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ABSTRACT
Triboelectric Nanogenerators (TENG), transformational devices that harness 
mechanical energy to generate electricity, are pivotal for driving the advance-
ment of autonomous technologies in today’s mobile-centric world. In this study, a 
TENG is developed, using a novel composite film of Polyvinyl Alcohol-Expanded 
Graphite (PVA-EGr) as the positive triboelectric layer, Polyurethane (PU) as the 
negative triboelectric layer, and aluminum (Al) foil tape as electrodes. Various 
characterizations are performed to study the properties of the composite film 
and compared to pristine PVA film, including crystallographic structure, surface 
morphology, elemental composition, chemical bonding, and analysis of functional 
groups present in both films. Further, the electrical performance of the fabricated 
devices shows that the TENG with 0.4 g of EGr achieves the highest output volt-
age, current, and power of 264.68 V, 6.87 μA, and 2.88 mW, respectively. This 
optimized device demonstrates its capability by charging different capacitors 
and powering a series of green LEDs, highlighting its suitability for practical 
applications in electronic devices.

1 Introduction

Triboelectric nanogenerators (TENGs) have arisen 
as revolutionary devices with the ability to harness 
mechanical vibrations such as wind, ocean waves, 
and human motions and convert them into electri-
cal power [1–3]. This functionality positions them as 
crucial components in the improvement of self-pow-
ered technologies, predominantly in portable and 
wearable electronics, sensors, and other low-power 

applications [4–6]. The fundamental principle of 
TENGs is based on triboelectrification and electro-
static induction where the charge transfer occurs 
when two differently charged materials come in con-
tact and then separate, leading to a potential variance 
that drives the flow of charges, thereby generating an 
electric current [7–9]. The efficiency of TENGs signifi-
cantly depends on factors such as the effective con-
tact area, surface characteristics, surface engineering, 
and the electrical properties of the selected materials 
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[10]. Materials with different electron affinities can 
boost charge transfer during contact and separa-
tion, thereby enhancing the output performance 
of TENG devices [11, 12]. The selection of materi-
als for TENGs can be guided by the triboelectric 
series, which ranks materials based on their ability 
to gain or lose electrons [7]. Various polymers have 
demonstrated excellent triboelectric properties and 
have been widely used in the fabrication of TENG 
devices, including polydimethylsiloxane (PDMS), 
polyvinylidene difluoride (PVDF), polyvinyl alco-
hol (PVA), polypropylene (PP), polyvinyl chloride 
(PVC), and many more which are commonly used 
in TENGs, offer flexibility, ease of fabrication, and 
diverse triboelectric properties [13, 14]. Further addi-
tion of micro/nano additive materials with polymers 
enhances TENG performance by merging the ben-
eficial characteristics of combination of materials, 
leading to more effective renovation of mechanical 
energy into electricity [15].

Among the traditional polymers utilized in TENG 
fabrication, PVA stands out as a commonly used syn-
thetic polymer due to its desirable properties that 
enhance device performance. It possesses excellent 
film-forming ability and allows for the fabrication 
of uniform, flexible films, which is crucial for reli-
able TENG operation. The polymer’s flexibility and 
mechanical strength make it suitable for applications 
requiring robust and adaptable materials, such as 
wearable and flexible electronics. Furthermore, PVA 
is biocompatible and non-toxic, making it ideal for 
biomedical applications where contact with human 
skin or tissues is necessary. PVA is cost-effective and 
widely available, contributing to the economic feasibil-
ity of large-scale TENG production [16–18]. Moreover, 
its hydrophilic nature facilitates surface modifications, 
allowing the tuning of triboelectric properties or better 
integration with other materials in the TENG structure 
[19]. Surface modification is a highly effective strategy 
for improving the performance of devices, achieved 
through both chemical and physical methods. Enhanc-
ing the contact area at the atomic scale on a polymer 
surface increases the number of contact points, thereby 
raising the surface charge density [20, 21]. Techniques 
such as mold imprinting micro/nano patterns [22], 
embedding nanoparticles or nanofillers, introducing 
porosity [23], plasma treatment [24], ion injection [25], 
and chemical modification [26] of the triboelectric lay-
ers have proven successful in boosting the efficiency 
of triboelectric nanogenerators (TENGs).

