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In this study, porous polysiloxane (PS)/multi-walled carbon nanotube (MWCNT) nanocomposite films were

developed as high-performance triboelectric layers for flexible triboelectric nanogenerators (TENGs).

TENGs convert mechanical motion into electricity and offer a promising solution for self-powered

electronic systems. The nanocomposites were fabricated using a doctor blading method, and porosity

was introduced via a simple, scalable salt-leaching technique. Sieved salt particles of varying sizes

produced films with fine, medium, and large pores. Raman spectroscopy confirmed uniform MWCNT

dispersion and strong interfacial interaction within the PS matrix. SEM analysis verified controlled pore

morphology. Dielectric measurements showed reduced permittivity with increasing pore size due to air

void incorporation. Triboelectric performance improved significantly with porosity; the medium porosity

sample exhibited the best output with an open-circuit voltage of 65 V, short-circuit current of 6.9 pA,

Received 11th August 2025
Accepted 28th August 2025

and a power density of 280.6 mW m™2. This enhancement is attributed to the optimized combination of

surface roughness, contact area, and dielectric behavior, promoting efficient charge generation and
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1. Introduction

As our world becomes more connected through wearable
devices, wireless sensors, and smart technologies, the need for
lightweight, flexible, and sustainable energy sources continues
to increase."™ Triboelectric nanogenerators (TENGs) have
emerged as a promising solution, capable of converting
everyday mechanical motions - such as walking, tapping, or
subtle vibrations—into usable electrical energy,>'® and recent
studies have highlighted their applications in water splitting,
wind, and wave energy harvesting."*"** Their simple design, low
cost, and ability to work with a wide range of materials make
TENGs an appealing option for powering small electronics,
especially in remote or off-grid settings.***

The performance of a TENG mainly depends on the mate-
rials used in its fabrication.’*2* PS, a soft and stretchable
polymer, is commonly used because of its durability and
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transfer. These results highlight the potential of microstructural engineering in porous nanocomposites
for next-generation energy harvesting applications.

flexibility.****>*>*” However, a challenge with polysiloxane is its
relatively low dielectric permittivity, which limits how much
electrical charge it can store and transfer during contact.”*>*' To
improve this, researchers have investigated adding conductive
nanomaterials, such as MWCNTSs, to create nanocomposites
that boost charge trapping and overall electrical response.**’
Conductive nanofillers like MWCNTSs can form localized micro-
capacitor structures, known as the nanocapacitor effect, within
the polymer matrix. These nanoscale capacitive networks
enhance charge storage, interfacial polarization, and dielectric
response, leading to improved triboelectric performance.
Several studies have confirmed this mechanism, demonstrating
that filler distribution and nanocapacitor formation signifi-
cantly increase TENG output efficiency.***

Another effective method to boost TENG output is adding
porosity to the triboelectric layer. Introducing air-filled pores
increases surface roughness, improves the actual contact area,
and changes dielectric properties in ways that favor triboelectric
charge generation.”*** Although various techniques have
been suggested to create porosity, many require complex
equipment or lack precise control of pore structure.”>***

In this study, we introduce a simple, controllable, and cost-
effective method for fabricating porous PS/MWCNT nano-
composite films using salt leaching technique. Uniformly
sieved salt particles were manually sprayed onto the surface of
the uncured polymer, serving as a sacrificial porogen. Following
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the curing process, the salt was removed by leaching, resulting
in a porous structure with tunable pore sizes. This approach
enables systematic control over the microstructure of composite
films. The influence of pore size on dielectric properties was
comprehensively investigated and shown to have a direct
impact on the electrical performance of the resulting TENG
devices. This combined strategy of nanofiller reinforcement and
tailored porosity offers a scalable route for optimizing TENG
materials and holds significant promise for the development of
high-performance, flexible energy harvesting systems for real-
world applications.

2. Materials and methods

2.1. Materials

MWCNTs were obtained from Southwest NanoTechnologies
(SWeNT, Norman, OK, USA). Ethanol (=95.0% purity) was
purchased from Merck (Darmstadt, Germany) and used as
a dispersion medium. Nylon was sourced from commercially
available nylon socks made of 90% nylon and 10% other poly-
mers, with an average thread diameter of 43 pm. These nylon
threads served as the positive triboelectric material due to their
strong electron-donating properties.*®* For the negative tribo-
electric layer, polysiloxane (Xinus Silicone Parts 20A and 20B)
was chosen because of its high negative triboelectric polarity,
excellent mechanical flexibility, and strong electron affinity.
These qualities make polysiloxane an effective material for
charge generation and transfer when paired with nylon. Besides
its favorable triboelectric properties, polysiloxane offers bene-
fits such as low cost, commercial availability, and ease of pro-
cessing, making it suitable for flexible TENG fabrication.***"
Aluminum foil (SoftyME, 10 um thick) was used as the electrode
material to collect and transfer electrical signals generated
during TENG operation. All materials were used as received
unless otherwise specified.

