyzer with a
Novotherm temperature system and a BDS-1200 parallel-plate
capacitor dielectric cell, all provided by Novocontrol
Technologies, Hundsangen, Germany. The measurements
were performed isothermally in the temperature range of 30 to
160 °C in 10 °C steps with a +0.2 °C accuracy. The voltage
amplitude V;s of the applied field was kept constant at 1 V
and the frequencies ranged from 10" to 10° Hz. The experi-
mental procedure was in accordance with the ASTM D150
specifications.

2.2.7. Direct current charge/discharge measurements. The
ability of the all-organic nanodielectrics to store and release
capacitive energy under dc conditions was measured using a
4339B High-Resistance Meter, DC, provided by Agilent
Technologies, Santa Clara, California, USA. A two parallel-elec-
trode capacitor was used as a dielectric cell with a dc voltage
applied during the charging state of the capacitor for 60 s.
Subsequently, the applied voltage was removed initiating the
discharging state that lasted in all cases for at least 300 s. Both
charging and discharging currents were recorded through an
automated measurement process. Three dc voltages (100, 300
and 500 V) were applied, resulting in electric fields on the
order of 80, 240 and 400 kV m™", respectively, all measured at
30 °C. Considering that the applied electric fields were below
400 kv m™, ie., far lower than the dielectric breakdown
strength of insulating epoxy resins (~200 MV m™"), and the
obtained charging and discharging currents correspond to the
response of the whole sample, we measured one specimen per
sample. Prior to every measurement, a discharge and short-
circuit procedure was carried out to avoid the accumulation of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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charges. The conducted tests were in accordance with the
ASTM D257 specifications.

3. Results and discussion

3.1. Morphology and structure of the electrospun
nanofibrous membranes

The surface morphology of the nanofibrous membranes pre-
pared by means of electrospinning was evaluated via SEM
images shown in Fig. 2. SEM imaging revealed the formation of
elongated fibres, with diameters in the range of a few hundred
nanometres. In the case of the (PVA)f sample, more than 50% of
the fibre width measurements were found to be in the range of
100-150 nm, whereas the implementation of CS tended to
increase the proportion of fibres in the 150-200 nm range. The
small-scale differences captured between the three variants can
be ascribed to the relatively low amounts of CS mass integration,
imposed by electrospinnability processing limitations.”*
Minimal bead-like formulations were also evident in all nanofi-
brous membranes, with no apparent frequency discrepancies
among the different compositions. Based on the obtained
average fibre thickness and thickness distribution, there are no
significant differences expected toward the resulting interfacial
area between the epoxy matrix and the nanofibres.

Chemical and structural information is provided in Fig. 3,
by means of FTIR and XRD, respectively. The chemical compo-
sition and integrity of the electrospun membranes and their
resulting composites were assessed via FTIR spectroscopy
(Fig. 3a). The spectra of CS and PVA were obtained in powder
and crystalline forms, respectively. CS exhibited characteristic
peaks at 1153 em™', 1030 cm™, 1654 cm ™', and 1587 cm™,
which can be ascribed to C-O-C stretching, C-O stretching,
C=0 stretching (residual N-acetyl groups) and N-H bending,
respectively.”> An additional peak at 1320 cm™" corresponds to
C-N stretching. A broad band was evident in the regime of
3600-3200 cm ™!, indicative of the C-H, N-H and O-H stretch-
ing modes. Pure PVA exhibited a similar but wider band in the
same regime, peaking at 3250 cm ™", also due to O-H stretch-
ing, with the emersion of two more peaks at 2940 cm™" and
1420 cm™', corresponding to C-H bond stretching and
bending, respectively, and two additional ones at 1320 cm ™"
and 1080 cm™, which can be attributed to the presence of C-O
bonds. The electrospun scaffolds showed similar characteristic
peaks to those of their base ingredients, with a stronger incli-
nation towards the pure PVA spectrum, due to its higher mass
content compared to CS.>* Pure epoxy and epoxy composite
scaffolds exhibited the characteristic vibrational bands of epoxy
resin,”* including peaks at 820 cm™" and 910 cm™" representa-
tive of the C-O-C and C-O stretching respectively and a peak at
1240 cm ™', which is typical of C-O asymmetrical stretch present
in the epoxy resin aromatic groups. Moreover, two additional
peaks at 1510 cm™" and 1610 cm ™" were assigned to the contri-
bution of the epoxy resin, due to the C-C and C=C bonds in
aromatic rings and asymmetrical C-H stretch groups, respect-
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Fig. 2 Representative SEM images at a 25 000 magnification of the three types of electrospun membranes, namely (a) (PVA)f, (b) (PVA5 : 1CS)f, and
(c) (PVA5 : 2CS)f. The scale bars represent 1 um. The nanofibrous membrane diameter distribution is also shown by means of bar charts below every

SEM image.

ively, as well as multiple smaller peaks centred around the
2950 cm™ " regime, due to C-H bond stretching.