In this context, various nanofillers, including per-
ovskites, carbon nanotubes (CNTs), MXenes, chal-
cogenides, ferroelectrics, metals, and metal oxides, 
are incorporated into polymer matrices due to their 
diverse electrical, dielectric, and surface properties 
[27–29]. Expanded Graphite (EGr) can also be one of 
the promising additives that have not been explored 
in the field of TENGs. EGr is a form of graphite that 
has experienced an expansion process through ther-
mal exfoliation, resulting in a material with unique 
structural and functional characteristics [30, 31]. This 
expansion increases the spacing between layers, as 
intercalated compounds cause the layers to separate 
when heated, resulting in a worm-like structure and 
highly porous material [32, 33]. In addition, the pro-
cess increases the surface area, flexibility, compress-
ibility and electrical conductivity of EGr which is 
particularly beneficial for TENG fabrication [34–36]. 
Moreover, Egr’s structural integrity and stability con-
tribute to the durability of TENGs, making it appropri-
ate for a wide array of applications [37].

In this study, a novel Polyvinyl Alcohol-Expanded 
Graphite-based TENG (PEGr-TENG) is developed 
using a PVA-EGr composite film as the positive tri-
boelectric layer and a PU film as the negative tribo-
electric layer, where Al foil serves as the electrodes. 
Notably, this study marks the first integration of EGr 
being used in TENG fabrication. To evaluate the effect 
of varying EGr concentrations on the electrical per-
formance of TENG, five distinct devices were fabri-
cated, each incorporating different amounts of EGr in 
the PVA matrix (0.1, 0.2, 0.3, 0.4, and 0.5 g). The find-
ings indicated that the TENG containing 0.4 g of EGr 
produced the maximum output voltage and current 
of 264.68 V and 6.87 μA, respectively. This optimized 
device was further utilized to demonstrate its prac-
tical applications, such as charging different capaci-
tors and powering a series of 82 green light-emitting 
diodes (LEDs), highlighting its potential for advancing 
sustainable energy solutions.

2 �Experimental section

2.1 �Materials

PVA powder was received from Sigma Aldrich, 
USA. EGr was achieved from Sd fine-chem. Ltd., 
India. Commercial Al foil tape was employed for the 
assembly of the TENG devices. PU film was achieved 
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through solution casting method as detailed in our 
previous study [38].

2.2 �PVA‑EGr solution formation and TENG 
fabrication

The process for preparing PVA-EGr solution and fabri-
cating the device is shown in Fig. 1a. For PVA, 100 mL 
of preheated (60 °C) deionized water was taken in 
a beaker and 7 g of PVA powder was added in the 
solution. A digital magnetic stirrer with 500 rpm was 
utilized to stir the mixture for 20 min, forming a 7% 
homogenous PVA solution. Then, EGr powder was 
incorporated to the PVA solution (maintaining the 
temperature at 60 °C) followed by an extra 10 min 
continuous stirring to achieve an even composite mix-
ture. The composite solution was then dispensed into 

a petri dish and kept to dehydrated at normal ambi-
ent temperature for 2 days, forming a thin composite 
layer. The film was carefully removed and utilized for 
further characterization and device fabrication.

A portion of a polyethylene terephthalate (PET) bot-
tle (6 × 10 cm2) was utilized to structure the device, as 
detailed in our prior research [39]. Both the positive 
and negative triboelectric layers are cut into 4 × 4 cm2 
dimensions and attached onto the surface of Al foil 
tape and utilized as the top and bottom triboelectric 
layers of the TENG device, respectively (Fig. 1b). The 
layers are fixed to the internal surface of the polyethyl-
ene terephthalate (PET) bottle, creating an arch-shaped 
assembly. Figure 1c includes photographic images 
showcasing the frictional layers of the device with 
their dimension, and the arch structure with a 2 cm 
separation gap between layers. This design ensures 

Fig. 1   a Schematic of composite solution formation and b TENG fabrication. c Photographic view of the assembled device
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effective interaction between the triboelectric lay-
ers, enhancing the overall performance of the TENG 
device.

2.3 �Characterizations

The phase determination and crystal structure of 
both PVA and PVA-EGr composite films were stud-
ied using Powder X-ray diffractometer (PXRD, PAN-
ALYTICAL, Netherlands) with a Cu Kα radiation 
source (λ = 0.1541 nm). Scanning electron microscopy 
tied with energy-dispersive X-ray spectroscopy (SEM 
with EDS, Zeiss EVOLS15, Germany) was employed 
to study the surface morphology and elemental com-
position of the prepared films. To investigate the 
interfacial interactions between PVA and EGr, Fou-
rier transform infrared (FTIR) spectra was recorded 
using a Bruker OPUS 7.0 Alpha, covering a range from 
400 to 4000 cm−1. Further, a specially structured linear 
motor was utilized for generating continuous tapping 
energy for output performance of the device (Fig. S1 of 
the Supporting Information). Keithley source measure 
unit (model 2460, USA) was utilized for the electrical 
measurements of the PEGr-TENG.

