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This manuscript reports a scalable, solution-cast strategy to upcycle waste-derived functional fillers into
electroactive poly(vinylidene fluoride) (PVDF) hybrid membranes for promising dielectric/piezoelectric
applications. Carbon-doped recycled ZnO (Rc-ZnO) microspheres are synthesized from spent zinc—
carbon batteries and combined with graphene oxide (GO) to fabricate PVDF/Rc-ZnO, PVDF/GO, and
ternary PVDF/Rc-ZnO/GO films at a fixed total loading of 10 wt% (5 wt% Rc-ZnO/5 wt% GO in the
ternary system) using DMF/acetone casting and controlled thermal drying. Structural and spectroscopic
analyses (XRD/FT-IR/SEM) confirm a filler-driven oo — B transformation, where GO defect sites act as
nucleation centers and the dual-filler system increases the B-phase fractions alongside a morphology
evolution toward a more interconnected porous architecture. Dielectric spectroscopy shows that co-
doping delivers the most favorable electrical response, with AC conductivity increasing with frequency
and temperature due to synergistic charge-carrier generation by ZnO and conductive pathways provided
by GO. Density-functional-theory calculations (B3LYP/DGDZVP2) further rationalize these trends by
revealing a strong reduction in the electronic gap upon interfacial hybridization (PVDF: 9.251 eV; GO/
PVDF/ZnO: 1595 eV; d-GO/PVDF/ZnO: 0.833 eV), supporting enhanced interfacial polarization and

rsc.li/rsc-advances charge transport.

1 Introduction

Poly(vinylidene fluoride) (PVDF) is among the most technolog-
ically mature electroactive polymers because it combines
chemical/thermal stability with processability into thin films
and membranes for flexible electronics, sensing, and energy
harvesting."” Dielectric properties of PVDF especially the
frequency/temperature  dependence of permittivity (¢),
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dielectric loss (tan ¢), and relaxation features, directly quantify
the strength and dynamics of dipolar and interfacial polariza-
tion mechanisms that control charge storage, dissipation, and
extractable electrical response in electroactive polymer films
and membranes.**

Its electromechanical performance, however, is strongly
phase-dependent: the polar B-phase (all-trans conformation)
provides the highest dipole alignment and therefore the most
desirable piezoelectric/ferroelectric response, whereas the o-
phase is essentially non-polar and limits device-level output.® In
practical solution-cast PVDF, achieving a high and stable B-
phase fraction remains nontrivial because crystallization
kinetics, solvent-polymer interactions, and chain mobility
typically favor mixed polymorph populations unless additional
driving forces are introduced.® Waste-derived metal oxides and
carbon nanostructures can serve not only as reinforcing addi-
tives, but also as electro-crystallization templates that promote
the electroactive f-phase and improve dielectric functionality.”
ZnO offers a rare electronic “sweet spot” for functional
composites,® its wide direct band gap (~3.37 eV) and unusually
large exciton binding energy (~60 meV) enable strong near-
band-edge optical/electronic activity that remains stable at
room temperature,® highly advantageous for charge-generation/
charge-separation roles in hybrid materials and electroactive
membranes.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Nowadays, sustainable and scalable ZnO supply, especially
routes that convert zinc-rich wastes into device-grade ZnO with
reproducible electronic properties remains relatively frag-
mented compared with conventional precursor-based
synthesis: although several studies demonstrate recovery/
synthesis of ZnO nanoparticles from spent Zn-C or alkaline
batteries via thermal and hydrometallurgical/green upcycling
pathways,"* they are still scattered across recycling and nano-
materials domains and rarely unified into standardized, quality-
controlled workflows." This gap strongly motivates establishing
a coordinated extraction/valorization network (collection —
disassembly — purification — conversion — QC) to ensure
that waste-derived ZnO can be produced at scale with consistent
electronic performance suitable for advanced PVDF composite
membranes.” Hydrometallurgical techniques offer selective Zn-
extraction with high purity accompanied by low yield," and
bioleaching, an emerging eco-friendly method, uses microor-
ganisms to extract zinc under mild conditions. Once extracted,
zinc is converted into ZnO NPs using methods like precipitation
sol-gel synthesis, or green synthesis, with each technique
offering specific advantages in terms of cost, scalability, and
nanoparticle properties.”®"” Despite the promising potential,
challenges such as optimizing extraction processes, improving
synthesis scalability, and assessing environmental impacts
remain. Nonetheless, this approach supports waste reduction
and aligns with circular economy principles, highlighting its
importance for sustainable resource management.'® Adaval
et al. (2022) developed PVDF/GO nanocomposites optimized for
piezoelectric applications, where the incorporation of func-
tionalized GO nanosheets markedly boosted the output voltage
to 8.5V, significantly exceeding that of pure PVDF."* Amina et al.
(2023) conducted a pivotal study on the synergistic doping of
ZnO nanosheets and reduced graphene oxide (rGO) in PVDF
using solution casting to enhance its B-phase, thereby boosting
its piezoelectric properties.” Singh and Khare (2024) engi-
neered a piezo-tribo hybrid generator by integrating ZnO with
PVDF and PTFE, resulting in a significant enhancement of
triboelectric properties. The composite achieved a maximum
output power of approximately 24.5 uW cm™2, which is 2.5
times higher than that of a pure PVDF-based generator.*
Alshahrani et al. (2024) demonstrated that the incorporation of
ZnO into PVDF composites significantly enhances the B-phase,
thereby improving piezoelectric performance.*

In this work, we combine sustainable materials valorization
with a mechanistically grounded structure-property analysis by
engineering a GO/PVDF/ZnO composite (with emphasis on
waste-to-ZnO scalability) and quantitatively linking its electro-
active response to interfacial electronic descriptors. Beyond
reporting phase and morphology, we integrate XRD, FT-IR, and
FE-SEM with dielectric spectroscopy to establish how ZnO/GO
interfaces promote electroactive PVDF ordering and govern
polarization/loss behavior under alternating fields. To close the
interpretation gap between microstructure and function, DFT
calculations at the B3LYP/DGDZVP2 level are used to extract
total dipole moment, computed HOMO/LUMO gap, and density
of states, enabling an evidence-bounded explanation of the
observed dielectric/electroactive trends and providing design

© 2026 The Author(s). Published by the Royal Society of Chemistry
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rules for scalable PVDF-based multifunctional device-level
proof-of-concept.”

