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Abstract
Triboelectric nanogenerators (TENGs) based on titanium dioxide (TiO2)/epoxy 
nanocomposites have attracted increasing interest as self-powered systems 
capable of harvesting mechanical friction and light energy for sustainable electricity 
generation. In this study, a photoinduced TENG was developed using TiO2/epoxy 
nanocomposites with a polyethylene terephthalate charge collector. Scanning 
electron microscopy and X-ray diffraction analyses were conducted to evaluate 
the structural and morphological properties of the nanocomposite, revealing 
the presence of TiO2 nanoparticles with an anatase crystal structure. Ultraviolet–
visible spectroscopy was employed to investigate the optical properties of the 
nanocomposite, identifying an optical band gap energy of 3.52 eV. In addition, 
Fourier transform infrared spectroscopy was used to determine chemical bonds 
and functional groups. Epoxy serves as the matrix material, binding the TiO2 
nanoparticles and providing mechanical integrity to the composite film. It ensures 
uniform dispersion of TiO2 nanoparticles and offers a flexible yet robust substrate 
essential for the repeated contact–separation cycles of TENG operation. The TiO2/
epoxy nanocomposite, used as the electrode for the TENG device, was created 
by incorporating TiO2 nanoparticles into the epoxy resin. Without ultraviolet 
illumination, the TENG devices generated output voltages of 25, 45, 50, and 55 V at 
TiO2 concentrations of 0, 2, 3, and 4 wt%, respectively. Under ultraviolet illumination, 
the corresponding voltages increased to 65, 75, 77, and 80 V. The highest voltage 
of 80 V was obtained for the device containing 4 wt% TiO2. These findings provide 
valuable insights into the structural, morphological, optical, and chemical 
characteristics of the nanocomposite, supporting the development of effective and 
sustainable power sources.
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1. Introduction
Mechanical energy, such as motion or friction, can 
be converted into electrical energy using an energy-
harvesting device known as a triboelectric nanogenerator 
(TENG). The term “triboelectric effect” refers to the 
movement of charges between two materials when they 
come into contact and subsequently separate.1-3 Utilizing 
nanomaterials in the design of TENGs can improve their 
performance. Among these materials, titanium dioxide 
(TiO2) is widely used in many applications due to its 
unique properties.4-6 When integrated as a functional layer 
within the TENG structure, TiO2-based composites can 
further improve energy-conversion efficiency.7,8 Electron–
hole pairs are produced when light interacts with TiO2 
nanoparticles; these charge carriers can then facilitate the 
triboelectric charging process if friction is applied to the 
composite material.9-12 The interaction between light and 
friction enables the simultaneous harvesting of energy 
from both sources. The TiO2/epoxy nanocomposite-based 
TENG offers several benefits for producing sustainable 
energy, as it can capture ambient light energy, making 
it suitable for interior settings or places with low light 
levels.13-15 Parimalam et al.16 investigated the organic-
inorganic coatings utilizing bisphenol A diglycidyl 
ether, incorporating silica and other fillers via solution 
casting. TiO2 and silicon dioxide nanoparticles enhanced 
the chemical resistance over 21  days, while the epoxy/
silica/TiO2/zinc oxide/latex nanocoating demonstrated 
outstanding heat resistance (efficiency of 90–99%) across 
various substrates. It is also possible to effectively transform 
the frictional energy produced by diverse mechanical 
actions into electrical energy. This capacity supports a wide 
range of applications, including harvesting energy from 
mechanical vibrations or human body movements.17

Through the provision of a self-powered system, 
nanocomposite-based TENGs can achieve energy self-
sufficiency.18-22 Although TiO2/epoxy nanocomposites 
show strong potential for TENG applications, several 
challenges remain, including enhancing the durability 
and long-term stability of the materials, fine-tuning 
the nanocomposite composition, and improving the 
overall energy conversion efficiency.23-25 Related studies 
demonstrate the multifunctional advantages of composite 
fillers. For example, epoxy/silica/TiO2/zinc oxide coating 
demonstrated the highest bacterial reduction (>95%) 
after 4  h.26 The combined filler effect enhances stress, 
viscosity, and torque compared to individual fillers, 
suggesting potential industrial and medical applications 
in reducing microbial growth. TENGs employ TiO2/epoxy 
nanocomposites to harness light and friction energy, 
providing a sustainable approach to electricity generation. 
Renewable reinforcements based on hydroxyapatite 

have been reported to improve the performance of 
biocomposite materials, and treated carbon black particles 
can increase the glass transition temperature and thermal 
decomposition resistance by 7°C.27 Ongoing research 
continues to advance the performance and usability of 
these nanocomposite-based TENGs.1,7,28