3 �Results and discussion

3.1 �X‑ray diffraction analysis

Powder X-ray diffraction (PXRD) is utilized to accom-
plish the structural analysis of the pristine PVA and 
PVA-EGr composite films. The PXRD profile of the 
pristine PVA film exhibits a broad and diffuse peak, 
appearing at around 19.5° corresponding to the (101) 
crystalline phase which indicates its semi-crystalline 
nature. In addition, a bulged peak at 21.8° is seen 
which corresponds to (200) amorphous phases of 
PVA [40]. The XRD analysis of PVA- graphite (Gr) and 
PVA-EGr composite films provides prominent struc-
tural differences between the two materials. For the 
PVA-Gr composite film, a discrete peak is detected at 
26.7°, representing the typical (002) plane of Gr. This 
peak implies the layered structure of Gr, where the 
layers are closely stacked with a specific interlayer 
spacing, as discussed in a previous study [41]. How-
ever, in the PVA-EGr composite film, the distinct 
peak shifts to 25.4°, with a decrease in its intensity, 
suggesting an increased interlayer spacing between 
the Gr sheets. Further, the peak intensity reduction 

suggests a decline in crystallinity, indicating a less 
ordered structure with fewer stacked layers [42]. Fur-
thermore, a small peak at 45.2° in the XRD pattern of 
PVA-EGr composites corresponds to the (100) plane 
of Gr (Fig. 2a). This peak is generally linked to the 
in-plane arrangement of carbon atoms within the Gr 
layers, reflecting the hexagonal lattice structure of Gr 
[43]. These observations confirm the successful expan-
sion of Gr, resulting in exfoliated layers with larger 
inter layer spacing.

3.2 �Surface morphological and elemental 
analysis

To study the surface morphology of pristine PVA and 
PVA-EGr composite films, Scanning electron micros-
copy (SEM) was employed. The SEM image of the 
pristine PVA film showcases a smooth surface, indi-
cating its uniformity, as depicted in Fig. 2a. In con-
trast, the SEM image of the PVA-EGr composite film 
reveals a noticeably different texture, comparably a 
rougher surface with EGr particles evenly distributed 
throughout the PVA matrix. EGr has a high specific 
surface area due to its exfoliated structure, which pro-
vides a larger interfacial region when incorporated 
into the PVA matrix [44]. The increased roughness 
and expanded surface morphology facilitate a greater 
number of contact points between the frictional mate-
rials [45]. This enhancement in contact area directly 
contributes to improved triboelectric charge gen-
eration, as more surface interactions lead to greater 
charge accumulation during the contact-separation 
process of the TENG. EGr, being a carbon-based mate-
rial with excellent electrical properties, plays a cru-
cial role in enhancing charge trapping and retention 
in the triboelectric process. An optimum concentra-
tion of EGr in the PVA matrix increases the material’s 
ability to hold triboelectric charges due to its larger 
interfacial region [46]. This improved charge storage 
capability leads to a higher surface charge density, 
ensuring efficient electron transfer during contact 
electrification [47]. However, an optimal concentration 
of EGr is necessary, as excessive loading may lead to 
conductivity-related charge dissipation, reducing the 
overall performance [48, 49].

Elemental analysis of both pristine PVA and PVA-
EGr composite films was accomplished employing 
Energy Dispersive X-ray Spectroscopy (EDS). The 
EDS analysis inveterate the existence of Carbon (C) 
and Oxygen (O) in the pristine PVA film, verifying its 
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purity (Fig. 2c). The elemental weight and atomic per-
centages are provided in the inset of Fig. 2c. Whereas, 
the EDS analysis of the PVA-EGr composite film 
shows an increased Carbon content, attributed to the 
addition of EGr (Fig. 2d). The corresponding elemen-
tal weight and atomic percentages are provided in 
the inset of Fig. 2d. This higher carbon concentration 
enhances the surface charge density of the film, result-
ing in improved charge transfer efficiency and better 
performance of the fabricated TENG [47].