2 Materials and methods

2.1. Chemicals and reagents

All chemicals were used as received without further purifica-
tion. Discharged commercial zinc-carbon batteries (Eveready,
Egypt) were collected from local waste streams/recycling bins
and used as the Zn source for preparing recycled ZnO. Citric
acid (99%, Fisher Chemical), poly(vinylidene fluoride) (PVDF;
Mw = 180 000 g mol " by GPC), N,N-dimethylformamide (DMF;
Mw 73.09 g mol ', Fisher Chemical), acetone (99%, Fisher
Chemical), ammonia solution (35%, Fisher Chemical), sodium
hydroxide (=97%, Fisher Chemical), and graphite powder
(Fluka, Germany) were used as received. Sulfuric acid (H,SOy,
98%), hydrochloric acid (HCl, 33%), and hydrogen peroxide
(H,0,, 30%) were purchased from EI-Nasr Pharmaceutical
Company (Cairo, Egypt), and potassium permanganate
(KMnO,, 98%, Alfa Aesar, Germany) was employed for GO
synthesis. Deionized Milli-Q water was used throughout all
experiments.

2.2. Synthesis of graphene oxide sheets

Regarding to prior well established studies.*** For the prepa-
ration of graphite oxide, 1 g of graphite powder was added to
23 mL of concentrated H,SO, in a reaction vessel placed in an
ice bath to maintain the temperature below 20 °C. Gradually, 3 g
of KMnO, was added to the mixture while stirring continuously,
ensuring slow addition to prevent overheating. The mixture was
then stirred at 35 °C for 2 hours to ensure complete oxidation.
After this period, 46 mL of distilled water was added slowly, and
the temperature was raised to 98 °C and maintained for 15
minutes. The reaction was terminated by adding 140 mL of
distilled water followed by 10 mL of 30% H,0O,, turning the color
of the mixture from dark to dark brown, indicating the forma-
tion of graphene oxide (GO). The resulting mixture was filtered
and washed with distilled water until the pH of the filtrate
became neutral.>

2.3. Synthesis of ZnO microsphere

Leveraging insights from prior research (Scheme 1) on
optimizing synthesis conditions, this work presents a facile
approach for the fabrication of ZnO nanoparticles (NPs). Di-
sassembled zinc-carbon batteries served as the zinc source. The
zinc casing was mechanically removed and meticulously
washed with ultrapure water to eliminate any potential
contaminants. Subsequently, the zinc was dissolved in a solu-
tion composed of 2 M citric acid and stoichiometric ratio of
H,SO, under vigorous stirring at 70 °C until complete dissolu-
tion was achieved. Filtration was then employed to remove any
residual undissolved particulates. Following the dissolution
step, precursor formation Zn(OH), was undertaken. The zinc-
rich solution was transferred to a reaction vessel and a 2 M
NaOH solution was gradually added under constant stirring
until the pH reached approximately 10. This resulted in the
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Scheme 1 Schematic synthesis of carbon-doped recycled ZnO (Rc-ZnO) microspheres from spent zinc—carbon batteries.

precipitation of a white Zn(OH), product. The mixture was
further stirred for 30 minutes to ensure complete precipitation.
The Zn(OH), precipitate was isolated via filtration and rigor-
ously washed with ultrapure water to eliminate any remaining
NaOH residues. To achieve homogenous dispersion, the
Zn(OH), precipitate was resuspended in ultrapure water and
subjected to ultrasonic treatment in a bath for 30 minutes. The
suspension was then transferred to a heating mantle and
maintained at 200 °C for 12 hours under continuous stirring in
vacuum oven.* This thermal treatment facilitated the dehy-
dration of Zn(OH),, leading to the formation of ZnO NPs.
Finally, the NPs were thoroughly washed with ethanol to elim-
inate any adsorbed organic impurities and dried at 60 °C

7976 | RSC Adv, 2026, 16, 7974-7991

overnight at vacuum oven. Obtained off-white powder as recy-
cled ZnO nominated as Rc-ZnO.

2.4. Fabrication of PVDF, PVDF/ZnO, PVDF/GO and PVDF/
ZnO/GO hybrid membranes

PVDF (3.0 g) was dissolved in a mixed solvent system of DMF/
acetone (1:2, v/v) to obtain a 5 wt/v% casting solution. Disso-
lution was carried out under stirring at 70 °C to ensure complete
polymer solvation and to minimize undissolved crystallites that
can act as unintended nucleation centers during subsequent
recrystallization and film formation.*® After obtaining a clear
PVDF solution, recycled ZnO (Rc-ZnO) or GO was added sepa-
rately at a total loading of 10 wt% (relative to PVDF) and
dispersed by continuous stirring, followed by thermal

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09097k

Open Access Article. Published on 10 February 2026. Downloaded on 2/20/2026 3:23:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

conditioning at 80 °C for 8 h to enhance dispersion uniformity
and promote controlled chain relaxation prior to casting. The
resulting dispersions were cast onto clean Petri dishes and
dried at 80 °C for 6 h to remove solvents and yield flexible self-
standing membranes, denoted PVDF/Rc-ZnO and PVDF/GO. For
the ternary PVDF/Rc-ZnO/GO membrane, the total filler loading
was maintained at 10 wt% and distributed as 5 wt% Rc-ZnO
microspheres +5 wt% GO. Rc-ZnO and GO were first co-
dispersed in the DMF/acetone mixture using bath sonication
(30 min, continuous mode) to promote deagglomeration and
homogeneous filler distribution. PVDF was then added to the
suspension and the mixture was magnetically stirred at 80 °C
for 12 h to strengthen filler-polymer interfacial interactions and
ensure stable viscosity prior to casting. The nanocomposite
solution was cast onto a clean glass substrate and dried in
a vacuum oven at 80 °C for 12 h (Scheme 2). The longer dwell
time for the ternary formulation was employed because the
dualfiller suspension exhibits higher viscosity and stronger
filler-filler/filler-polymer interactions, which slow solvent
diffusion; extended annealing was therefore required to reach
constant mass, stable thickness, and reproducible dielectric
measurements.