The amorphous nature of all the composites presented here
was determined through X-ray diffraction (XRD) (Fig. 3b). In
order to discern the contribution of the electrospun fibres to
the epoxy resin, we first investigated them individually. All
electrospun membranes showed that there is no periodicity in
the structure, as opposed to their base components, a ten-
dency that has been described in the literature for polymeric
solutions.>®° It is interesting to note, however, that the elec-
trospun fibres that contain more chitosan, namely (PVA5: 2)f,
showed some signs of short-range periodic order exhibiting a
higher intensity peak at 20 = 20°, showcasing the impact of
chitosan concentration on crystallinity status. As expected, the
epoxy matrix is purely amorphous'* and given the low crystalli-
nity levels of the fibres and low fibrous concentration, all the
nanocomposite samples show no signs of crystallinity.
Therefore, all epoxy-based scaffolds exhibited a broad band
centred around 20°, attributed to the amorphous halo.

3.2. Thermal properties

In Fig. 4, the thermoanalytical curves of the developed all-
organic nanodielectric materials are displayed, as examined
via DSC (Fig. 4a) and TGA (Fig. 4b). To account also for the
individual thermal behaviour of the fibres, we included them
as dotted lines. The PVA-based fibres clearly show two major
thermal events. According to DSC, at approximately 80-85 °C,
the calorimetric T, of PVA is visible, and at around 220 °C the

964 | RSC Appl. Polym., 2025, 3, 960-972

melting of the crystalline phase takes place.>” Pure epoxy exhi-
bits its calorimetric T, at approximately 100 °C but the step is
very broad. With the addition of the PVA-based nanofibres to
the epoxy resin, the epoxy’s calorimetric T, becomes better
defined. According to the epoxy resin manufacturer, this
polymer has a thermal decomposition temperature of 180 °C;
hence, we measured the samples up to 160 °C. It is interesting
to note that the epoxy T, values observed here are lower than
the values we reported in the past for this specific epoxy
resin.'**® We attribute this variation to differences in the man-
ufacturing process, since in the present case, we performed
the initial curing process at room temperature for over 24 h, to
ensure good wetting of the nanofibres.

The thermal stability of the different nanofibrous mem-
branes and the equivalent epoxy composites was also investi-
gated via TGA (Fig. 4b.) PVA decomposition primarily takes
place in the range of 300-500 °C, degrading completely above
650 °C. Electrospun membranes depicted similar temperature-
dependent behaviour to those of their base constituents,
having already been described thoroughly in a previous
study.>® The composite scaffolds showed a comparable
thermal disintegration profile to that of the epoxy control,
typical of other epoxy-based structures.>® On that note,
samples appeared to retain their initial mass at pristine levels
up to 400 °C. However, in the regime of 400-470 °C, all
scaffolds lost more than 90% of their mass, and by 700 °C,
appeared to have fully disintegrated, independently of the
encapsulated membrane’s chemical composition.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural information for all samples under study at room temperature obtained by means of (a) FTIR and (b) XRD.

3.3. Dielectric response

The frequency-dependent dielectric properties are most often
presented via the complex dielectric permittivity, ¢*, which is
defined according to eqn (1) shown below:

ex (w) =¢ () —ie" (o) (1)

where ¢ and ¢” are the real and imaginary parts of dielectric
permittivity, respectively. The dielectric behaviour of the devel-
oped epoxy-based nanodielectrics is depicted in Fig. 5a by
showing ¢ as a function of temperature at 0.1 Hz. In all cases,
&' enhances with increasing temperature indicating the ther-
mally assisted nature of orientational polarization. Both the

