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Abstract

The growing demand for sustainable materials in green
flexible electronics calls for alternatives to petroleum-derived
polymers, which are non-biodegradable, resource-intensive,
and environmentally harmful. This study presents the
fabrication of bio-composite films using water hyacinth derived
cellulose nanofibrils (CNF), blended with polyethylene oxide
(PEO) and reinforced by functional nanofillers such as
barium titanate (BTO), silver nanowires (SNP), and carbon
nanotubes (CNT). The nanocomposite films (NCF) were
produced by solution casting and systematically characterized
mechanical, thermal, and

for morphological, dielectric,

chemical properties. Scanning electron microscopy analysis

revealed well-dispersed CNF (-30 nm diameter) uniformly

embedded within a CNF/PEO matrix and nanofillers (0.5-2%).

Dielectric testing showed that BTO significantly enhanced

permittivity (>200), making it promising for capacitor and
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antenna applications, although dielectric loss increased at
SNP-reinforced NCF exhibited
moderate permittivity (50-90) but higher dielectric loss

higher nanofiller loadings.

(0.15-0.32), supporting multifunctional applications requiring
both dielectric and conductivity. CNT reinforced with NCF
provided a balanced performance, with stable permittivity,
relative low dielectric loss (< 0.015) and superior mechanical
flexibility. Mechanical testing confirmed that BTO increased
stiffness and tensile strength (1.5-2%), SNP enhanced
strength but reduced ductility up to 1.5%, and CNT offered
reinforcement at 1.5% with preserved elongation (up to 6%).
FTIR spectra indicated strong interfacial interactions between
nanofillers and CNF-PEO matrix. Thermal analysis revealed
that CNT disrupted the crystalline structure of the matrix,
lowering melting and crystallization temperatures, whereas
BTO and SNP had negligible thermal effects. This study
demonstrates a sustainable pathway to valorize an invasive
species into a biodegradable, high-performance NCF for
sustainable electronics, signifying a pathway toward flexible

antenna, sensors, and energy storage materials.
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1 Introduction

The development of green electronics highlights
the serious requirement to develop sustainable
materials that reduce the impact on environment
associated with conventional electronic
manufacturing [1]. Conventional electronics
depend on non-biodegradable, petroleum-based
polymers that significantly contribute to toxic
chemical pollution, e-waste, and exhaustion of
non-renewable resources [2]. The lifecycle of this kind
of materials, from production to disposal, poses high
environmental risks, with landfill waste and release of
toxic gases during degradation or incineration. This
has led to increased research on biopolymer-based
composites that are biodegradable, renewable, and
hold the essential mechanical and electrical properties
for high-performance, durable electronics [3].

Among renewable resources, water hyacinth
(Eichhornia crassipes), is a globally invasive aquatic
plant, has emerged as a promising alternative raw
material due to its rapid proliferation, high cellulose,
and low lignin content, which simplifies nanocellulose
extraction compared to conventional feedstock.
Water hyacinth (WH) has 23-57% cellulose content,
enabling substantial nanocellulose yield via optimized
extraction methods.  Nanocellulose synthesized
from water hyacinth exhibits high crystallinity index
(85%), nanoscale dimensions (10-30 nm in diameter),
biodegradability, high tensile strength, and low toxicity.
It makes a water hyacinth material as an attractive
reinforcing biopolymer intended for green electronic
applications [4, 5]. At the nanoscale, cellulose
fibrils act as dielectric filler that generates numerous
interfaces and polarization sites within a polymer
matrix.  This interfacial Maxwell-Wagner-Sillars
polarization enables charge accumulation at
nanocellulose-polymer-nanoparticle boundaries,
enhancing relative permittivity particularly at low
frequencies where dipole orientation is equilibrated.
Such interfacial effects are critical in designing
bio-based nanocomposites with tailored dielectric
properties for electronic applications [6].