The ability of TiO2/epoxy nanocomposite-based 
TENGs to harvest energy simultaneously from light and 
mechanical friction makes them particularly promising. 
While frictional motion generates triboelectric charging, 
light energy absorbed by the TiO2 nanoparticles contributes 
to the total charge generation.29-31 These TENGs can 
generate electrical energy for low-power electronic 
devices without the need for external power sources by 
effectively harnessing ambient light sources, such as indoor 
illumination.32-34 A previous study examined epoxy-based 
composite coatings containing 20 wt% colloidal nanosilica 
and varying amounts of microsized TiO2 (5, 10, 15 wt%).35 
Fourier transform infrared (FTIR) spectroscopy confirmed 
the presence of functional groups, indicating a good 
interaction. Scanning electron microscopy (SEM) showed 
well-dispersed TiO2 at lower loading. A higher percentage 
of TiO2 resulted in enhanced absorption of ultraviolet 
(UV) light. In comparison to pure epoxy, nanocomposites 
showed an enhanced oxygen transport rate. To improve 
the total energy conversion efficiency of TENGs, current 
studies focus on optimizing electrode layout, device 
design, and the properties of nanocomposites. In addition, 
scaling up the production of TiO2/epoxy nanocomposites 
and TENG devices in a cost-effective manner is receiving 
increasing attention to enable broader deployment.36-38

This work aims to develop polycondensed epoxy 
nanocomposites incorporating nitrogen-doped titanium 
dioxide (n-TiO2) nanoparticles. The innovative aspect 
of this study lies in the creation of a TiO2/epoxy 
nanocomposite deposited on a polyethylene terephthalate 
(PET) substrate for a photoinduced TENG.32 This design 
expands the potential applications of nanogenerators and 
enables efficient harvesting of environmental energy. The 
epoxy matrix, enhanced with TiO2 nanoparticles, was 
combined with the PET substrate, endowing the TENG with 
improved performance and unique functional properties. 
The device performance was examined at various TiO2 
concentrations (0 wt%, 2 wt%, 3 wt%, and 4 wt%), revealing 
that optimizing the TiO2 content increased the voltage 
output, leading to a maximum voltage of 80 V.

2. Materials and methods
2.1. Materials

The materials used in this study included Kapton tape, 
double-sided copper tape, PET sheet (Techinstro, MH, 
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India), and double-sided tape. The epoxy matrix was 
based on the ED-20 resin. Diaminopentane (GOST 
10587-84; Rearus LLC, Russia) was used as a hardener in 
the preparation of the TENG devices, with TiO2 particles 
incorporated at 0, 2, 3, or 4 wt%. In the synthesis of the 
nanocomposite films, 4,4’-diaminodiphenylmethane 
(DDM; Sigma-Aldrich, United States; molar mass 
198  g/mol, purity 97%) was used as the curing agent. 
The synthesized TiO2 nanoparticles consisted of 75% 
anatase and 25% rutile with an average particle diameter 
of 46  nm. Dimethyldichlorosilane (HIMMED Trading 
House LLC, Russia) was employed as the surface 
treatment agent.

2.2. Synthesis procedure

Nanocomposites were prepared by sequentially curing 
ED-20 diane-epoxy resin at 90°C and 160°C in the 
presence of an aromatic hardener, with titanium(IV) 
dioxide nanoparticles synthesized via a plasma–chemical 
approach incorporated into the resin. Ultrasonic 
dispersion was employed to distribute the nanoparticles 
throughout the polymer matrix using a SONOREX 
Digital 10p ultrasonic bath (Bandelin, Sigma-Aldrich, 
United States). The ED-20 epoxy resin had a molecular 
weight of 385 and an epoxy group content of 22.6 wt%. 
DDM, produced by microwave-assisted synthesis, was 
used as the hardener. According to the process outlined by 
Bukichev et al.,39 films of n-TiO2/ED-20 epoxy resin can 
be prepared with TiO2 concentrations ranging from 0.2 to 
5 wt%. In this work, films containing 0, 2, 3, and 4 wt% 
TiO2 were fabricated. To ensure correct stoichiometry, the 
TiO2 nanoparticles were added to a mixture of ED-20 and 
DDM in an equimolar ratio of epoxy and amine groups, 
and dispersed for 20 min in an ultrasonic bath at 35 kHz. 
The mixture was treated with a toluene-based solution 
of dimethyldichlorosilane, which served as an anti-
adhesive, and then cast into glass molds. A temperature-