© 2025 The Author(s). Published by the Royal Society of Chemistry

plain epoxy and the eo5(PVA)f5 samples show comparably low &’
values at the low-temperature edge and a subsequent increase
after 100 °C. The chitosan-containing samples exhibit higher
€' values at temperatures below 120 °C (Fig. 5a inset) attributed
to the enhanced dielectric permittivity of chitosan, which at
room temperature and 0.1 Hz is on the order of & ~15.°° The
¢’ increase observed at higher temperatures is partly attributed
to the contribution of epoxy segmental relaxation. The seg-
mental relaxation is associated with the cooperative relaxation
of segments located at the main polymer chain and physically
is linked to the T, of the polymer. However, the dielectric
strength of the segmental relaxation of epoxy resins is on the
order of Ae ~2-5°%"% which is significantly lower than the
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Fig. 4 The thermal response of the epoxy nanocomposites and the plain nanofibrous membranes analyzed by (a) DSC, where the boxes showcase
the thermal events, i.e., T4 of the epoxy and epoxy-based composites and the Ty and T,,, of the PVA and PVA-based nanofibres. (b) The TGA profile.

increase we observe around 100 °C (the calorimetric T, accord-
ing to DSC presented in Fig. 4a). As shown by the ¢” values
(Fig. 5b), the segmental relaxation of the epoxy resin is visible
in the vicinity of 100 °C for the nanodielectric samples, but
not for the plain epoxy sample. Consequently, we attribute the
enhancement of the dielectric permittivity values to the co-exist-
ence of more complex phenomena. In heterogeneous dielectric
materials, a polarization effect is observed, namely, the
Maxwell-Wagner-Sillars interfacial polarization (MWS-IP) pro-
cesses. The interfacial polarization is caused by the mismatch
in electrical properties (i.e. in dielectric permittivity and electri-
cal conductivity) between the sample’s individual materials,

966 | RSC Appl. Polym., 2025, 3, 960-972

which results in the entrapment of charge carriers and the for-
mation of dipoles at the interfaces."® MWS-IP is expected to con-
tribute to all samples under study, including the plain epoxy
due to impurities and/or residual hardener traces.’® It should
be noted that since the calorimetric T, values of the epoxy resin
and the PVA-based nanofibres are very close as discussed earlier
in Fig. 4a, the broad peak we observe in Fig. 5b could also be
due to the superposition of the 2 segmental relaxation processes
(epoxy and PVA-based nanofibres).

Enhanced dielectric losses are indicative of the strong con-
tribution of dc conductivity solely to ¢”. Given the thermally
activated nature of dc conductivity, the dielectric losses,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The (a) real and (b) imaginary parts of dielectric permittivity as a function of temperature at 0.1 Hz, for all samples under study. (a) Inset
magnifies the ¢ values in the temperature range of 30—100 °C. (b) Inset (I) shows the calculation of dc conductivity based on eqgn (2), and inset (ll)
presents the corresponding calculated values for the various samples (the x-axis is for the eyes only).

especially at high temperatures and low frequencies are high
and often mask the dipolar response. To determine the dc con-
ductivity value at 160 °C for all samples under study, we
employ eqn (3) that allows the accurate estimation of 4. from
the frequency-dependent dielectric response:"”%*

n ae'(w)} )

Ode = E0W {e (w) + 2 ohe

The term (—n/2)(0¢'/0ln @) corresponds to derivative permit-
tivity €"qer, which approximately corresponds to the dipolar
part of the imaginary part of dielectric permittivity (omitting
the Ohmic conduction part).®® The fittings of eqn (2) are pre-
sented in Fig. 5b inset I and the obtained dc conductivity
values are shown in inset II. Eqn (2) was applied only in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

frequency range of 10~ to 10° Hz, where the dc conductivity
contribution to the imaginary part of dielectric permittivity is
prominent; thus, the calculation is not affected by mathemat-
ical artifacts.®® Particularly in the case of eos(PVA)fs, the
enhanced dc conductivity values might facilitate the parasitic
effect of electrode polarization (EP), compared to the plain
epoxy and the chitosan-containing sample, leading to &' > 100.
EP is caused by the immobilization of charge carriers at the
interface between the capacitor’s electrodes and the dielectric
sample that produce very large dipoles that significantly
enhance ¢ and £".°”°® As shown in Inset II of Fig. 5b, eq5(PVA)
f5 is the most conductive sample, which explains the stronger
presence of the EP effect as opposed to the rest of the samples.