Extraction of nanocellulose from water hyacinth
typically involves sequential chemical and mechanical
treatments: bleaching with sodium hypochlorite to
remove lignin, alkaline hydrolysis to eliminate
hemicellulose, and acetic acid hydrolysis to
separate crystalline cellulose domains. Mechanical

methods such as high-pressure homogenisation or
ultrasonication further disperse fibrils into colloidal
suspensions, yielding materials with high crystallinity,
surface area, and thermal stability [7, 8]. Optimization
of process parameters, such as hydrolysis time and
temperature, has enabled in CNC yields exceeding
70%, supporting economically viable for scaling

up [9].

Blending the nanocellulose fibers into polyethylene
oxide (PEO), a biocompatible and flexible synthetic
polymer, produces hybrid composites that couple
the strength and sustainability of nanocellulose
with the processability of PEO. The addition of
functional nanoparticles viz., barium titanate (BTO),
silver nanowires (SNP), and carbon nanotubes
(CNT), further tailors the composites by enhancing
dielectric constant, thermal stability, and electrical
conductivity. BTO contribute ferroelectric behaviour,
improving permittivity crucial for antenna and energy
storage applications, while CNT and SNP enhance
mechanical robustness, and charge transport, meeting
the requirement of lightweight, flexible, and green
electronic devices [10, 11]. This bio-composite
will enable application across low-frequency and
high-frequency electronic devices as depicted in
Figure 1.
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Figure 1. Applications of nanocomposite across electronic
devices.

This integration of WH-derived nanocellulose, PEO
polymer, and dielectric nanoparticles simultaneously
valorises an invasive ecological species and generates
biodegradable, high-performance bio-composite
suited for next-generation sustainable electronics.
By lowering reliance on non-renewable feedstock,
lowering environmental issues, and allowing green
devices such as antennas, energy storage materials and
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sensors, this approach fuses ecological remediation
with developments in materials science, showing
a pathway toward scalable, ecofriendly aligned
electronics [12-14].

2 Materials and Methods

2.1 Preparation of Nanocomposite Films

Fresh water hyacinth (WH) stems were collected,
washed thoroughly, dehydrated, and pulverised to
a particle size of 1-2 mm. Cellulose extraction was
carried out through sequential chemical treatments:
(i) bleaching in sodium hypochlorite (NaClO, pH 4)
overnight to remove lignin, (ii) alkaline hydrolysis in
sodium hydroxide (NaOH, 1 %) for 2 h to eliminate
hemicellulose and residual lignin, and (iii) a second
NaClO bleaching step for 2 h. After each step,
the material was washed with ultrapure water by
centrifugation and decantation. The purified cellulose
was converted into cellulose nanofibrils (CNF) using
PSI-20 high-pressure homogeniser [15]. CNF and
PEO polymers were used as the biopolymer matrix
components. The PEO polymer (Mv:100,000), and the
functional nanofillers, barium titanate (BTO) [cubic
nanopowder, 50 nm], silver nanowires (SNP) [50 nm
x 6 pm, 0.5% IPA suspension] and carbon nanotubes
(CNT) [multi-walled, 6-13 nm x 2.5-20 um], were
acquired from Sigma-Aldrich with high purity (>99%)
and used without further modification.

Nanocomposite films (NCF) were prepared by
solution casting method as illustrated in Figure 2. CNF
and PEO were dissolved in an ultrapure water to form
a polymer blend of 1:2 weight ratio and stirred for
20 minutes at 60°C. The nanofillers were dispersed in
the solution at varying weight concentrations (0.5%,
1%, 1.5%, and 2%) with respect to total CNF and PEO
content. The dispersions were obtained using PSI-20
high-pressure homogenizer for 10 minutes to ensure
homogeneous distribution of nanofillers within the
matrix of polymer. The solutions were casted onto
new glass petri dish and dried at 40°C to form films.
Films without nanofillers were also prepared under the
same conditions for comparison as control film. The
dried films were peeled and conditioned at ambient
condition before characterization.