3.3 �Fourier transform infrared spectroscopic 
analysis

Fourier transform infrared spectroscopy (FTIR) is 
implemented to distinguish the functional groups 
present in a material and to understand the chemi-
cal interactions between different components. The 
FTIR spectra of both pristine PVA and the PVA-EGr 
composite film exhibit characteristic transmittance 

peaks at 1085 cm⁻1, 1318 cm−1, 1750 cm−1, 2941 cm−1, 
and 3268 cm−1, equivalent to C–O stretching, C–H 
bending, C=O stretching, CH2 stretching, and O–H 
stretching vibrations, respectively, which are typical 
of the PVA structure [50, 51]. Notably, a new peak 
appears at 2356 cm−1 in the PVA-EGr composite film, 
which is not present in the pristine PVA or stand-
ard Gr [52, 53]. The peak is due to the asymmetric 
stretching vibration of CO2, indicates that the combi-
nation of EGr into the PVA matrix has led to the crea-
tion of new chemical interactions or bonds between 
the PVA polymer chains and EGr [54]. On the other 
hand, the increased peak intensity in the FTIR spec-
trum of PVA-EGr composite film, compared to that 
of the pristine PVA, showcases the successful inte-
gration of EGr into the PVA matrix [55]. Further, 
the increased intensity in FTIR spectrum implies a 
robust interaction among molecular components of 
the composite film which leads to an improved tri-
boelectric property in TENG applications.

Fig. 2   a The XRD profile of PVA and PVA-EGr composite films. SEM image of b PVA and c PVA-EGr composite films. EDS spec-
trum of d pristine and e composite film. f FTIR spectra of both the films
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3.4 �Working mechanism of PEGr‑TENG

The PEGr-TENG operates in a vertical contact-sepa-
ration method, utilizing the distinct properties of its 
components to generate energy. The device consists 
of triboelectric layers made from a PVA-EGr com-
posite film and a PU film, supported by a PET sub-
strate derived from a waste-water bottle. Al foil tape 
affixed to the back of each triboelectric layer serves as 
electrode. In the contact-separation mode, the device 

generates electricity through triboelectric effect and 
electrostatic induction processes [56]. Initially, when 
the PVA-EGr composite film and PU film come into 
contact by an external force, electrons transfer from 
the PU layer to the PVA-EGr layer due to their dif-
fering triboelectric properties. This electron transfer 
results in opposite charges accumulating on the sur-
faces of the two layers (Fig. 3a). As the applied force is 
reduced the layers detach from one another, a voltage 
difference (V) is generated between the electrodes due 

Fig. 3   a–d Working mechanism of PEGr-TENG. The generated e Voltage and f Current signals. g Effect of operation frequency and h 
force on output performance. i Circuit diagrams. j Output performance with respect to load resistance. k Generated power. l Stability test
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to the separation of charges. This potential difference 
can be expressed by the formula V = �.d∕�

0
, where � 

is the surface charge density, d is the distance between 
the triboelectric layers, and �

0
 is the permittivity of 

free space [57]. The electric field generated drives elec-
trons through an external circuit from the electrode 
connected to the PVA-EGr layer to the electrode con-
nected to the PU layer, generating an electric current 
(Fig. 3b). The charge flow drops to zero once when the 
triboelectric layers reach their extreme separation dis-
tance of 2 cm, as shown in Fig. 3c. Upon reapplication 
of the applied force, the layers come in contact, neu-
tralizing the surface charges and causing the electrons 
to flow back over the external circuit in the opposite 
direction, producing another current pulse (Fig. 3d). 
This cyclic contact-separation process continuously 
generates alternating current (AC). The efficiency of 
power generation by TENG devices is directly affected 
by the surface charge density of the tribo layers, the 
interlayer separation distance, and the frequency of 
operation [58].

3.5 �Electrical output performance 
and applications of PEGr‑TENG

The electrical output performance of PEGr-TENG is 
studied using a custom structured linear motor to 
provide cyclic operations. To comprehend the influ-
ence of composite in electrical behavior of TENG 
devices, different devices were fabricated with 
varying EGr (0.1, 0.2, 0.3, 0.4, and 0.5 g) concentra-
tion in the PVA matrix. The devices were fabricated 
using the composite films as positive triboelectric 
and PU as negative triboelectric frictional layers 
with Al electrode. The devices with the dimensions 
4 × 4 cm2 operate in vertical contact separation mode 
for ease of fabrication and efficient operation. Fig-
ure 3e, f show the produced voltage and current 
signals, respectively, indicating that with increasing 
the composite concentration the output performance 
of TENG devices increases up to a certain value 
and then decreases. The increase in output perfor-
mance is ascribed to the impact of EGr in PVA which 
enhances the effective surface contact area and boosts 
charge transfer efficiency of the device. The gener-
ated voltage and current by the devices are detailed 
in Table 1, indicating the device with an optimized 
composite concentration (0.4 g) of EGr generated the 
higher output voltage and current of 264.68 V and 
6.87 � A, respectively. The optimal performance at 

0.4 g EGr is due to the balance between enhanced 
surface charge density and minimal charge dissipa-
tion. At this concentration, EGr improves conductiv-
ity and charge trapping without forming excessive 
conductive pathways [59, 60]. However, at 0.5 g EGr, 
the increased conductivity creates percolation net-
works, leading to charge leakage and reduced tribo-
electric output [61].