2.2. Functionalization of MWCNTSs and preparation of
0.05 wt% Ethanol/MWCNT mixture

2.2.1. Functionalization process. MWCNTs were first puri-
fied using 30% nitric acid (HNOj3) (Carlo Erba, Milan, Italy) and
deionized (DI) water. After purification, 100 mg of MWCNTs
were subjected to oxidative treatment by mixing with 4 mL of
65% HNO; and 12 mL of 93.6-95.6% sulfuric acid (H,SO,) (AO
Base No. 1 Chemical Reagents, Moscow, Russia). The mixture
was placed in a glass vessel and ultrasonicated at 68 kHz while
maintaining a temperature of 50 °C for 3 hours. After the
reaction, 500 mL of DI water was added to dilute the mixture,
and the suspension was allowed to stabilize for 12 hours. The
resulting product was filtered under vacuum and thoroughly
washed with DI water until a neutral pH was reached. Finally,
the functionalized MWCNTSs were dried in an oven at 40 °C for
24 hours. The presence of oxygen-containing functional groups
on the MWCNTs was confirmed by Fourier-transform infrared
spectroscopy using an IR Affinity-1 spectrometer (Shimadzu,
Kyoto, Japan).*
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2.2.2. Preparation of 0.05 wt% Ethanol/MWCNT disper-
sion. As shown in Fig. 1a, functionalized multi-walled carbon
nanotubes (FMWCNTs) were precisely weighed and dispersed
in ethanol to prepare the nanofiller solution for incorporation
into the PS matrix. Specifically, 0.005 g of - MWCNTs was added
to 10 mL of ethanol, yielding a 0.05 wt% concentration relative
to the total mass of the ethanol/ffMWCNT mixture. This
concentration was selected based on both literature precedents,
which demonstrates that 0.05 wt% is effective for enhancing
triboelectric and dielectric performance in polymer/MWCNT
systems,*>** and our own optimization studies on PSMWCNT
composites. In our experiments, 0.01, 0.03, 0.05, and 0.1 wt%
f-MWCNT concentrations were tested, and 0.05 wt% was found
to provide the best balance of electrical output, dielectric
enhancement, and material homogeneity, making it the
optimal choice for the present study.

To ensure effective dispersion and minimize the agglomer-
ation of nanotubes—commonly caused by strong van der Waals
interactions—each mixture was subjected to ultrasonication for
1 hour using a high-power probe sonicator operating at 500 W
and 20 kHz. This process effectively breaks nanotube bundles
and facilitates the formation of a stable, homogeneous
suspension, which is essential for uniform integration into the
polysiloxane matrix during subsequent film fabrication steps.

2.3. Fabrication of 0.05 wt% PS/MWCNT nanocomposites
using the doctor blading method

The PS/MWCNT nanocomposite films were prepared using the
doctor blading method, a widely used and cost-effective tech-
nique for fabricating thin films with uniform thickness.>*"*
This method is particularly advantageous due to its simplicity,
scalability, and ability to precisely control film thickness by
adjusting the blade gap. It also allows for rapid deposition over
large areas and is compatible with a variety of substrates and
viscous materials, making it highly suitable for flexible elec-
tronic applications such as TENGs.>>*¢

In this study, we focused on fabricating nanocomposites
containing 0.05 wt% f-MWCNTSs, a concentration previously
found to provide favorable performance characteristics. To
begin with, equal amounts of the two components of the poly-
siloxane system (Xinus Silicone Parts 20A and 20B) were mixed
in a 1:1 weight ratio, as recommended by the manufacturer.
The mixture was stirred thoroughly for 10 minutes to ensure
a homogeneous and bubble-free base matrix.

In parallel, 0.05 wt% of f-MWCNTs (relative to the total
weight of the ethanol/MWCNT dispersion) were dispersed in
ethanol and sonicated to improve dispersion quality. This
dispersion was then slowly added to the polysiloxane mixture,
followed by vigorous stirring for 15 minutes to ensure uniform
distribution of the nanotubes throughout the polymer network.
The resulting nanocomposite was cast onto clean aluminum
foil, which served both as the substrate and the bottom elec-
trode in the final TENG device. A doctor blade with a fixed gap of
200 um was used to spread the mixture, resulting in a uniform
and controlled film thickness. The coated films were allowed to
dry at room temperature for 48 hours, ensuring complete

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) Preparation of functionalized f-MWCNT dispersions in ethanol at a concentration of 0.05 wt% using probe ultrasonication; (b)

schematic illustration of the fabrication process of PS/MWCNT nanocomposite films via the doctor blading method.

solvent evaporation and promoting a smooth, defect-free
surface.