controlled oven was used to cure the samples using a 
stepped temperature regime of 90°C and 160°C each (3 h 
at each temperature), which, according to calorimetric 
data, ensured 95–97% curing. The resulting films had a 
thickness of 80–100 μm.

2.3. Device fabrication and experimental setup

The fabrication procedure for the TENG device is illustrated 
in Figure  1A, and the experimental setup is depicted in 
Figure  1B. The TENG structure was composed of PET 
sheets, copper tape (2  mm thick), Kapton tape (1  mm 
thick), double-sided foam tape, and an epoxy resin (ED20) 
cured with diaminopentane, with TiO2 nanoparticles 
added at 0, 2, 3, or 4 wt%. Two copper tapes were attached 
to the PET sheets, serving as electrodes, with one electrode 
secured in place using Kapton tape. The surface of this 
Kapton tape was roughened using abrasive sandpaper to 
enhance the triboelectric effect. The second electrode was 
coated with the TiO2/epoxy nanocomposite, where the 
TiO2 heterostructure can strengthen the internal electric 
fields at the nanoparticle surfaces and increase the charge 
transfer rate between nanoparticles. The two contact 
layers were separated by double-sided foam tape spacers, 
each with an effective surface area of 24 cm2. A Keithley 
6517B electrometer (Tektronix/Keithley, USA) was used to 
measure variations in voltage.

2.4. Characterization methods

2.4.1. Scanning electron microscopy

Scanning electron microscopy was used to examine the 
surface morphology of the nanocomposite films. Before 
imaging, samples were sputter-coated with a thin gold 
layer to improve surface conductivity. SEM observations 
were performed using a JSM 6490 LV scanning electron 
microscope (JEOL, Japan) operated at an accelerating 
voltage of 20  kV. Micrographs were acquired at multiple 
magnifications.

Figure 1. Fabrication of a TENG. (A) Fabrication steps of the TENG. (B) Experimental setup for testing the effect of ultraviolet–visible light.
Abbreviations: EP: Epoxy; GPIB: General Purpose Interface Bus; PET: Polyethylene terephthalate; TENG: Triboelectric nanogenerator.
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2.4.2. Energy-dispersive X-ray spectroscopy (EDS)

EDS was used to determine the elemental composition of 
the films. EDS analysis was performed using an INCAx-
act EDS system (Model 51-1385-007, Oxford Instruments, 
Japan) integrated with the SEM, and spectra were processed 
using the INCA software package. Elemental spectra and 
point analyses (and/or elemental mapping, if performed) 
were collected to confirm the presence and distribution of 
constituent elements.

2.4.3. X-ray diffraction (XRD)

XRD patterns were collected using a Bruker D8 Advance 
diffractometer (Bruker, Germany) with Cu Kα radiation 
(λ = 1.5406 Å). Data were acquired over a 2θ range of 
10–80° with a step size of 0.02° and a scan rate of 2° min-

¹. Phase identification was performed by comparison with 
standard reference data (JCPDS/ICDD).

2.4.4. Ultraviolet–visible (UV–Vis) spectroscopy

UV–Vis absorbance spectra of the TiO₂/epoxy films were 
recorded using a Thermo Scientific Evolution 201 UV–Vis 
spectrophotometer (Japan) in the wavelength range of 
200–800 nm with a data interval of 1 nm. Measurements 
were performed on film samples (thickness 80–100 μm), 
using using distilled water as the reference/baseline. 

2.4.5. FTIR spectroscopy

FTIR spectra were acquired using a Thermo Scientific 
Nicolet 6700 FTIR spectrometer (USA). Spectra were 
recorded in the range of 200–800 nm at a resolution 
of 0.09 cm−1 with 36 scans per sample. Measurements 
were performed for TiO2 nanoparticles and epoxy films 
containing 0, 2, 3, and 4 wt% TiO2. 