2.2 Characterization of Nanocomposite Films

The surface morphology of the NCF was examined
using a field-emission scanning electron microscope
(FE-SEM, Hitachi S-4800, Japan). Samples were
cut into approximately 1 x 1 mm pieces and dried
overnight at ambient temperature prior to analysis.
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Figure 2. Preparation of nanocomposite films reinforced
with nanofillers.

Each specimen was sputter-coated with a thin gold
layer for 120 s using an EMITECH K550X coater
(Quorum Technologies, UK) to minimize charging
effects. Imaging was conducted at an accelerating
voltage of 3 kV under various magnifications to capture
the microstructural features.

Low-frequency dielectric properties were measured
using a precision LCR meter (Keysight E4980A) over
1 kHz to 1 MHz at ambient temperature. Square
film samples were coated with silver paint electrodes
on both sides and placed between parallel plates.
Film thickness and electrode area were measured for
permittivity calculations. High-frequency dielectric
properties were assessed using a split-post dielectric
resonator (SPDR) system (QWDE, Poland), coupled to
a vector network analyser [16, 17]. The film thickness
was controlled with an accuracy of +£0.01 mm. Samples
were mounted in the SPDR cavity without air gaps, and
the quality factor (Q) and resonant frequency (f) were
recorded.

The tensile properties of the NCF reinforced with
nanofillers were tested using a universal testing
machine (Zwick UK) following the standard ASTM
D882 standard. The tensile strength and elongation at
break were analysed for three replicates of rectangular
test strip of NCF and compared against control films.
The functional groups of NCF were determined with
FTIR spectrophotometer (Spectrum 100, Perkin-Elmer,
UK) in the 4000-450 cm ! range at 4 cm ™! resolution.

The thermal behaviour of the NCF reinforced with
nanofillers was characterized using a differential
scanning calorimeter (PerkinElmer 8000; Perkin Elmer
UK, Buckinghamshire, UK). The sample weight of



Journal of Advanced Electronic Materials

ICJK

10.0kV 9.1mm x500 SE(M)

a. Low Magnification

b. High Magnification

Figure 3. SEM micrograph of CNF-PEO films at (a) low and (b) high magnification.

~10 mg was kept in stainless steel pan and subjected
to heating (-50°C to 200°C) at a rate of 10°C/min
to evade oxidation under a constant gas purge
(Nitrogen gas: 20 mLmin~!). A heating (two-cycle)
protocol was used, the first heating overlapped prior
thermal history, followed by cooling (up to -50°C)
and a subsequent reheating (up to 200°C). In the
second heating cycle, melting temperature (T,,),
crystallization temperature (T.), and allied enthalpy
changes from the thermograms were determined.

3 Results and Discussion

3.1 Morphological Characterization

Representative SEM micrographs of the NCF-PEO
(1:2 weight ratio) are shown in Figure 3. At low
magnification (Figure 3a), a dense and interconnected
fibrillar network is observed, in which cellulose fibrils
appear well embedded within the PEO matrix. The
fibrils exhibit a range of diameters and random
orientations, forming a three-dimensional entangled
structure that is uniformly filled by the polymer phase,
consistent with previous reports of fiber—polymer
hybrid films [18]ent of fibrils. Such surface roughness
may influence the dielectric performance by enhancing
interfacial polarization effects at the polymer-fibril
interfaces [19].

At higher magnification (Figure 3b), individual
cellulose nanofibrils with diameters of approximately
30 nm are clearly visible, forming elongated and
interconnected thread-like domains. The presence
of such fine and continuous nanofibrils is known to
contribute significantly to the stiffness and tensile
strength of cellulose-based composites [20]. This

structural feature is therefore considered a major
contributor to the mechanical reinforcement observed
in the films.