After curing, the nanocomposite films were gently peeled off
the aluminum foil and cut into 4 cm x 4 cm squares for device
assembly. The final thickness of the films was measured to be
approximately 190 pm, with minor variation across samples.
For comparison, a reference sample composed of non-porous
PS/MWCNT nanocomposite film was prepared using the same
method. This allowed for a direct evaluation of the impact of
MWCNT incorporation on the dielectric and triboelectric
behavior of the fabricated TENGs.

This approach demonstrates that the doctor blading tech-
nique is not only versatile and easy to implement but also highly
effective for fabricating reproducible, high-quality nano-
composite films for energy harvesting applications.

2.4. Fabrication of porous structure on the surface of PS/
MWCNT nanocomposite by using salt leaching method

As illustrated in Fig. 2, surface porosity in the PS/MWCNT
nanocomposite films was introduced using the salt leaching
method, in which uniformly sieved salt crystals served as
sacrificial porogens.”” The salt particles were manually and
evenly distributed onto the surface of the uncured polymer.
After thermal curing, the films were immersed in deionized
water to dissolve and remove the salt, resulting in a porous
surface structure. Owing to the hydrophobic nature of the
polysiloxane matrix, water selectively dissolved the salt without
compromising the integrity of the composite. A key advantage
of this approach over conventional templating methods is its
simplicity, scalability, and cost-effectiveness.’® The salt-leaching

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

method requires no complex equipment and can be easily
applied to large-area films, making it suitable for practical and
scalable fabrication of porous nanocomposites. Additionally,
the pore size and distribution can be precisely tuned by
selecting salt particles of different sizes, enabling systematic
control over the film microstructure.

To control the pore sizes, we used three distinct salt crystal
ranges: fine salt with crystals between 10 and 50 micrometers,
medium salt ranging from 100 to 300 micrometers, and large
salt crystals between 300 and 1000 micrometers. The salt was
gently sprinkled by hand onto freshly cast nanocomposite films
from a height of about 10 cm, as illustrated in Fig. 2. Gravity
caused the salt crystals to lightly embed into the soft PS/
MWCNT surface.

After sprinkling, the samples were left to dry at room
temperature for two days, allowing the films to fully set. The
surfaces were then thoroughly washed with distilled water. As
the salt dissolved and washed away, it left behind a porous
surface that closely reflected the size and distribution of the
original salt crystals. This straightforward yet effective method
enabled us to create well-controlled porous structures on the
nanocomposite surface, enhancing surface area and potentially
improving the performance of devices such as TENGs.

2.5. Fabrication of TENGs based on nylon and porous PS/
MWCNT nanocomposites

Nylon was chosen as the positive triboelectric material in the
fabrication of the TENG due to its advantageous position in the
triboelectric series, which allows it to effectively donate elec-
trons. As a synthetic polyamide, nylon combines excellent

RSC Adv, 2025, 15, 31917-31930 | 31919
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Fig. 2 Schematic illustration of the porous surface fabrication process on PS/MWCNT nanocomposite films.

mechanical flexibility and chemical stability with a strong
ability to generate surface charges during frictional contact.
These qualities make it a popular choice in triboelectric nano-
generators, as it improves charge transfer and maintains
durability under repeated mechanical stress.

In this study, the nylon film (shown in Fig. 3a) is composed
of a tightly woven mesh of fibers, forming a porous and flexible
structure. SEM analysis indicated that the individual fiber
diameters average around 44 pm. This fibrous architecture
increases the effective contact surface area, thereby enhancing

charge generation when paired with a negative triboelectric
material like polysiloxane.

As shown in Fig. 3b, preparing the triboelectric layer, the
nylon film was laminated onto aluminum foil using a thin,
electrically conductive double-sided tape, ensuring strong
mechanical adhesion while maintaining a continuous electrical
conduction pathway. The aluminum foil thus effectively serves
as the bottom electrode, allowing electrons generated in the
nylon layer to flow during TENG operation. The resulting nylon—
aluminum composites were then cut into uniform squares of 4

Double-sided tape

N

[ Nylon [N

Al foil

sponge

SEM HV. 10.00 KV
SEM MAG: 1.95 kx

Fig. 3

(a) Microscopic image of the nylon film illustrating its fibrous network with an average fiber diameter of approximately 44 um; (b)

preparation step showing the nylon film laminated onto aluminum foil using double-sided adhesive; (c) schematic of the TENG fabrication
process combining nylon and either non-porous polysiloxane/MWCNT nanocomposite films or porous polysiloxane/MWCNT nanocomposite

films.
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x 4 cm to standardize the contact area across devices. These
prepared nylon electrodes were then combined with either non-
porous PS/MWCNT nanocomposite films or porous PS/MWCNT
nanocomposite films to assemble the full TENG devices, as
shown in Fig. 3c. The effective combination of nylon as the
positive triboelectric layer with polysiloxane-based nano-
composite films creates a significant triboelectric potential
difference, which is crucial for enhancing the electrical output
of the TENG during cyclic mechanical operation.