3. Results and discussion
3.1. Surface morphology

TiO2 nanoparticles were dispersed throughout the epoxy 
matrix volume, both as individual particles and aggregates, 
as determined by SEM measurements (Figure  2). The 
displayed histograms of the particle size distribution show 
that even at a relatively low concentration of nanofillers (0.5 
wt%), the average diameter of particles in the original n-TiO2 
powder increased from 40 to 83 nm upon incorporation 
into the TiO2/epoxy nanocomposite. Figure  2A shows 
the SEM image of pure epoxy resin, whereas Figure 2B-D 
shows the SEM images of 2 wt% n-TiO2, 3 wt% n-TiO2, 
and 4 wt% n-TiO2 incorporated in the matrix of the epoxy 
resin samples. These SEM images clearly demonstrate the 
incorporation of TiO2 nanoparticles into the epoxy matrix. 
Figure 2E and F depict the SEM images of the pure n-TiO2 
nanoparticles, which are spherical and range in size from 

10 to 100  nm. During curing, nanoparticle aggregation 
can lead to an increase in the effective size of the n-TiO2 
particles.

3.2. Energy dispersive spectroscopy analysis

Figure  3 presents the EDS spectra of epoxy resin with 
and without n-TiO2, confirming the presence and weight 
percentage of titanium and oxygen. EDS was used alongside 
field-emission SEM to examine the chemical composition 
of the material. Figure  3A shows the EDS spectrum of 
0 wt% TiO2 epoxy, indicating the absence of titanium 
peaks. Figure 3B-D shows the EDS spectra of epoxy resin 
with 2 wt%, 3 wt%, and 4 wt% TiO2, respectively, indicating 
the presence of titanium and carbon. According to the EDS 
analysis, the prepared TiO2 exhibited distinct titanium and 
oxygen peaks while showing fewer contaminants, such as 
chlorine.

3.3. Structural analysis

Figure 4 depicts the X-ray diffraction pattern of the created 
TiO2/epoxy composite film. According to Chen et al.,40 
the absence of spurious diffraction peaks indicates good 
crystallographic purity. The experimental data agree with 
the JCPDS card no. 00-015-0875, confirming the anatase 
phase of TiO2. The 2θ at a peak of 25.4° confirms the TiO2 
anatase structure,13 supported by additional strong peaks 
at 30.04° and 48°. No extraneous diffraction peaks were 

Figure  2. Scanning electron microscopy images of TiO2/epoxy 
nanocomposite films. Images of films incorporated with (A) 0 wt%, 
(B) 2 wt%, (C) 3 wt%, and (D) 4 wt% n-TiO2. Scale bars: 0.5 µm and 
1 µm; magnifications: 10K×, 30K×, and 37K×. (E and F) Pure n-TiO2 
nanoparticles. Scale bar: 0.2 µm; magnification: 55K×.
Abbreviations: n-TiO2: Nitrogen-doped titanium dioxide; TiO2: Titanium 
dioxide.
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observed, indicating phase purity. The broad nature of the 
diffraction peaks suggests an extremely small crystallite 
size, while the overall peak intensities reflect the crystalline 
nature of the material.

3.4. UV–Vis absorption analysis

Figure 5A depicts the UV–Vis (300–1,200 nm) absorbance 
spectrum for the TiO2/epoxy nanocomposite. The main 
absorption edge was observed at around 380 nm in the UV 
region. Tauc’s plot was used to analyze the optical energy 
band gap value for the TiO2/epoxy nanocomposite (inset 
in Figure  5B). The optical band gap (Eg) was calculated 
using Tauc’s relation, as given by Equation 1:

�
� �

�
�

�� �0 h E

h
g

n

� (1)

where αo is a characteristic parameter, α is the 
absorption coefficient, h is Planck’s constant, and n is the 
power factor. Depending on the type of transition that 
occurred, the value of n may change. Since the transition in 
this nanocomposite material was direct, n is presumed to 
be 1/2. For the TiO2/epoxy nanocomposite, the calculated 
value of Eg was 3.52 eV.