2.5. Characterization techniques

Fourier transform infrared (FT-IR) spectroscopy was employed
to investigate the chemical functionalities of the samples. The
measurements were conducted using an Attenuated Total
Reflection (ATR) accessory on a Vertex 70 spectrometer (Bruker,
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Germany). The spectra were acquired within a wavenumber
range of 4000-400 cm ' with a resolution of 4 cm™'. X-ray
diffraction (XRD) analysis was performed to elucidate the
phase composition and crystallographic structure of the as-
prepared samples. A Malvern Panalytical Empyrean 3 diffrac-
tometer was utilized for this purpose. This technique provided
high-resolution images of the surface features. Furthermore,
Scanning Electron Microscopy (SEM) (SEM-QUANTA FEG-250)
was employed to characterize the morphology and elemental
composition of the samples at high magnification.

2.6. Dielectric properties

Dielectric permittivity and loss tangent of the samples as
a function of frequency and temperature were carried out using
an impedance analyzer (HP4192). A magnetron sputtering
system (KVS C4055) was used to deposit gold (40 nm) on the
nanocomposites membranes as bottom and top contact. The
following relation is used to calculate the real part of dielectric
constant (¢):

e

S_A_SO )

where, C, is the capacitance, d is the thickness of the
membrane, A is the membranes' cross section area, and ¢, is the
permittivity of free space (8 x 10 '*). The energy loss in
a dielectric material through conduction in the form of heat is
called dielectric loss (¢). The following relation is used to
determine the dielectric loss value for the prepared samples:
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Scheme 2 Schematic illustration of the step-by-step fabrication procedure for PVDF, PVDF/Rc-ZnO, PVDF/GO, and PVDF/Rc-ZnO/GO hybrid

membranes.
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g’ =¢'tan o (2)

where, tan(¢) is the dielectric loss angle (dissipation factor)
which is determined from an impedance analyzer (HP4192).
Further, AC conductivity (gac) of the samples can be calculated
from the values of real part of dielectric constant and loss
tangent using the following equation:

gac = 2Ttfeqe tan o (3)

where f'is the frequency of the applied electric field during the
measurements.*

2.7. Calculation details

Model molecules for PVDF; protonated graphene oxide GO, and
deprotonated graphene oxide GO are indicated in Fig. 1. PVDF
is supposed to interact with GO; GO and ZnO through van der
Waals interaction forming GO/PVDF/ZnO and GO/PVDF/ZnO as
indicated also in Fig. 1. The studied molecules were subjected to
optimization at density functional theory method DFT; B3LYP
methods,* together with DGDZVP2 basis set. Calculations were
conducted with Gaussian 09**> soft code which was imple-
mented at National Research Centre. Total dipole moment
TDM, HOMO/LUMO energy gap were calculated then the
density of states DOS were mapped at the same level of theory.

3 Results and discussion

3.1. X-ray diffraction analysis

Prolonged drying at 200 °C resulted in the formation of
a powder, as confirmed by powder X-ray diffraction (XRD)
analysis in Fig. 2. The diffraction patterns revealed distinct
peaks corresponding to ZnO and residual carbon. Peaks at 26:
31.97°, 34.33°, 35.79°, 36.16°, 47.36°, 56.49°, 62.57°, 66.52°,
67.86°, and 69.16° were consistent with the hexagonal crystal

View Article Online

Paper
—— Rc-ZnO Micro-sphere\
100 - =
S Pos.[°20]  d-spacing [A]
= 29.1779 3.05817
5] 31.4072 2.846
80 + e 31.6941 2.82088
7 S 31.9739 2.79684
] S 34.3288 2.61017
2 60 S S 35.7932 2.50666
o - 36.1622 2.48193
-~ g = 47.3581 1.91801
£ < 56.4975 1.62751
g 407 g 62.5721 1.48331
2 S s 66.5229 1.40448
= 8 5 67.8577 1.38006
20 £ < 69.1614 1.3572
o -
T T T T T T T T T

1
0 10 20 30 40 50 60 70 80 90 100
20 (degree)

Fig. 2 X-ray diffraction (XRD) patterns of ZnO micro sphere.

structure of ZnO, as referenced by card number 01-075-0576.
The corresponding d-spacing values for these peaks are 3.058 A,
2.846 A, 2.821 A, 2.797 A, 2.617 A, 2.506 A, 2.482 A, 1.918 A, 1.627
A, 1.483 A, 1.404 A, 1.380 A, and 1.357 A, respectively. Notably,
peaks at 26 positions of 29.18°, 31.41°, and 31.69° were indexed
to carbon monoxide, aligning with reference card 01-082-
5764.337%

XRD patterns of the commercial PVDF (Fig. 3) show the
characteristic a-phase reflections at 26 = 18.6° (020) and 19.9°
(110), with a higher-angle feature around 26.4° (021), confirm-
ing that the pristine sheets are predominantly a-crystalline.** In
addition, the diffractograms display broad semi-amorphous
halos (=17.9-26.0° and 30-45°), evidencing the coexistence of
crystalline and amorphous domains typical of PVDF.* Upon
membrane formation and filler incorporation, the diffraction
profile evolves: the a-phase reflections broaden and lose
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Fig.1 Model molecules for the main structures in the present study whereas (a) PVDF, (b) deprotonated GO (d-GO), (c) protonated GO (GO), (d)
GO/PVDF, (e) GO/PVDF/ZnO, (f) GO/PVDF and (g) d-GO/PVDF/ZnO which calculated at B3LYP/DGDZVP2.
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Fig. 3 X-ray diffraction (XRD) patterns of PVDF, PVDF/GO, PVDF/ZnO,
and PVDF/ZnO/GO membranes.

intensity, while a peak centered at 20 = 20.2-20.4° becomes
more pronounced, consistent with the emergence of the
electroactive B-phase.***” Minor overlap with neighboring o/y
contributions can persist because PVDF polymorph reflections
are close in angle, but the strengthened ~20.4° feature together
with the suppressed o markers indicates a clear o — B enrich-
ment in the hybrid membranes.**** This phase evolution is
consistent with a filler-driven conformational bias, where polar
GO sheets and ZnO-containing domains promote dipole-
dipole/electrostatic interactions with PVDF's C-F dipoles and
favor the all-trans chain conformation associated with B-phase
crystallization, providing the structural basis for the enhanced
electrical relevant properties.****