The increase in composite concentration beyond 
this optimized level reduces the overall performance 
of TENG devices due to the agglomeration of EGr 
nanosized particles in the composite film. In addi-
tion, the device’s output was measured using four 
different tribonegative layers including polyethylene 
terephthalate (PET), fluorinated ethylene propylene 
(FEP), polylactic acid (PLA), and polyvinylidene fluo-
ride (PVDF). The recorded output voltage and current 
for each layer were as follows: 94.12 V / 2.35 µA (PET), 
125.34 V/3.28 µA (FEP), 175.81 V/3.69 µA (PLA), and 
214.62 V/4.43 µA (PVDF). These results demonstrate 
that the PEGr-TENG achieves comparatively higher 
output when paired with a PU layer. The correspond-
ing voltage and current signals are presented in Fig 
S2 of the Supporting Information. Furthermore, the 
mechanical durability and electrical stability of the 
devices were evaluated over 5000 operational cycles, 
showing stable output performance across all varia-
tions, confirming their reliability (Fig S3, Supporting 
Information). Additionally, the energy conversion 
efficiency was calculated for each TENG configu-
ration: 2.7% (PET-TENG), 6.2% (FEP-TENG), 9.4% 
(PLA-TENG), 17.7% (PVDF-TENG), and 20.9% (PEGr-
TENG). Detailed calculation methods are provided in 
Note S1 of the Supporting Information. Therefore, the 
optimized device is utilized for further characteriza-
tions and applications.

Table 1   The electrical output performance of PEGr-TENGs

Bold values indicate optimized device output (PVA-EGr 0.4g) in 
comparison to other devices

Frictional layers Electrode Electrical output perfor-
mance

Bottom Top Voltage (V) Current ( �A)

PVA-EGr 0.1 PU Al 164.23 3.41
PVA-EGr 0.2 180.54 4.38
PVA-EGr 0.3 248.31 5.39
PVA-EGr 0.4 264.68 6.87
PVA-EGr 0.5 228.81 4.13
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The generated output of the optimized PEGr-TENG 
device was studied under varying applied frequen-
cies ranging from 2 to 12 Hz. The output performance 
increased with increasing frequency up to 5 Hz, resem-
bling the resonance frequency of the device, and then 
reduced due to the rapid cyclic operation avoiding the 
layers from attaining their supreme inter layer separa-
tion distance (Fig. 3g) [62]. Additionally, the output 
performance was examined with changing applied 
forces ranging from 2 to 12 N. Figure 3h indicates that 
generated voltage and current by the device increased 
with cumulative applied force, demonstrating the 
device’s capability to convert more mechanical energy 
efficiently. Furthermore, the device’s output voltage 
and current were analyzed under different load resist-
ances. The circuit diagram for measuring voltage and 
current is illustrated in Fig. 3i (top and bottom, respec-
tively). Figure 3j shows that with increasing resistance, 
the produced voltage of the device improved while 
the current declined, satisfying Ohm’s law [63]. The 
point at which both the voltage and current curves 
meet each other corresponds to the optimal load resist-
ance of the TENG, at which the device generates the 
maximum power. The generated power by the device 
was calculated using the formula P = I

2
R, , where I is 

the instantaneous current and R is the load resistance. 
The device achieved a peak power output of 2.88 mW, 

which can be used for operating small-scale electronic 
devices (Fig. 3k). Finally, the device’s electrical sta-
bility was evaluated by subjecting it to 5000 continu-
ous operational cycles. The generated voltage signals, 
presented in Fig. 3l, demonstrate consistent electrical 
output throughout the test, indicating the mechanical 
robustness and electrical reliability of the fabricated 
TENG device.