It is evident from inset II of Fig. 5b that the addition of the
PVA nanofibres facilitates electrical conduction, thus increas-
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ing the o4 values by 4 times. This is no surprise since PVA is
significantly less resistive than the plain epoxy employed here,
with the PVA conductivity value at 100 °C being 6.15 x 107° S
cm™" (ref. 69) as opposed to 1.81 x 10°"* S cm™" for epoxy, as
measured here. The PVA nanofibres create a cohesive network
inside the epoxy resin, which is the least resistive path and
thus is preferred by the mobile charge carriers. However, the
addition of chitosan was observed to significantly restrict con-
duction and thus decrease 4. values by an order of magnitude
or more. Under the assumption that there are short but dis-
tinctive PVA and chitosan areas that constitute every nanofibre,
the least resistive PVA paths are interrupted by the presence of
chitosan. This inevitably leads to charge trapping at the inter-
faces between PVA and chitosan that results in a significant
reduction of the overall 64, of the samples.>” In addition, com-
pared to charge transport observed in the plain epoxy resin,
the fact that the chitosan containing samples, eqs(PVA5 : 1CS)f,
and eqs(PVAS5 : 2CS)f,, exhibit lower dc conductivity values than
epoxy (by approximately 50 and 25 times, respectively) leads us
to the conclusion that charge trapping occurs at the matrix/
fibre interface as well.

As a result of the suppression of charge transport in the
presence of chitosan, even at the lowest measured frequency
and highest temperature where conductivity losses are
expected to contribute to their maximum, the &"/¢’ values do

1.2
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not exceed unity. This is indicative of the reinforcing effect
that chitosan has on the dielectric properties for capacitor
applications, a point that later is going to be discussed
further. At 150 °C a rise in the ¢” values is observed for the
chitosan-containing samples, which corresponds to contri-
butions from both 64, and o-relaxation.”® The presence of o-
relaxation is very typical in carbohydrate polymers and corres-
ponds to the migration of the hydrogen ions as a result of the
sufficient residue of hydroxyl groups.”' In our systems, PVA
provides additional hydroxyl groups, thus assisting the
migration of hydrogen ions.

3.4. Capacitive energy storage and recovery

In a previous study, we observed that the presence of electro-
spun nanofibres can significantly improve the ability of
polymer-based materials to effectively store capacitive energy.?”
To test the ability of the developed all-organic epoxy-based
nanodielectrics here, we applied 100, 300, and 500 V, each for
60 s (charging step) and then reduced the applied voltage to
zero to completely discharge the capacitor for at least 300 s.
Below, the stored and recovered energy densities, Us and U,
were obtained using eqn (3) and (4):

1 (fLde)’

=
2 £'gyA?

(3)

0.9

0.6

s | 100 V
s | 300 V

102

discharge

=3
U (nd/em?®)

102

100 120

t(s)

Fig. 6 The measured charge/discharge currents and the calculated stored/recovered energy densities are presented as a function of time, varying

the applied dc voltage during charging for ege(PVAS : 1CS)f,.
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1 ([ Iadt)?
U=
£'ggA

(4)

where I. and I, are the charge and discharge currents, respect-
ively, measured experimentally during the charging and dis-
charging of the capacitor,”* with ¢’ values measured at 0.1 Hz
and 30 °C with Broadband Dielectric Spectroscopy, as pre-
sented previously. A is the effective surface area of the electro-
des. To determine how efficiently energy can be recovered
from the developed nanodielectrics, the coefficient of recovery
efficiency, n.s, was calculated using eqn (5):

Negs = 100% E (5)
Us

Fig. 6a shows the experimentally measured direct current
over time at 30 °C for the ey(PVA5 : 1CS)f, sample, represented
as lines. The dc charge current is shown for all three measured
voltages (100, 300, and 500 V), along with their corresponding
discharge current data obtained after the removal of the vol-
tages. After the application of the dc voltage during the capaci-
tor’s charging step, the current progressively decreases over
time until it reaches a constant value that corresponds to
leakage current due to the charge carriers flowing through the
sample/electrode interface. As soon as the dc voltage is

,[(@)

(b)

epoxy
egs(PVA)fs

e4s(PVA5:1CS)f,
e46(PVA5:1CS)f,

2L

log(U, / udicm?®)

-3 1 1 1 1 1 1 1

0 10 20 30 40 50 60
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removed, the discharge current takes negative values that
gradually reach zero indicating that the capacitor is discharged
under these temperature/time/voltage conditions. The stored
and recovered energy density values, calculated based on eqn
(3) and (4), are shown as open symbols. As observed in Fig. 6,
both stored/recovered energy density values strongly depend
on charging/discharging time with values increasing by almost
three orders of magnitude within 60 s.