NCF containing BTO, SNP and CNT (0.5-2 %)
displayed morphologies similar to the control
CNF-PEO matrix, with no distinct nanoparticle
agglomerates visible under SEM at the magnifications
used. This indicates that the nanofillers were well
dispersed and embedded within the fibrillar-polymer
network. Although SEM cannot directly confirm
interfacial adhesion, the absence of phase separation
or aggregation suggests favourable compatibility.
Previous studies have highlighted that homogeneous
nanofiller dispersion and strong matrix-filler
interactions are essential in achieving enhanced
dielectric and mechanical performance [21]. These
effects explored further in the following sections.

3.2 Dielectric Properties

The dielectric properties of NCF reinforced with BTO,
SNP, and CNT were assessed for potential applications
in electronics and flexible antenna devices. The
dielectric constant (¢’) and dielectric loss (tan §)
were measured as a function of frequency, with the
results shown in Figure 4. The NCF with BTO
showed distinctly improved dielectric constants in the
tested frequencies, due to the characteristically high
permittivity of BTO (Figure 4a). This increase enables
high electric energy storage, which is beneficial for
antenna and capacitor applications necessitating high
permittivity material [22]. The dielectric loss shows
a dependence on frequency, as losses increases at
low frequency and losses reduces at high frequencies,
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this is an important consideration in high-frequency
device [23].

However, the enhanced dielectric loss observed at
higher BTO concentration indicates a trade-off with
energy dissipation, potentially affect signal efficiency
in high-frequency applications.

The incorporation of SNP resulted in moderate
dielectric constant values (Figure 4b) accompanied
by comparatively higher dielectric losses.  The
conductive nature of silver nanowires facilitates
interfacial polarization, thereby improving charge
storage but simultaneously inducing conduction
losses. It also exhibits substantial change in
dielectric loss with respect to frequency, show high
losses at lower frequency that reduces as frequency
rises, which directly influences the suitability for
frequency-devices [24]. While this limits their use
in low-loss antenna systems, the combined dielectric
and conductive functionality make SNP-reinforced
composites attractive for multifunctional devices such
as transparent electrodes and flexible sensors [25, 26].

By contrast, NCF with CNT reinforcement exhibited
a balanced dielectric profile: Moderate improvements
in permittivity were achieved alongside consistently
low dielectric loss values (Figure 4c). The high
aspect ratio and strong interfacial interactions of
CNTs promote dipolar polarization without inducing
excessive conductive loss. It also maintains lower
dielectric losses over a wide range of frequencies,
highlights as a stable candidate for high-frequency
applications [27]. This synergy makes the NCE-CNT
composite a promising material for flexible antenna
and electronic applications that require stable dielectric
properties combined with mechanical flexibility [28].
These properties, combined with their mechanical
flexibility, make CNT-reinforced CNF-PEO films
particularly promising for wearable electronics and
flexible antenna applications where both low loss and
durability are required.

High-frequency measurements using the SPDR
technique further confirmed these trends (Table 1).
The reference materials displayed high permittivity
values (3.61-4.57) and high Q-factors (1000-2600)
compared with the nanocomposite films, which were
thinner (0.27-1.29 mm) and exhibited permittivity
in the 2.1-4.3 range. Among the nanofillers, CNT
films consistently achieved the highest permittivity
(3.67—4.25) with moderate dielectric loss (0.14-0.16),
while BTO and SNP composites displayed more
variable permittivity and higher losses.  These
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findings support the conclusion that CNT provides
the most effective reinforcement for balancing
dielectric performance and energy efficiency in
flexible, sustainable electronics.

3.3 Mechanical properties

The effect of nanofiller incorporation on the tensile
properties of NCF was evaluated, with results
summarised in Figure 5. Both tensile strength and
elongation at break were compared against the control
sample (NCF) to assess reinforcement efficiency and
tlexibility.

For films containing BTO, a trend of increasing tensile
strength was observed with rising nanofiller content,
particularly at 1.5-2.0% (Figure 5a). This behaviour
can be attributed to the rigid, ceramic nature of
BTO, which facilitates efficient stress transfer across
the matrix-filler interface while restricting polymer
chain mobility. Consequently, the films exhibited
improved stiffness but reduced ductility at higher
BTO loadings. Such reinforcement patterns, where
strength is gained at the expense of elongation, are
characteristic of ceramic nanofiller composites [29, 30],
and was reported in other works where BTO was used
as reinforcement in bio-composites [31].