3.2. Fourier transform infrared spectroscopy

The FT-IR spectra (Fig. 4a and b) validate both the successful
synthesis/functionalization of the fillers and the structure-
property pathway that underpins the electrical response of the
hybrid membranes. ZnO (embedded in the doped carbon
microspheres) shows the unexpected Zn-O surface phonon
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vibrations at 1410 and 877 cm ™" are attributed to trace carbon/
graphitic remnants (C-H deformation/C-C stretching) from the
carbon precursor,**¢ but do not compromise the dominant Zn-
O framework in the 400-700 em™" region (~445-510 cm™ ),
consistent with a preserved wurtzite lattice and in agreement
with the XRD-confirmed crystallinity.”” GO displays the canon-
ical oxygenated-carbon fingerprints at ~1050 cm ™" (C-0O, epoxy/
alkoxy), ~1372 cm ™ '(C-OH deformation), ~1620 cm " (sp>
C=C skeletal vibration), and ~1725 cm ' (C=O stretching),
with a broad O-H band (~3570 cm™"),*® confirming extensive
oxidation/hydroxylation that enhances interfacial compatibility
with PVDF. Critically, the membrane spectra (Fig. 4b) evidence
a filler-driven oo — B phase transition: neat PVDF shows a-phase
bands at 484 cm™' (CF, bending), 611 cm™' (CF,/skeletal
bending), and 870 cm ' (CH, rocking), whereas GO/ZnO
incorporation suppresses these o markers and strengthens
electroactive features at 840 cm ' ~* (B-phase CH, rocking) and
1275 em™ ' (B-phase CF, stretching) alongside reinforced bands
at 1068, 1167, and 1230 cm ™%, consistent with increased chain
ordering toward all-trans conformations. The selective appear-
ance of a 1673 cm™ ' band in PVDF-GO further supports strong
polymer-GO interfacial coupling (perturbed sp*/C=0 environ-
ment), while the attenuation of ZnO's FT-IR signatures is ex-
pected for deeply embedded inorganic domains beyond the
effective ATR penetration depth.

3.3. FE-SEM

Fig. 5 presents a comprehensive FE-SEM analysis of the
synthesized ZnO microspheres. At 13000x magnification
(Fig. 5a, scale bar = 10 um), the images reveal a high density of
microspherical ZnO particles with diameters ranging from
approximately 5 to 15 um. These microspheres display
a pronounced rough surface texture and evident agglomeration,
with larger spheres comprising smaller nanoscale subunits,
thereby forming a well-defined hierarchical architecture. At 250
00x magnification (Fig. 5b, scale bar = 5 pm), the surface
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Fig. 4 The FT-IR transmittance spectra for (a) recycled ZnO nanoparticles (Rc-ZnO) and graphene oxide (GO), and (b) PVDF, PVDF-Rc-ZnO,

PVDF-ZnO-GO, and PVDF-ZnO-GO hybrid membranes.
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Fig. 5 FE-SEM images of Recycled ZnO nanoparticles (Rc-ZnO) assembled in hierarchical micro spherical structure at different magnifications.

roughness is even more distinct as the microspheres are
enshrouded by a densely packed layer of smaller ZnO nano-
particles, creating a porous morphology that is highly favorable
for catalytic and sensing applications due to the increased
active surface area. Further magnification at 500 00x (Fig. 5c,
scale bar = 2 um) allows for clear visualization of individual
nanoparticles, which are spherical, uniformly distributed, and
exhibit diameters between 50 and 200 nm, underscoring their
potential for high catalytic activity through a greater density of
active sites. At 100 000x magnification (Fig. 5d, scale bar = 1
pm), the intricate arrangement of the nanoparticles becomes
evident, with tightly packed particles and well-defined bound-
aries that suggest enhanced mechanical stability and structural
integrity-critical attributes for electronic applications. To
conclude, the FE-SEM observations confirm that the ZnO
microspheres possess a robust hierarchical structure charac-
terized by high surface area, porosity, and mechanical
resilience.

Fig. 6 presents a systematic FE-SEM investigation of PVDF and
its hybrid membranes, revealing how nanoscale modifications
critically govern structural and functional evolution. Fig. 6(a) and
(b) shows the pure PVDF exhibits a dense, compact morphology
with localized surface irregularities and micro cracks, character-
istic of its semi-crystalline nature. While this architecture ensures
mechanical robustness, its low porosity and smooth surface
inherently restrict permeability and interfacial activity, a funda-
mental limitation in filtration or catalytic applications.*

The integration of recycled zincite (Rc-ZnO) into PVDF as in
Fig. 6(c) and (d) induces a striking morphological transition,
producing a heterogeneous, porous matrix with uniformly
dispersed ZnO nanoparticles. This nanoscale roughening,
observed at both 3000 (30 um scale) and 6000x (10 pm scale)
magnifications, amplifies surface area and introduces hierar-
chical porosity, which synergistically enhances hydrodynamic

7980 | RSC Adv, 2026, 16, 7974-7991

interactions and catalytic site accessibility. Such structural
tailoring directly addresses PVDF's intrinsic permeability-
performance trade-off.*

Graphene oxide (GO) incorporation as in Fig. 6(e) and (f),
further refines the membrane's architecture, with exfoliated GO
sheets intercalated within the PVDF matrix. The textured,
layered morphology not only augments hydrophilicity but also
reinforces mechanical integrity through GO's stress-transfer
capabilities. Crucially, the hybrid PVDF-GO-Rc-ZnO membrane
presented in Fig. 6(g) and (h) demonstrates a synergistic inter-
play: ZnO nanoparticles nucleate at GO defect sites, generating
a 3D-interconnected porous network with uniform pore distri-
bution (10-30 um scale). This hierarchical porosity maximizes
surface area while maintaining structural cohesion, enabling
simultaneous enhancements in filtration flux, antifouling
behavior, and catalytic efficiency.

The observed morphological progression-from PVDF's dense
baseline to the hybrid's multifunctional architecture-directly
correlates with performance metrics. The Rc-ZnO/GO co-
incorporation achieves a critical balance: GO provides mechan-
ical reinforcement and interfacial activation, while ZnO introduces
catalytic functionality and pore templating. This combinatorial
strategy overcomes PVDF's inherent limitations, positioning the
hybrid membrane as a versatile platform for advanced applica-
tions requiring high throughput, selective separation, and reactive
surface engineering. Future work will quantify structure property
relationships through pore-size distribution analysis and nano-
indentation, further elucidating design principles for next-
generation nanocomposite membranes.