2.6. Characterization methods

Raman spectroscopy was performed using an EnSpectr R532
Raman spectrometer (Enhanced Spectrometry Inc., Poland),
equipped with a 532 nm excitation laser, to analyze the molec-
ular structure and interactions within the PS/MWCNT nano-
composite films. SEM was conducted using an FEI Quanta
Inspect microscope (FEI, Hillsboro, OR, USA) equipped with
a tungsten filament, operating at an accelerating voltage of 25
kv. The dielectric properties of the polysiloxane/MWCNT
nanocomposite films were measured using an Immittance
Meter E7-20 across a wide frequency spectrum from 60 Hz to 1
MHz, enabling analysis of the frequency-dependent dielectric
constant.

2.7. Measurement of the performance of the TENG

To assess the impact of surface porosity on the performance of
TENGs, both non-porous and porous PS/MWCNT nano-
composite films were employed as the negative triboelectric
layers, while nylon served as the positive counterpart. All films
were precisely cut into 4 x 4 cm” sections for device assembly.
The TENG devices were fabricated by placing the nylon film in
direct contact with the polysiloxane-based layer, maintaining
a fixed separation gap of 25 mm between the triboelectric
surfaces. Electrical outputs were measured using a digital
multimeter (DMM6500 61-digit, Keithley) under an approximate
contact-separation frequency of 2 Hz. The measurements were
performed manually, with approximately 120 contact-separa-
tion cycles applied per minute. Care was taken to maintain
consistency in applied force and frequency across all trials,
ensuring reproducibility of the results. Experiments were con-
ducted at controlled environmental conditions of 31 °C and
50% relative humidity to ensure repeatability and reliability.
Environmental factors such as humidity and temperature
play a significant role in TENG performance.?***° Elevated
humidity levels facilitate moisture adsorption on the tribo-
electric surfaces, increasing surface conductivity and acceler-
ating charge dissipation, thereby reducing the device's electrical
output. Conversely, lower humidity levels promote charge
retention, enhancing output performance. Temperature fluc-
tuations influence the dielectric properties and mechanical
compliance of the polymer layers, which in turn affect charge
generation and separation efficiency. The chosen separation
gap of 25 mm was optimized to balance the air breakdown
threshold and charge transfer efficiency; excessive gap
distances diminish electrostatic induction and reduce output,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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while overly small gaps increase the risk of premature discharge
and device instability.

3. Results and discussion

3.1. Raman spectroscopy

Raman spectroscopy was used as a non-destructive method to
examine the structural features and chemical interactions in
both pristine polysiloxane and its nanocomposites containing
MWCNTs. Fig. 4 shows the Raman spectra for both sample
types. As expected, the spectra are mainly influenced by the
vibrational features of the polysiloxane matrix, which can be
attributed to the naturally weak Raman scattering cross-section
of CNTs, reported to be about 45 times lower than that of
polysiloxane.>

Characteristic vibrational modes associated with methyl
groups were observed in both spectra. Peaks at 2962 cm™ ' and
2908 cm ™' correspond to the asymmetric and symmetric
stretching vibrations of -CHj; groups, respectively. Bending
vibrations of -CHj are reflected in the bands at 1403 cm™* and
1257 em™ . Additionally, CH; rocking modes were identified at
860 cm ' and 784 cm '.*** Prominent signals located at
703 cm ™' and 485 cm™' are attributed to the symmetric
stretching of the Si-O-Si backbone, while the bands at 190 cm ™"
and 160 cm ™' correspond to wagging and twisting motions
within the polysiloxane network. These features confirm the
structural integrity of the PS framework in both pristine and
composite films.

In the PS/MWCNT nanocomposites, these bands not only
persist but exhibit slightly increased intensity, which may
suggest improved polymer-filler interaction and enhanced
dispersion of CNTs throughout the matrix. Notably, a weak
shoulder emerging around 1583-1615 cm™ ' corresponds to the
G band of CNTs, indicative of in-plane stretching vibrations of
sp’-hybridized carbon atoms within graphitic domains.*** This
band serves as a fingerprint of graphitic ordering and is
generally associated with well-aligned carbon nanotube
structures.

1

7000 _ 485 —— polysiloxane+CNT 2908 ﬂ
160 polysiloxane ‘
[/ 190 | 703
6000 o
. 5000
>
> 1403 1333
2 4000 284
2 a0 1257 ]/ 1583-1615
] ) /
€ 3000 [ o
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1000 -
0 L 1 R L X , . . | . |
500 1000 1500 2000 2500 3000

Raman shift , cm”

Fig.4 Raman spectra of pristine PS and PS/CNT nanocomposite films.
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A subtle yet distinguishable peak near 1333 cm ™, corre-
sponding to the D band, appears only in the composite spec-
trum. The D band arises due to the presence of structural
defects or disruptions in the symmetry of the sp carbon lattice.
It is typically used as an indicator of disorder or functionaliza-
tion within carbon-based nanostructures. The weak intensity of
this band in the composite suggests a low level of defect sites on
the CNT surface, consistent with effective functionalization and
minimal disruption during processing.