Fig. 7 shows the recovered energy density U, values as a
function of time for all the samples under study after the
removal of the dc voltages, namely 100, 300, and 500 V, pre-
sented in Fig. 7a, b, and c, respectively. As discussed in Fig. 6,
in all cases the U, values increase over time, reaching a con-
stant value that corresponds to the maximum value that can
be recovered under these temperature/time/voltage conditions.
With increasing dc voltage, the stored energy density values
increase resulting in enhanced recovered energy density
values, as shown in Fig. 7a and b. It is evident that the pres-
ence of chitosan significantly affects the obtained U, values.
The four samples appear to fall into two categories based on
their response, with the plain epoxy and the eqs5(PVA)f;
samples showing higher U, values by 2-3 times than the chito-
san-containing samples. We attribute the observed differences
to the resistive effect that chitosan introduces, thus reducing

60 —td)
50
40 + 4

30t o
20f i
10, 1

60 -(e)
50 -
40
30 B

20
10 .

60 -(f) B

50 - .
401 _
30} 4
20 .
10 _O__——-—'O'—/—o’___o_
0 1

eos(PVA5:1CS)f, \

eos(PVA5:2CS)f,

Iﬂ'ef‘f (%)

€95(PVA)5

Fig. 7 The recovered energy density values as a function of time for all samples after the application of (a) 100 V, (b) 300 V, and (c) 500 V. The
coefficient of energy efficiency at 15 and 45 s per sample after the application of (d) 100 V, (e) 300 V, and (f) 500 V. The lines serve as guides to the

eye only.
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both the stored and recovered capability of the developed
systems. However, reducing the overall conductivity of the
nanodielectrics by introducing a resistive phase that disrupts
the “less resistive” paths (as discussed earlier in Fig. 5) is ben-
eficial as it is expected to diminish the leakage currents and
thus increase the efficiency of the capacitors. Indeed, our find-
ings support exactly this notion, as presented in Fig. 7d-f.

The efficiency, n.s, of the examined nanodielectrics calcu-
lated at 15 and 45 s is presented in Fig. 7d-f at increasing vol-
tages. It is evident that the presence of electrospun nanofibres
is beneficial for the efficiency performance of the systems with
all nanodielectrics achieving higher values than the plain
epoxy. This effect is attributed to charge trapping at the
matrix/fibre interface that restricts the leakage current during
charging, which leads to lost charge carriers and thus capaci-
tive energy. Based on the discussion at an earlier point in the
manuscript, an enhancement of n.g values with the addition
of chitosan is expected, which indeed is the case. Especially at
the highest applied dc voltage (i.e. 500 V) presented in Fig. 7f,
the chitosan-containing samples exhibit n.g values that are
double those of the plain epoxy and the eg5(PVA)f5 systems
under the same conditions.

4. Conclusions

In the present work, epoxy-based all-organic nanodielectric
materials reinforced with electrospun nanofibres were devel-
oped for capacitive energy storage applications. The nanofibres
are based on PVA or PVA:CS blends in 5:1 and 5:2 ratios.
The developed nanodielectrics were extensively studied using
various techniques like SEM, FTIR, XRD, DSC, TGA, BDS and
dc charge/discharge methods to understand their morphologi-
cal, structural, thermal and dielectric properties, respectively.
Within this study, a particular focus was placed on their dielec-
tric properties and their ability to store and recover energy in a
capacitor configuration. The addition of electrospun nanofi-
bres in the epoxy matrix introduces interfaces that hinder
charge transport and promote interfacial polarization, particu-
larly in the case of CS. From room temperature up to 100 °C,
small additions of CS (on the order of 0.67 to 1.14% w/w) as
part of the nanofibrous membranes were observed to double
the dielectric permittivity. Moreover, CS significantly restricted
electrical conductivity at high temperatures by 25 to 50 times
that of the pure epoxy resin, resulting in a significant improve-
ment in the capacitor energy recovery efficiency. Research
towards the development of all-organic dielectrics is important
for advanced energy storage devices and flexible electronics
due to their low cost and easier processability compared to in-
organic materials. Finally, the nanofibrous membranes are
based on two biocompatible components, namely, the syn-
thetic polymer PVA and the naturally derived polysaccharide
chitosan; hence, our work shows that such electrospun fibres
could be part of a flexible nanocomposite for bioelectronic
applications.
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