3.4. Molecular modeling

Molecular modeling was conducted to describe the mechanism
of interaction between PVDF, GO, and ZnO. The formation of
the composite studied could be aided by the molecular

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 FE-SEM images illustrate the surface morphology of (a and b) PVDF, (c and d) PVDF-Rc-ZnO, (e and f) PVDF-ZnO, and (g and h) PVDF-GO-

Rc-ZnO hybrid membranes.

modeling in terms the model molecule described in Fig. (7). The
models in Fig. (7) describe the main structures in the present
study whereas (a) PVDF, (b) deprotonated GO, (c) protonated
GO, (d) GO/PVDF, (e) GO/PVDF/ZnO, (f) GO/PVDF, and (g) d-GO/
PVDF/ZnO. To describe the physical features of the studied
composite both the total dipole moment and HOMO/LUMO
energy gap were calculated and listed in Table 1 for the
studied structures. For a given chemical composite increasing
the values for TDM with decreasing HOMO/LUMO energy could
be correlated with the composite reactivity as stated earlier.>® As
indicated in Table 1, the TDM of PVDF was 16.796 debye while
the AE is also high 9.251 eV. GO shows TDM and AE as 3.868
debye and 2.799 eV respectively. GO as compared with GO
shows a bit higher TDM (10.849 debye) and lower AE (1.334 eV).
This indicated that GO is more reactive than GO. Both GO/PVDF

© 2026 The Author(s). Published by the Royal Society of Chemistry

and GO/PVDF/ZnO composites are reactive in terms of the
calculated TDM and AE values. The values for both GO/PVDF
and GO/PVDF/ZnO are more reactive as their AE became
0.025 eV and 0.833 eV. Correlating the results, d-GO enhances
the reactivity of PVDF more than GO. To confirm this finding it
is important to follow up the molecular orbitals for PVDF as far
as interacts with d-GO and GO as well. This could be studied
with the help of density of states (DOS) as in the following
section.

3.5. Density of states (DOS)

The density of states (DOS) is a fundamental descriptor of the
electronic structure, quantifying the number of electronic states
available per unit energy interval.** Pure PVDF (Fig. 7a) exhibits
fully occupied valence states and a very large HOMO-LUMO gap

RSC Adv, 2026, 16, 7974-7991 | 7981
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Fig. 7 Density of States (DOS) for the primary structures investigated:

-10.0 -7.5 -5.0

Energy (eV)

-2.5 0.0

(a) PVDF, (b) graphene oxide (GO), (c) deprotonated GO (d-GO), (d) GO/

PVDF composite, (e) GO/PVDF/ZnO composite, (f) d-GO/PVDF composite, and (g) d-GO/PVDF/ZnO composite, computed at the B3LYP/

DGDZVP2 level.

Table1 Totaldipole moment TDM as Debye and HOMO/LUMO band
gap energy AE as eV for the studied structures PVDF, GO, d-GO, GO/
PVDF, GO/PVDF/ZnO, d-GO/PVDF and d-GO/PVDF/ZnO which
calculated at B3LYP/DGDZVP2

Structure TDM AE

PVDF 16.796 9.251
GO 3.868 2.799
d-GO 10.849 1.334
GO/PVDF 13.595 1.519
GO/PVDF/ZnO 15.172 1.595
d-GO/PVDF 12.241 0.025
d-GO/PVDF/ZnO 16.199 0.833

(AE = 9.251 eV), consistent with its intrinsically insulating
response and the dominance of bound-dipole polarization only.
In contrast, GO (Fig. 7b; AE = 2.799 eV) introduces accessible
unoccupied states and a far narrower gap, enabling interfacial
charge accumulation/hopping that manifest experimentally as
the strong low-frequency enhancement of ¢ (where interfacial/
space-charge polarization can follow the field) and the

7982 | RSC Adv, 2026, 16, 7974-7991

expected decay of ¢ with frequency as these slow processes fall
out of phase. Deprotonation is the key electronic “switch”: d-GO
(Fig. 7c; AE = 1.334 eV) shows a marked increase of occupied/
virtual-state density across o/f spin channels, ie., stronger
charge delocalization and more transfer-ready states, which
explains why d-GO-containing hybrids are predicted to have the
most facile carrier dynamics (d-GO/PVDF AE = 0.025 eV; d-GO/
PVDF/ZnO AE = 0.833 eV). When GO (or d-GO) is embedded in
PVDF (Fig. 7d and f) and further coupled with ZnO (Fig. 7e and
g), new interfacial states appear and the effective gap collapses
relative to PVDF, while the total dipole moment remains high
(e.g., GO/PVDF TDM 13.595 D, GO/PVDF/ZnO 15.172 D, d-GO/
PVDF/ZnO 16.199 D), producing a dual dielectric benefit: (i)
higher ¢’ at low f via Maxwell-Wagner-Sillars interfacial polar-
ization and microcapacitor-like charge storage, and (ii) higher
GAC because cAC scales directly with f¢’ tan 6, rationalizes the
dielectric/impedance results by showing how GO chemistry and
ZnO coupling progressively “activate” electronic states that are
absent in pristine PVDF suggests that these materials possess
enhanced electron transfer pathways, which are crucial for
applications in electronic devices.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.6. Verification of the model studied

As illustrated in Fig. 8, the FT-IR spectrum for the d-GO/PVDF/
ZnO composite was calculated using the B3LYP/DGDZVP2
method. The absence of negative frequencies in the calculated
spectrum suggests the stability of the optimized molecular
structure, indicating the suitability of the model for the studied
composite.**** This outcome affirms that the IR spectrum was
derived from an optimized structure, underscoring the accuracy
and reliability of the B3LYP/DGDZVP2 method. Further valida-
tion was performed through a comparison between the calcu-
lated IR spectrum and the experimental FT-IR data, as shown in
Table 2. The results demonstrate a strong correlation between
the calculated and experimental frequencies, confirming the
robustness of the model studied. Specifically, the calculated IR
frequencies closely match those obtained from FT-IR, support-
ing the accuracy of the computational approach.

3.7. Dielectric properties-frequency dependence

Fig. 9 depicts the dielectric constant (¢/) as a function of
frequency (f) for (a) PVDF polymer, (b) PVDF polymer doped
with reduced graphene oxide (GO), (c¢) PVDF polymer doped
with ZnO, and (d) PVDF polymer doped with ZnO/GO at various
temperatures (30 °C to 80 °C).