Collectively, the Raman spectra confirm the successful
incorporation of MWCNTs into the PS matrix and indicates that
the nanotubes are uniformly dispersed with minimal structural
degradation. These findings also support the hypothesis of
improved interfacial compatibility between the polymer and
nanofiller, which contributes to the enhanced electrical and
dielectric properties observed in the nanocomposite-based
TENGS.

3.2. SEM

As shown in Fig. 5, the surface morphology of the fMWCNTs
was characterized by SEM and operated at an accelerating
voltage of 25 kV. Representative micrographs were obtained at
a magnification of 800 00, with a working distance of 9.9 mm
and a horizontal field width of 3.38 pm, employing secondary
electron mode to enhance surface detail contrast.

The SEM images reveal a highly entangled network of f-
MWCNTs displaying uniform, elongated tubular morphology,
with outer diameters ranging from approximately 117 to
145 nm, consistent with dimensions reported for acid-
functionalized MWCNTs in the literature. The nanotubes
exhibit excellent dispersion with negligible aggregation,
underscoring the effectiveness of the functionalization process
in preserving the structural integrity of the nanotubes while
enhancing their dispersibility.

This well-dispersed and interconnected morphology implies
improved interfacial compatibility and interaction potential,
which are critical for the homogeneous incorporation of f-
MWCNTs into polymer matrices. The preserved cylindrical
structure and minimal aggregation are anticipated to facilitate
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efficient interfacial charge transfer, thereby enhancing the
electrical and dielectric properties of the resulting nano-
composites, particularly for triboelectric applications.

The surface morphology of the porous PS/MWCNT nano-
composite, fabricated via the salt leaching method was analyzed
using SEM, as shown in Fig. 6. SEM images show that the pores
can be clearly controlled in size and distribution by adjusting
the salt particle size. This demonstrates the versatility and
reproducibility of the salt-leaching approach, providing a prac-
tical advantage over conventional templating methods that
often require complex equipment or offer limited control over
pore morphology. The low-magnification SEM image (Fig. 6a,
50x) demonstrates a well-distributed porous structure across
the nanocomposite surface. Pores appear predominantly ellip-
tical or irregularly circular, with a relatively uniform spatial
distribution. This uniformity directly reflects the effectiveness
of the salt crystal leaching method, where crystals of various
sizes — sprinkled onto the soft PS/MWCNT film - acted as
removable porogens.

The high-magnification image (Fig. 6b, 200x) provides
further insight into the individual pore characteristics.
Measured pore diameters range from approximately 196 um to
236 pm, which aligns well with the medium-sized salt crystals
(100-300 um) used during fabrication. The sharp, well-defined
pore walls indicate effective removal of salt and minimal
matrix deformation during the washing and drying processes.
This suggests good dimensional stability of the PS matrix and
strong interfacial integrity, even post-processing.

Notably, fibrous or filament-like structures are visible within
the matrix, which are attributed to the partial exposure or pull-
out of f-MWCNTs their presence confirms the successful
incorporation and surface integration of MWCNTSs, which is
critical for enhancing the nanocomposite’'s mechanical
strength, electrical conductivity, and surface activity. The
porous architecture significantly increases surface area, which
is particularly advantageous for applications such as TENGs,
where interfacial contact and charge transfer are critical.

In summary, the SEM images validate that the salt leaching
approach yielded a porous PS/MWCNT nanocomposite with

HFW | tilt | mode

tilt | mode

(b)

e — ] s Ee—

Fig. 5 SEM images of f-MWCNTSs at (a) 400 00x and (b) 800 00x magnifications showed well-dispersed, uniform nanotubes.
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Fig. 6 SEM images of porous PS/MWCNT nanocomposite surfaces: (a) uniformly distributed pores (50x); (b) macropores (~196-236 pum)

formed by medium-sized salt crystals (200 x).

controllable pore size and distribution. The observed micro-
structural features support the material's potential for use in
multifunctional surface-based devices.

3.3. Influence of pore size on the dielectric behavior of PS/
MWCNT nanocomposites

Fig. 7 presents the frequency-dependent dielectric permittivity
(¢') of PSIMWCNT nanocomposites with varying porosity levels.
The samples were categorized as non-porous (ordinary), fine-
porous, medium-porous, and large or big-porous based on the
size of the sacrificial salts or sugar powders used during fabri-
cation. Dielectric measurements were performed across the full
frequency range accessible by the instrument (60 Hz-1 MHz)
using the Immittance Meter E7-20. The x-axis represents Ig w,
the base-10 logarithm of angular frequency (rad s~ "), where Ig 7
=10"rad s~

For clarity, only the low-frequency region (>1 kHz) is shown
in Fig. 7, as interfacial polarization and dipolar relaxation
dominate the dielectric response in this range. Frequencies
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Fig. 7 Dielectric constant of PS/MWCNT nanocomposites with
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below 1 kHz show minimal variation and primarily noise-like
contributions, which do not provide meaningful insight into
the polarization mechanisms. This focus is consistent with
previous studies in the literature on polymer-nanotube
composites.®**5-1

The results reveal that interfacial polarization between
carbon nanotubes and the polysiloxane matrix governs the
dielectric behavior, leading to measurable changes in the
dielectric constant. Variations among non-porous, fine-porous,
medium-porous, and big-porous composites underscore the
impact of pore structure on dielectric properties and, conse-
quently, on the triboelectric performance of the
nanogenerators.