4 �Applications of PEGr‑TENG

TENGs typically convert mechanical vibrations into 
electrical power, generating AC current, which is 
unsuitable for powering most electronics that use 
direct current (DC). To address this limitation, a rec-
tifier is crucial for converting the AC output of the 
TENG into usable DC power. The PEGr-TENG was 
employed to charge electrolytic capacitors, demon-
strating its potential for practical energy storage appli-
cations. The circuit diagram in Fig. 4a illustrates the 
device’s connection to a rectifier bridge. The device 
successfully charged three electrolytic capacitors with 
capacitances of 2.2, 3.3, and 4.7 μF to voltages of 6.7, 
5.02, and 2.97 V, respectively, as shown in Fig. 4b. 
This process demonstrates the PEGr-TENG’s versa-
tility in accommodating various capacitor sizes and 

Fig. 4   a Schematic circuit illustration and b charging curves for the capacitors. c Energy stowed in the capacitors. d Circuit connection 
for glowing LEDs. e The photographic representation of the device with LEDs. f) Powering LEDs



J Mater Sci: Mater Electron (2025) 36:866	 Page 9 of 13 866

its effectiveness in energy storage. The energy stored 
in each capacitor was calculated using the formula 
E = 1∕2CV2 , where C is the capacitance and V  is the 
corresponding voltage. The calculated energy val-
ues were 49.37 μJ for the 2.2 μF capacitor, 41.58 μJ 
for the 3.3 μF capacitor, and 20.72 μJ for the 4.7 μF 
capacitor. Figure 4c shows that the 2.2 μF capacitor 
stored the most electrical energy, making it suitable 
for powering small-scale electronic devices. The effi-
cient energy storage in the capacitors demonstrates the 
TENG’s potential for use in various applications that 
require reliable and portable power sources. Further, 
the device demonstrated its practical application by 
successfully lighting up a series of green LEDs (Video 
S1, Supporting Information).

The circuit diagram for powering the LEDs is 
provided in schematic Fig. 4d, illustrating the setup 
required to connect the TENG to the series of green 
LEDs. A photographic image in Fig. 4e displays the 
device connectivity with the rectifier bridge and LEDs. 
Figure 4f shows the powering of 82 green LEDs by the 
PEGr-TENG using hand tapping energy. This dem-
onstration underscores the device’s effectiveness and 
potential for practical applications in real-world sce-
narios, showcasing its capability to convert mechani-
cal energy into electrical energy efficiently. Further, 
the scalability of the EGr TENG is promising due to 
the use of low-cost, commercially available materials 
and simple fabrication techniques. PVA-EGr, PU, and 
Al foil tape are widely accessible, making large-scale 
production feasible. For industrial applications, key 
considerations include the uniform dispersion of EGr 
in PVA, ensuring consistent triboelectric performance 
across large-area devices. Optimizing the fabrica-
tion process, such as using automated coating tech-
niques and scalable drying methods, would enhance 
reproducibility and efficiency. Moreover, integrating 
flexible and stretchable substrates could improve the 
mechanical durability of the device, making it more 
suitable for wearable and structural energy-harvesting 
applications.

5 �Conclusion

In this study, a novel PEGr-TENG was successfully 
fabricated, for the first time, using a PVA-EGr compos-
ite film as the positive triboelectric layer and PU film 
as the negative triboelectric layer, with Al serving as 
electrodes. The XRD analysis confirmed the successful 

expansion of graphite in the PVA-EGr composite, 
evidenced by the shift in the diffraction peak and 
reduced crystallinity. SEM and EDS were employed 
to analyze the surface structure and elemental com-
position of both pristine PVA and PVA-EGr composite 
films. SEM images exhibited a smooth surface for the 
pristine PVA film, while the PVA-EGr composite film 
revealed a rougher texture with a uniform dispersion 
of EGr particles. EDS analysis confirmed the purity of 
the pristine PVA film and highlighted a higher carbon 
content in the PVA-EGr composite, which contributes 
to improved charge transfer efficiency. In addition, 
FTIR showed both familiar and new peaks in the com-
posite film, signifying improved chemical interactions 
and more robust bonding between the PVA and EGr 
components. These structural and chemical changes 
improve the triboelectric performance of the material 
in TENG applications. The impact of EGr in electrical 
output of TENG was investigated. Whereas, the device 
with 0.4 g of EGr generated the highest output volt-
age, current, and power of 264.68 V, 6.87 μA, and 2.88 
mW, respectively. The optimized device successfully 
charged various electrolytic capacitors and powered 
82 green LEDs using manual tapping. This study illus-
trates the PEGr-TENG’s capability to deliver reliable 
and portable power, advancing the development of 
sustainable and intelligent energy solutions.
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