The experimental results data in Fig. 9(a) presents the PVDF
polymer. At lower frequencies, the dielectric constant is rela-
tively high across all temperatures because all polarization
mechanisms (electronic, ionic, dipolar, and interfacial) can
effectively align with the applied electric field. As the tempera-
ture increases, the dielectric constant tends to be higher in the
low-frequency region (f < 1000 Hz). While at higher tempera-
tures (80 °C), the dielectric constant is greater than that at lower
temperatures (30 °C), as elevated temperatures enhance the
mobility of polymer chains and dipoles, allowing for better
alignment and polarization. However, as the frequency
increases (around 10* Hz) the dielectric constant begins to
decrease because of the slower polarization mechanisms
(dipolar and interfacial), start lagging behind the rapidly
changing electric field. Although further increases in tempera-
ture continue to produce higher dielectric constants compared
to lower temperatures, the difference becomes less pronounced

View Article Online
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Table 2 Comparison between FT-IR and calculated IR for d-GO/
PVDF/ZnO which calculated at B3LYP/DGDZVP2

FTIR Calculated Assignment

484 488 CF, bending

611 628 CF, bending and skeletal bending
modes

870 893 CH, rocking

1673 1672 C=C sp* hybridization of GO

in the low-frequency region. At the highest frequencies (f > 10
kHz), the dielectric constant is lower for all temperatures, since
only the fastest polarization mechanisms (electronic and ionic)
can flow the high-frequency (electric field changes).

In the low-temperature range (30-50 °C), the dielectric
constant remains relatively stable, with a slight increase
observed due to improved dipolar alignment at lower frequen-
cies (f< 10 kHz). As frequency increases, the dielectric constant
decreases but remains slightly higher than at lower tempera-
tures. At higher temperatures (50 °C < T < 80 °C), the dielectric
constant shows a more pronounced increase at low frequencies
(f< 10 kHz). While in the mid-frequency range (10 kHz < f < 100
kHz), the decrease is more significant, and at high frequencies (f
>100 kHz) the values begin to converge. This behavior indicates
enhanced molecular mobility and polarization at elevated
temperatures, reflecting maximum dipolar alignment. As the
frequency further increases, the dielectric constant decreases
sharply due to thermal agitation disrupting polarization, with
the high-frequency values approaching those at lower temper-
atures as only electronic and ionic mechanisms contribute.
These experimental observations suggest that PVDF is well-
suited for applications such as sensors or capacitors operating
at low frequencies and high temperatures, where a higher
dielectric constant can enhance sensitivity and energy storage
capacity. Conversely, the lower dielectric constant and its
stability at high frequencies are beneficial for consistent
performance in high-speed circuits and components.

Fig. 9(b) depicts the results of PVDF polymer doped with
reduced graphene oxide (GO). The GO doped PVDF shows
a generally higher dielectric constant compared to undoped
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3,000 — 2,000
1,800
2,500 [ 1600 O
L ~~

-~~~ -

o '2,000 - 1,400 B
£ F1,200 3
5 C

o 1,500 F 1,000 @
< F800 &
w 1,000 Lern s

500 | [400 S
200
0 - T T T T T T T T T T T T T ! T T T 1 - 0
-500 0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000
Frequency (cm™)

Fig. 8

© 2026 The Author(s). Published by the Royal Society of Chemistry

IR spectrum for d-GO/PVDF/ZnO which calculated at B3LYP/DGDZVP2.
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Fig.9 Dielectric constant (¢) as a function of frequency (f) for (a) PVDF polymer, (b) PVDF/GO, (c) PVDF/ZnO, and (d) PVDF/ZnO/GO membranes

at different temperature (30-80 °C).

PVDF due to the metallic behavior of the GO, which in turn
makes nanoelectrods inside the samples and increased its total
capacitance. This indicates that GO doping enhances the
dielectric properties, likely due to increased interfacial polari-
zation and improved dipole alignment. The decrease in
dielectric constant with frequency is less steep in GO doped
PVDF compared to undoped PVDF, suggesting that GO helps
maintain higher polarization capabilities at higher frequencies.
The temperature influence on the dielectric constant is more
pronounced in GO doped PVDF at low frequencies. However, at
high frequencies, the convergence of dielectric constants across
temperatures indicates that GO does not significantly alter the
high-frequency polarization mechanisms. The higher dielectric
constant at low frequencies makes GO doped PVDF suitable for
capacitors with higher energy storage capacity, efficiency,
advanced medical sensors and implantable devices, piezoelec-
tric sensors, actuators, which rely on the material's ability to
polarize and depolarize efficiently, as well as the flexible elec-
tronic components and effective EMI shielding materials, pro-
tecting electronic devices from electromagnetic interference
(providing stable performance across a range of frequencies
and temperatures).

At frequencies (f< 10® Hz), the dielectric constant is relatively
high for all temperatures. This behavior is due to the contri-
bution of all polarization mechanisms. For the higher temper-
atures (80 °C), the ¢ is higher compared to lower temperatures
(30 °C). This indicates enhanced dipole mobility and interfacial
polarization at raised temperatures and improved dipolar
orientation with temperature. But with increasing frequency,

7984 | RSC Adv, 2026, 16, 7974-7991

the dielectric constant starts to decrease. The dipoles cannot
follow the faster alternating electric field as efficiently. Rising
temperatures (70-80 °C) show higher dielectric constants (65)
than lower temperatures (55), though the difference reduces. At
high frequencies (f > 100 kHz), the dielectric constant is lower
across all temperatures. This is because only the electronic and
ionic polarization can keep up with the high-frequency (electric
field) changes. In addition, at different temperatures, the
dielectric constant values converge more closely at higher
frequencies, reflecting reduced temperature influence on the
polarization mechanisms active at these frequencies. At higher
temperature (80 °C), the dielectric constant is significantly
higher at low frequencies, reflecting maximum dipolar align-
ment. As frequency increases, the dielectric constant decreases
sharply, indicating more pronounced thermal agitation effects.
At high frequencies, the dielectric constant values converge
closely with those at lower temperatures.

Fig. 9(c) depicts the results of PVDF polymer doped with
ZnO. The dielectric constant is relatively high across all
temperatures, approximately the values of ¢’ ranging from 55 to
70 because of all polarization mechanisms (electronic, ionic,
dipolar, interfacial) can align with the electric field. The sample
of ZnO doping exhibited higher dielectric constant compared to
undoped PVDF, indicating enhanced dielectric properties due
to increased polarization capabilities. Whiles, it is lower than
that of GO doped PVDF, suggesting that GO has a more
significant impact on enhancing the dielectric properties of
PVDF. At higher temperatures (80 °C), the sample shows
a higher ¢ compared to lower temperatures (30 °C). This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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suggests enhanced dipole mobility and interfacial polarization
at elevated temperatures. with rising frequency, the dielectric
constant decreases. The dipoles cannot flow the applied alter-
nating electric field. Moreover, the higher temperatures show
higher dielectric constants than lower temperatures, but the
difference begins to diminish.