The data show a steady decline in dielectric permittivity as
porosity increases. The non-porous PS/MWCNT nanocomposite
displays the highest ¢ values, while the highly porous PS/
MWCNT nanocomposite shows the lowest, highlighting the
significant influence of porosity on dielectric properties. This
decrease is mainly due to the presence of air voids within the
polymer matrix. Since air has an extremely low dielectric
constant (e, = 1), it effectively reduces the overall dielectric
polarization of the material.®***

To quantitatively interpret this behavior, we consider the
Maxwell-Garnett effective medium approximation,** which
models the dielectric constant of a composite material
comprising a matrix and inclusions:

2em + & + 2f (6 — em)
Eeff = €m
2em + & — flem — &)

(1)

where ¢.¢ — is the effective dielectric permittivity of the porous
composite, &, — is the dielectric constant of the matrix (i.e., PS/
MWCNT), ¢; - is the dielectric constant of the inclusion (i.e., air
= 1), and f is the volume fraction of the pores. This model
predicts that as the pore volume fraction increases, the effective
dielectric constant e decreases nonlinearly. Additionally,
larger pores typically contribute to higher local void volume,
thus amplifying the reduction in permittivity, consistent with
the experimental observations.
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All samples show typical dielectric dispersion: ¢ slightly
decreases with increasing frequency, especially at lower
frequencies (g @ < 5.5). This pattern results from dipolar
polarization relaxation, where molecular dipoles and interfacial
charges cannot quickly align with high-frequency fields.
Notably, a small rise in ¢ around lg @ = 5.7-6.0 in all samples
indicates the presence of Maxwell-Wagner-Sillars (MWS)
interfacial polarization, which occurs at the interfaces between
the PS matrix, MWCNTs, and pores.

The fine- and medium-porous samples show intermediate
dielectric performance, suggesting that the tuning of pore size
and volume fraction allows for control modulation of the
dielectric constant in such nanocomposites.

Interestingly, as the porosity of the PS/MWCNT nano-
composites increases, the local peak associated with interfacial
polarization shifts toward higher frequencies. This behavior can
be attributed to the reduced effective permittivity and conduc-
tivity of the composite with increasing pore volume, which
shortens the relaxation time of MWS polarization. According to
relation (2), a decrease in both ¢ and ¢ results in faster inter-
facial polarization dynamics, thereby shifting the polarization
response to higher frequencies.

- ®)
Oeff
where t - relaxation time, ooy is the effective electrical
conductivity of the system. Additionally, the disruption of
continuous interfacial networks by pores further contributes to
the earlier onset of dielectric relaxation.
In conclusion, the incorporation of pores into PS/MWCNT
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performance. The observed decrease in permittivity with
increasing porosity is consistent with predictions from effective
medium theory and highlights the importance of microstruc-
tural control in designing advanced dielectric materials.

3.4. Output performance of TENGs based on porous PS/
MWCNT nanocomposites

As illustrated in Fig. 8, the designed TENG is fabricated with
a multilayer configuration consisting of a nylon film and a PS/
MWCNT nanocomposite film as the triboelectric layers.
Aluminum foil serves as the conductive electrode, while a card-
board (carton paper) layer provides mechanical support. Nylon,
positioned high in the triboelectric series and exhibiting
excellent flexibility, functions as the positively charged material.
In contrast, the PS/MWCNT composite—whether non-porous or
porous—acts as the negatively charged triboelectric layer due to
its strong electron affinity. To systematically investigate the
influence of porosity, four different TENG configurations were
fabricated, incorporating non-porous and porous PS/MWCNT
nanocomposite films with varying pore sizes.

The operational mechanism of the device follows a vertical
contact-separation mode, schematically represented in Fig. 8,
and consists of four stages. In Stage 1, the application of
mechanical force brings the two triboelectric layers into
contact. Due to their differing electron affinities, triboelectric
charges are generated at the interface: electrons transfer from
nylon to the PS/MWCNT layer, resulting in positive and negative
charges on their respective surfaces. In Stage 2, the release of
the applied force allows a sponge element at the device edges to

nanocomposites significantly influences their dielectric facilitate the mechanical separation of the layers. This
- 4)
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\[ H o L
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Fig. 8 Working principle of the nylon and PS/MWCNT nanocomposite-based TENG, showing contact, charge transfer, separation, and

neutralization stages during mechanical motion.
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separation induces an electric potential difference between the
electrodes, causing electrons to flow through the external circuit
by electrostatic induction, thus generating a current.