Incorporation of SNP produced a moderate increase in
tensile strength up to 1.5% concentration, followed by a
decline at 2.0% (Figure 5b). This reduction is likely due
to nanowire agglomeration, which introduces stress
concentration points and weakens the composite
structure. Elongation decreased significantly
compared with BTO-filled films, reflecting the brittle
nature of metallic nanowires. Although SNP can
enhance mechanical strength through their high
aspect ratio and conductivity, excessive loading
undermines ductility and toughness [32, 33].

For CNT-reinforced films showed maximum tensile
strength at 0.5% CNT loading (Figure 5c). The
tensile strength found to be lower than BTO and
SNP films. It suggests that incorporation of
CNT provides reinforcement and it is insignificant
to enhance ductility compared to BTO and SNP
nanofillers [34, 35]]. Hence, mechanical properties
suggest that, stiffness and reinforcement was achieved
in NCF-BTO composite, NCF-SNP composite for
stable reinforcement, and NCF-CNT composite for
reinforcement at low concentrations without ductile
improvement.
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Figure 5. Tensile strength and elongation at break of NFC reinforced with different nanofillers (a) BTO,
(b) SNP, and (c) CNT.

Table 1. Dielectric properties of reference materials and NCF with various nanofillers measured using SPDR.

Samples Frequency (MHz) Q-factor Thickness (mm) Permittivity —Dielectric loss tangent (10°)
Reference Material-I 1882.90 2600.00 1.53000 4.57357 1.78060e-002
Reference Material-II 1885.90 1000.00 1.63000 3.61357 6.16840e-002
CNF-PEQ (1:2) 1894.10 1900.00 0.27000 4.26280 1.52480e-001
NCF-0.5% BTO 1894.20 1800.00 0.40870 3.06894 1.49430e-001
NCEF-1.0% BTO 1892.80 1100.00 1.28940 2.11387 1.20540e-001
NCF-1.5% BTO 1892.70 1000.00 0.57690 3.51025 1.76270e-001
NCF-2.0% BTO 1894.20 1800.00 0.57850 2.47015 1.31950e-001
NCF-0.5% SNP 1894.50 2200.00 0.37120 2.95488 1.35860e-001
NCF-1.0% SNP 1894.20 1900.00 0.49740 2.70513 1.31460e-001
NCF-1.5% SNP 1894.30 2000.00 0.47280 2.70821 1.30240e-001
NCE-2.0% SNP 1894.40 2100.00 0.47710 2.60977 1.26710e-001
NCF-0.5% CNT 1894.10 1800.00 0.27140 424614 1.61870e-001
NCF-1.0% CNT 1894.10 1800.00 0.28120 413414 1.60520e-001
NCEF-1.5% CNT 1893.80 1700.00 0.37480 3.67595 1.44760e-001
NCF-2.0% CNT 1893.70 1700.00 0.39120 3.66655 1.39100e-001
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Figure 6. FT-IR spectra of NCF with different nanofillers (a) BTO, (b) SNP, and (c) CNT.

3.4 FTIR Spectral Analysis

The FTIR spectra of NCF reinforced with BTO,
SNP, and CNT revealed considerable molecular-level
interactions and nanofiller incorporation, as shown
by distinct shifts, enlargement, and the appearance
of new absorption bands (Figure 6). The control
NCF spectrum displayed the typical cellulose bands,
including a broad O-H stretching vibration at 3340
cm~!, C-H stretching at 2880 cm~!, and a C-O-C

stretching band near 1055 cm™!. The presence of PEO
contributed to enhanced hydrogen bonding within the
polymer matrix, consistent with previous reports [36].