Fig. 9(d) shows the results of PVDF polymer doped with ZnO
and reduced graphene oxide (GO). The dielectric constant
decreases with increasing frequency, which is a common
behavior in dielectric materials due to the inability of dipoles to
follow the rapidly changing electric field at higher frequencies.
At lower frequencies, the dielectric constant is higher, indi-
cating greater polarization. Additionally, the experimental data
points reveal that the dielectric constant generally decreases
with increasing temperature, suggesting thermal agitation
reduces the polarization efficiency within the material. The
spread of data points for each temperature reflects this
temperature-dependent behavior, with higher temperatures
leading to a more pronounced decrease in dielectric constant at
a given frequency. This trend signifies the interplay between
thermal effects and frequency response in the dielectric prop-
erties of the doped PVDF polymer.

Fig. 10(a-d) shows the dielectric tangent loss (tan 6) versus
frequency profiles for PVDF, GO-doped PVDF, ZnO-doped
PVDF, and ZnO/GO co-doped PVDF polymers. The experi-
mental results of the tangent loss (tan¢) reveals important
information about the energy dissipation characteristics of
these materials. The measurements were conducted over
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a temperature range from 30 °C to 80 °C, offering valuable
insights into how doping with ZnO and GO affects the dielectric
properties and energy loss mechanisms of the PVDF matrix
under varying thermal conditions. For all samples, tan (4)
generally decreases with increasing frequency, indicating
reduced energy dissipation at higher frequencies as dipole
relaxation and charge carrier movement become less response
for the rapidly changing electric field. The co-doped PVDF
samples exhibits lower dielectric losses compared to its doped
with the single filler, reflecting less internal friction and energy
loss. The ZnO doping increases the dielectric loss due to the
enhanced polarization and charge carrier activity introduced by
the ZnO particles. Similarly, GO doping also increases dielectric
loss, attributed to the conductive pathways and higher charge
carrier mobility provided by the GO. The combination of ZnO
and GO in the PVDF matrix results in the lowest dielectric los-
ses, likely due to the synergistic effects of both dopants, which
enhance polarization and charge carrier dynamics. Addition-
ally, higher temperatures generally lead to increased dielectric
losses for all samples at lower frequencies, due to intensified
molecular motion and greater charge carrier mobility. However,
this temperature effect diminishes at higher frequencies where
the tan¢ values converge, indicating a reduced impact of
thermal agitation. This analysis highlights the complex inter-
play between doping, frequency, and temperature in deter-
mining the dielectric properties of PVDF-based composites.
Fig. 11 depicts the AC conductivity (o,.) versus frequency
relationship for PVDF polymer, GO-doped PVDF polymer, ZnO-
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Fig. 10 Dielectric tangent loss (tan 6) versus frequency for (a) PVDF polymer, (b) PVDF/GO, (c) PVDF/ZnO, and (d) PVDF/ZnO/GO membranes at

different temperature (30-80 °C).
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different temperature (30-80 °C).

doped PVDF polymer, and ZnO/GO co-doped PVDF polymer.
Whole the temperature ranges from 30 °C to 80 °C reveals
crucial information about the charge transport mechanisms in
these materials. Generally, AC conductivity increases with
frequency for all samples, indicating a typical behavior where
higher frequencies facilitate easier charge carrier movement.
Pure PVDF shows the lowest conductivity due to its intrinsic
insulating nature. But GO doping leads to a more significant
increase in AC conductivity compared to ZnO doping alone,
attributed to GO's excellent electrical conductivity and the
formation of conductive networks within the polymer. While
ZnO doping enhances the AC conductivity as ZnO particles
introduce additional charge carriers and facilitate their move-
ment through the polymer matrix. The co-doping of ZnO and
GO in PVDF results in the highest AC conductivity, likely due to
the combined effects of ZnO's charge carrier generation and
GO's conductive pathways, significantly boosting the overall
charge transport. Additionally, increasing the temperature
generally enhances the AC conductivity for all samples, espe-
cially at lower frequencies, due to the increased thermal energy
that promotes charge carrier mobility. However, at higher
frequencies, the temperature effect on AC conductivity becomes
less pronounced, indicating that frequency has a more domi-
nant influence on charge transport dynamics. This behavior
underscores the synergistic impact of frequency and tempera-
ture on the electrical properties of PVDF-based composites,
particularly when modified with conductive and semi conduc-
tive dopants like ZnO and GO.

7986 | RSC Adv, 2026, 16, 7974-7991

Fig. 12(a) presented the relationship between the dielectric
constant (¢') and temperature for PVDF polymer, GO-doped
PVDF polymer, ZnO-doped PVDF polymer, and ZnO/GO co-
doped PVDF polymer at a constant frequency (200 kHz). These
results reveals important insights into how temperature affects
the polarization mechanisms in these materials. Generally, the
dielectric constant tends to decrease with increasing tempera-
ture for all samples. In pure PVDF, this decrease is due to the
reduced alignment of dipoles as thermal agitation increases,
leading to lower polarization. In GO-doped PVDF, the dielectric
constant is also elevated due to the high polarizability of GO
and its conductive nature, which enhances interfacial polari-
zation. Yet, as temperature rises, this enhancement diminishes
due to increased thermal agitation. When ZnO is doped into
PVDF, the dielectric constant is higher compared to pure PVDF,
attributed to the added polarization from the ZnO particles.
However, with increasing temperature, the dielectric constant
still decreases as the thermal energy disrupts the alignment of
the dipoles and the charge carriers contributed by ZnO. The
ZnO/GO co-doped PVDF exhibits the highest dielectric constant
among the samples, reflecting the combined effects of ZnO and
GO in boosting polarization. Despite this, the dielectric
constant of the co-doped sample also decreases with tempera-
ture, highlighting the overarching influence of thermal agita-
tion in reducing dipole alignment and polarization. This
behavior underscores the complex interplay between material
composition, temperature, and dielectric properties, demon-
strating that while dopants like ZnO and GO can enhance

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Relationship between dielectric loss and temperature for (a) PVDF polymer, (b) GO/PVDF, (c) ZnO/PVDF, and (d) ZnO/GO/PVDF

membranes at a constant frequency (200 kHz).

dielectric performance, elevated temperatures universally
reduce the dielectric constant across all materials.