In Stage 3, as the separation distance reaches its maximum,
the potential difference across the electrodes also peaks,
leading to maximum output voltage and current. The induced
charge is directly related to the surface charge density and the
effective distance between the layers. In Stage 4, reapplication of
force returns the layers into contact, enabling the recombina-
tion or neutralization of triboelectric charges and reversing the
electron flow direction, thereby producing an alternating
current (AC) output.

Crucially, in the case of porous nanocomposite films, the
presence of air-filled voids within the PS matrix introduces
additional interfacial sites between air (which is weakly tribo-
electric and positively charged) and the negatively charged
polysiloxane. This internal air-polysiloxane interface contrib-
utes to the triboelectric effect by enabling additional charge
separation and electrostatic induction beyond the primary
contact surface. The air pockets within the pores also modify
the local dielectric environment and enhance the surface
roughness, thereby increasing the real contact area during
compression and improving the efficiency of charge transfer. As
a result, the integration of porosity not only alters the
mechanical compliance and dielectric properties of the tribo-
electric layer but also introduces new mechanisms of charge
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generation, significantly boosting the overall output perfor-
mance of the TENG.*>%7*

This combination of surface morphology tuning, enhanced
dielectric response, and air-polymer interfacial polarization in
porous structures validates the strategy of pore engineering as
an effective approach to optimize energy harvesting efficiency in
TENG devices.”

The triboelectric output performance of the fabricated
TENGs was systematically evaluated using nanocomposite films
with varying degrees of porosity, achieved through a salt
leaching method applied to PS/MWCNT structures. The key
output parameters measured included the maximum open-
circuit voltage (V,), short-circuit current (Is), power, and
power density—each serving as a fundamental metric for
assessing the energy harvesting capability of the devices.

As summarized in Fig. 9, a clear enhancement in output
performance was observed with the introduction of porosity
into the nanocomposite matrix. As shown in Fig. 9a and c, the
TENG based on the non-porous PS/MWCNT film exhibited
a maximum voltage of 40 V and a current of 4.9 pA under
identical mechanical actuation conditions. These values serve
as a reference point, illustrating the limitations associated with
dense, unstructured dielectric films in triboelectric
applications.

In comparison, TENGs fabricated using porous nano-
composites showed significantly improved electrical output. As
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Fig.9 Electrical output performance of TENG devices. (a) Open-circuit voltage of the non-porous PS/MWCNT nanocomposite-based TENG; (b)
open-circuit voltage of the porous PS/MWCNT nanocomposite-based TENG; (c) short-circuit current of the non-porous PS/MWCNT nano-
composite-based TENG; (d) short-circuit current of the porous PS/MWCNT nanocomposite-based TENG.
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shown in Fig. 9b and d, the porous films—labeled N1, N2, and
N3—correspond to structures with fine, medium, and large
pore sizes, respectively, controlled by the particle size of the
sieved salt used as the sacrificial porogen.

The N1-based TENG, with fine porosity, exhibited modest
improvement, reaching a maximum voltage of 46 V and
a current of 5.3 pA. While performance was superior to the non-
porous device, the limited enhancement may be due to the
relatively small pore size, which could restrict local mechanical
deformation and reduce the potential for charge separation.
Moreover, finer pores may offer insufficient modulation of the
bulk dielectric constant and interfacial charge trapping
capability.

The highest triboelectric performance was obtained from the
N2 sample, featuring a medium-sized porous structure. This
device achieved a peak voltage of 65 V and a current of 6.9 pA—
an increase of approximately 62.5% and 41% in voltage and
current, respectively, compared to the non-porous counterpart.
This substantial enhancement can be attributed to a synergistic
interplay between several factors: increased real contact area
due to uniform pore distribution, improved dielectric response
through local electric field amplification, and enhanced charge
localization at the interface between the triboelectric layers.

The N3-based TENG, with the largest pores among the
samples, generated a voltage of 54 V and a current of 6.2 pA.
Although its performance exceeded that of the non-porous and
fine-porous devices, it was slightly lower than that of the N2
sample. This suggests that excessively large pores may
compromise structural integrity, introduce mechanical soft-
ness, and lead to incomplete surface contact during operation.
Such effects could diminish charge transfer efficiency despite
the increased air-dielectric interface.