Upon addition of BTO in NCF, the O-H stretching band
at ~3340 cm ™! broadened and decreased in intensity,
suggesting disruption of intra- and intermolecular
hydrogen bonding due to strong filler-matrix
interactions. = A new band appeared between
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580-630 cm™!, corresponding to Ti-O stretching
vibrations, confirming successful incorporation of
BTO. Meanwhile, the diminished intensity of the
C-O-C band at 1055 cm ™! indicated partial restriction
of glycosidic linkage flexibility as filler concentration
increased [37]. On addition of SNP nanofiller in NCF
leads O-H band shifting and the occurrence of peak
at near 1380 cm ™!, attributed to Ag-O bonding. The
C-O-C vibrations at ~1055 cm™! equally decays in
intensity, which signals modification of matrix from
nanofiller incorporation. The silver concentration in
NCF emphasises the changes in spectra [38,39]. In
the case of CNT, the O-H band exhibited significant
broadening, and a new peak emerged at ~1550-1600
cm™!, corresponding to CNT vibrational modes.
These effects became more pronounced at >0.5 %
CNT loading, demonstrating disruption of crystalline
ordering and the formation of strong matrix-nanotube
interactions. The resulting spectral changes confirm
the establishment of robust conductive networks
and physical reinforcement within the composites
[40, 41].

3.5 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) analysis was
performed to evaluate melting (75,,) and crystallisation
(T;) behaviour of the nanocomposites (Figure 7).
All samples exhibited two distinct transitions: an
exothermic crystallisation peak at 41 °C and an
endothermic melting peak at 65 °C, consistent with
the PEO crystalline phase.

The incorporation of BTO and SNP has no impact on
the thermal properties of NCF samples, with 7},, and
T, similar with or without fillers (within the range
of error, + 1°C). This suggests that BTO and SNP are
not significantly disrupting the crystalline structure
of PEO-CNF matrix. By contrast, CNT reinforced
composites exhibited a reduction in crystallisation
temperature and melting temperature compared to
the control sample. The addition of CNT induces
a decrease of 3°C in 7., from 43°C down to 40°C,
and in 7},, from 65°C down to 62°C, respectively.
Jin et al. [42] found similar behaviour with the
incorporation of CNT with pure PEO matrix. This
shift towards lower temperature can be attributed to
the disruption of the crystalline part in PEO-CNF
matrix. The presence of CNT may disrupt the
alignment of PEO chains, leading to a further decrease
in crystallinity and a reduction in the thermal energy
needed for melting.

4 Conclusion

This study exhibited the effective fabrication of
biodegradable nanocomposite films composed
of WH-derived nanocellulose blended with PEO
and reinforced with nanofillers (BTO, SNP, CNT).
The reinforcement of BTO nanofillers significantly
improves dielectric permittivity, making these NCF
extremely appropriate for applications demanding
high dielectric constants, such as dielectric resonators,
and capacitive devices, though with a moderate rise
in dielectric loss. NCF with SNP offer multifunctional
properties combining dielectric behaviour and
conductivity, perfect for flexible electronic sensors
and electrodes despite high dielectric loss. NCF
with CNT strike an optimum balance by provided
that mechanical flexibility and low dielectric loss,
favouring applications in wearable and flexible
antenna technologies. Mechanically, BTO imparts
higher strength and stiffness with reduced flexibility,
while SNP and CNT offer diverse trade-offs between
ductility and strength. The molecular interaction
between NCF and nanofillers revealed the enhanced
mechanical and electrical properties. ~The DSC
analysis noted that BTO and SNP nanofillers as
reinforcement did not influence the thermal behaviour
of CNF, conserving the melting transitions and
crystallization of the matrix. Whereas, incorporation
of CNT interrupted the crystalline arrangement of
PEO in CNF, leading to reduced melting temperature
and crystallization.  This study highlights the
possible of valorization of an invasive biomass
into high-performance, eco-friendly materials, for
next-generation green flexible electronics. Future work
would focus on optimizing the dispersion of nanofiller
and hybrid nanocomposite formulations to tailor
properties for specific electronic device applications.
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