Fig. 12(b) depicted the relationship between dielectric loss
and temperature for PVDF-based polymer composites of pure
PVDF, GO-doped PVDF, ZnO-doped PVDF, and ZnO/GO-doped
PVDF at a constant frequency (200 kHz). Dielectric loss, which
measures the energy lost as heat due to dielectric polarization
and resistive effects, generally increases with temperature due
to enhanced molecular mobility and increased ionic conduc-
tion. For pure PVDF, dielectric loss tends to rise with temper-
ature as thermal activation facilitates dipolar motion. The ZnO
doping typically lowers dielectric loss at higher temperatures by
reducing the polymer's resistive component, owing to ZnO's
ability to stabilize the polymer matrix and improve charge
carrier transport. On the other hand, GO doping can increase
dielectric loss due to additional conductive pathways and
increased interfacial polarization. When both ZnO and GO are
combined in PVDF, the overall dielectric loss at elevated
temperatures reflects a complex interplay between reduced
resistive losses and enhanced polarization effects, making this
composite particularly interesting for applications requiring
optimized energy dissipation. Fig. 12(c) shows the relationship
between dielectric tangent loss and temperature for PVDEF-
based polymers-namely, pure PVDF, GO-doped PVDF, ZnO-
doped PVDF, and ZnO/GO-doped PVDF at a constant
frequency (200 kHz) provides a clear picture of energy dissipa-
tion behaviors across different composites. Dielectric tangent

© 2026 The Author(s). Published by the Royal Society of Chemistry

loss, defined as the ratio of dielectric loss to the dielectric
constant, quantifies the inefficiency of energy storage in
a material. For pure PVDF, tangent loss typically increases with
temperature due to enhanced dipolar relaxation and increased
ionic conduction. In contrast, GO-doped PVDF often shows
increased tangent loss at elevated temperatures due to addi-
tional conductive paths and increased interfacial polarization
effects.

In ZnO-doped PVDF, tangent loss may decrease at higher
temperatures because ZnO enhances charge transport and
stabilizes the polymer matrix, reducing resistive losses. The
ZnO/GO-doped PVDF composite generally exhibits complex
behavior; the interplay between ZnO's stabilizing effects and
GO's conductive properties results in a nuanced temperature-
dependent tangent loss profile. This combined effect high-
lights the material's potential for applications requiring opti-
mized dielectric performance and energy dissipation at varying
temperatures.

Fig. 12(d) shows the relationship between AC conductivity
(0ac) and temperature for PVDF polymer, GO-doped PVDF
polymer, ZnO-doped PVDF polymer, and ZnO/GO co-doped
PVDF polymer at a constant frequency of 200 kHz reveals how
temperature influences charge transport in these materials. As
the temperature increases from 30 °C to 80 °C, the AC
conductivity of all samples generally rises, reflecting enhanced
thermal activation of charge carriers. For pure PVDF, the
increase in conductivity is relatively modest due to its insulating
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nature and limited charge carrier mobility. ZnO doping signif-
icantly boosts the AC conductivity compared to pure PVDF, as
ZnO particles introduce additional charge carriers and facilitate
their movement. GO-doped PVDF shows an even more
pronounced increase in conductivity with temperature, attrib-
uted to GO's excellent electrical conductivity and its ability to
create conductive networks that improve charge transport. The
combination of ZnO and GO in the PVDF matrix results in the
highest AC conductivity, demonstrating a synergistic effect
where ZnO provides more charge carriers and GO ensures effi-
cient pathways for their movement. This combined effect is
particularly evident at higher temperatures, where the thermal
energy further enhances the mobility of charge carriers, leading
to a steep rise in conductivity. The results shows that the
analysis indicates that doping PVDF with ZnO and GO signifi-
cantly improves its AC conductivity, especially at elevated
temperatures, due to enhanced charge carrier generation and
improved transport pathways.

Finally, in this study, the primary focus is a mechanistic
investigation of how recycled carbon derived ZnO (Rc-ZnO)
affects interfacial polarization, dielectric permittivity, and
dielectric loss behavior in PVDF-based composite membranes.
While the use of waste derived precursors is an important
contextual element, the central contribution lies in elucidating
the structure property relationships governing dielectric
enhancement in these composites. Here, upcycling is defined as
the transformation of waste-derived carbon precursors into
functional nanostructured fillers with enhanced dielectric
functionality. The dielectric constant and loss tangent of the
PVDF/Rc-ZnO composites are compared with the PVDF-based
dielectric systems, demonstrating competitive dielectric
enhancement at relatively low filler loadings while maintaining
controlled dielectric loss. These material characteristics
specifically the combination of enhanced permittivity and
acceptable loss support the relevance of the present composites
for flexible dielectric layers in capacitive and energy-storage-
related applications, thereby providing a clear link between
the mechanistic findings and potential device relevance.

4 Conclusion

This study establishes a circular route to fabricate electroactive
PVDF hybrid membranes by upcycling spent Zn-C batteries into
carbon-doped recycled ZnO (Rc-ZnO) microspheres and inte-
grating Re-ZnO and/or graphene oxide (GO) into solution-cast
PVDF. XRD/FT-IR confirm a filler-driven o« — B phase enrich-
ment via suppression of a-phase signatures and strengthening
of pB-sensitive bands indicating improved all-trans chain
ordering that supports electroactivity. Electrically, dielectric
measurements show frequency-dependent dispersion with
enhanced interfacial polarization: GO and Rc-ZnO elevate
permittivity compared with neat PVDF (¢’ reported ~55-70 for
ZnO-filled films), and ZnO/GO combination yields the highest
AC conductivity with reduced loss relative to single-filler cases,
reflecting synergistic carrier generation (ZnO) and conductive
pathways (GO). DFT supports this mechanism by revealing
a strong reduction in the electronic gap upon GO/ZnO
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interfacial coupling (PVDF: 9.251 eV vs. GO/PVDF/ZnO:
1.595 eV; d-GO/PVDF/ZnO: 0.833 eV) and a high dipole
moment, consistent with activated polarization and facilitated
charge transport. Future work should (i) standardize and report
the B-phase fraction using an established FT-IR quantification
protocol, and (ii) directly correlate composition with perfor-
mance by mapping device-level and piezoelectric efficiency
metrics (e.g., ds3, output voltage/current, and energy density) as
a function of the Rc-ZnO/GO doping ratio.
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