These findings underscore the importance of optimizing
pore size and distribution to maximize triboelectric output. The
medium-pore-size architecture of the N2 film likely provides the
most favorable balance between surface roughness, mechanical
compliance, dielectric modulation, and interfacial polarization.
This configuration appears to promote efficient dipole orien-
tation and robust charge separation under repeated mechanical
excitation. Furthermore, the observed increase in current across
all porous samples points to improved charge transfer kinetics.
This is potentially facilitated by enhanced interfacial polariza-
tion, better stress distribution, and the presence of MWCNTs,
which contribute to localized field enhancement and more
effective charge transport pathways within the nanocomposite
matrix.

Overall, these results validate the efficacy of the salt leaching
approach as a simple, cost-effective, and scalable method for
tuning the microstructure of dielectric layers in TENGs. The
ability to tailor porosity without the need for complex litho-
graphic or microfabrication techniques presents a significant
advantage for the development of high-performance, flexible,
and wearable energy harvesting systems.

To further evaluate the energy harvesting ability of the
fabricated TENGS, the output power was calculated by multi-
plying the measured maximum open-circuit voltage and short-
circuit current (Fig. 10). Although this method does not
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Fig. 10 Power and power density of TENGs based on porous PS/
MWCNT nanocomposite films.

consider impedance matching external loads, it functions as
a comparative measure to assess how porosity affects perfor-
mance across different nanocomposite samples.

The non-porous PS/MWCNT-based TENG produced an
output power of approximately 196 uW, representing the base-
line condition. Upon introducing porosity, a noticeable
enhancement in power output was observed. The fine-porous
sample (N1) generated 244 pW, while the large-porous sample
(N3) yielded 335 uW. The medium-porous sample (N2) exhibi-
ted the highest output power, reaching 449 uW. These results
indicate that the integration of controlled porosity into the
nanocomposite films significantly enhances the energy har-
vesting capability of the TENG devices. The superior perfor-
mance of the N2 sample can be attributed to its balanced
microstructure, which provides optimized contact area,
mechanical compliance, and dielectric behavior, facilitating
more effective charge generation and transfer.

To enable a more meaningful comparison across devices
with the same geometry and to provide a parameter relevant for
practical applications, the power density of each TENG was
calculated by dividing the output power by the contact area of
the device. All samples had a contact area of 4 cm x 4 cm,
corresponding to 16 cm? or 1.6 x 10> m>.

The calculated power density for the non-porous TENG was
122.5 mW m > For the porous samples, the power densities
were found to be 152.5 mW m ™ for N1 (fine-porous), 280.6 mW
m~? for N2 (medium-porous), and 209.4 mW m™ > for N3 (large-
porous). These results further confirm that the medium-porous
structure (N2) delivers the best performance, achieving more
than twice the power density of the non-porous device.

The increased power density is attributed to enhanced
triboelectric interactions enabled by the porous architecture.
Specifically, the medium-sized pores promote improved surface
roughness, increased real contact area, and more efficient
dielectric response, all of which contribute to higher charge
generation efficiency. These findings highlight the effectiveness
of the salt leaching method in tuning the microstructure of
nanocomposite films and underline the critical role of pore size
in maximizing energy output in TENG.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The observed enhancement in TENG performance with
porous PS/MWCNT films arises from a synergistic interplay of
factors. The introduction of porosity increases the effective
contact area and surface roughness, facilitating greater tribo-
electric charge generation. Simultaneously, the pores create
localized dielectric contrasts and voids that act as charge trap-
ping sites, enhancing surface charge density. Moreover, the
mechanical compliance of the porous films improves contact
intimacy during the contact - separation process, thereby
promoting more efficient charge transfer. Collectively, these
mechanisms - enhanced charge trapping, optimized surface
contact, and tunable dielectric behavior - contribute to the
substantial increase in voltage, current, and power density
observed in the porous TENG devices.

4. Conclusion

In this study, porous PS/MWCNT nanocomposite films were
fabricated using a salt leaching approach and employed as
active dielectric layers in TENGs. The influence of pore size on
the dielectric properties and output performance of the TENGs
was systematically evaluated. Dielectric measurements revealed
that increasing porosity led to a reduction in the dielectric
constant, consistent with effective medium theory, due to the
incorporation of low-permittivity air voids. Despite this reduc-
tion, the presence of MWCNTs and tailored porosity enabled
enhanced charge localization and interfacial polarization.
Triboelectric measurements demonstrated that TENGs with
medium-sized pores exhibited the highest performance,
achieving a maximum open-circuit voltage of 65 V, a short-
circuit current of 6.9 pA, and a power density of 280.6 mW
m 2. This enhancement is attributed to the optimal combina-
tion of mechanical compliance, increased real contact area, and
effective modulation of the dielectric environment, which
together facilitated more efficient charge separation and
transfer. These findings highlight the effectiveness of pore
structure engineering as a powerful tool for tuning the electrical
and dielectric performance of polymer-based TENGs. The
results also confirm that medium-scale porosity in PS/MWCNT
nanocomposites offers a promising strategy for the develop-
ment of high-performance, low-cost, and flexible energy-
harvesting devices suitable for wearable and self-powered
electronics.
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