3.5. FTIR spectroscopy analysis

FTIR analysis of TiO2 nanoparticles confirmed the 
formation of high-purity products. FTIR spectra (Figure 6) 
of these nanoparticles primarily display peaks associated 

Figure 3. Energy dispersive spectroscopy spectrum and elemental compositions. Spectrum of epoxy with (A) 0 wt%, (B) 2 wt%, (C) 3 wt%, and (D) 4 wt% 
titanium dioxide.

Figure 4. X-ray diffraction pattern of pure TiO2 and epoxy composites of 
2 wt%, 3 wt%, and 4 wt% TiO2, respectively
Abbreviation: TiO2: Titanium dioxide.
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with TiO2. A  peak at 499.9 cm−1 is attributed to Ti–O 
stretching vibrations. The final product appeared to have 
Ti–O bonds and lacked OH or peroxo groups, as indicated 
by the FTIR spectrum. The produced TiO2 nanoparticles’ 
infrared spectra, which can be used to identify chemical 
bonds and functional groups in a product, were in the 
range of 400–4,000 cm−1. Low-wavelength peaks at 585.6, 
586.4, 566.9, and 565.1 cm−1 were assigned to C–I stretching 
vibrations. The highest peak observed for the TiO2/epoxy 
nanocomposite in 0, 2, 3, and 4 wt% TiO2 was 3,420.5, 
3,403.3, 3,387.9, and 3,384.2 cm−1, respectively, due to O–H 
stretching. In the low-energy region (<1,000 cm−1), broad 
absorption bands associated with Ti–O stretching were 

observed. For the TiO2/epoxy nanocomposite containing 
0, 2, 3, and 4 wt% TiO2, characteristic peaks appeared near 
586 and 566 cm−1.

3.6. Experimental analysis for TENG devices

A TENG converts mechanical energy into electrical 
energy through the combined action of the triboelectric 
effect and electrostatic induction. It typically comprises 
two triboelectric layers made from materials with 
differing electron affinities. When these materials 
come into contact and then separate, one surface tends 
to gain electrons while the other loses them. Nylon, 
polytetrafluoroethylene, and polydimethylsiloxane 
are a few examples of frequently used triboelectric 
materials.31 As seen in Figure  7A, electrodes on each 
side of the triboelectric layers collect the electrical 
charges generated during contact or separation. These 
electrodes are usually made of conductive materials, such 
as conductive polymers or metal foils. One electrode is 
attached to each triboelectric surface, enabling efficient 
charge collection.7 The layers are often supported by 
a flexible substrate, such as a polymer film or a flexible 
printed circuit board, which provides both flexibility and 
structural stability. The electrical output of TENG may be 
utilized to charge batteries or power other devices. The 
electrodes are linked to an external load, such as a resistor 
or energy storage device, completing the electrical circuit 
and enabling practical energy utilization. To enable the 
creation of mechanical energy, the TENG device may 
incorporate various mechanical structures. The overall 
fabricated TENG device is shown in Figure 7A, while 
the photographic images of the fabricated TENG and 

Figure  6. Fourier transform infrared analysis of TiO2/epoxy 
nanocomposite of pure TiO2 and epoxy of 2 wt%, 3 wt%, and 4 wt% TiO2, 
respectively
Abbreviation: TiO2: Titanium dioxide.

Figure  5. (A) Ultraviolet–visible spectrum of titanium dioxide/epoxy 
nanocomposite and (B) the Tauc’s plot in the inset

Figure 7. Device fabrication. (A) Constituent layers in epoxy resin TiO2-
based TENGs. (B) Image of fabricated TENG. (C) Images of fabricated 
TENG with TiO2/epoxy nanocomposite films incorporated with 0 wt%, 
2 wt%, 3 wt%, and 4 wt% n-TiO2, respectively.
Abbreviations: n-TiO2: Nitrogen-doped titanium dioxide; 
TENG: Triboelectric nanogenerator; TiO2: Titanium dioxide.
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TiO₂/epoxy nanocomposite-based devices with varying 
TiO₂ concentrations are presented in Figures 7B and C, 
respectively.

The optimized output voltage characteristics of the 
TENG device without UV light irradiance are presented 
in Figure 8. The TENG device produced a voltage of 25 V 
using 0 wt% TiO2 nanoparticles, as shown in Figure  8A. 
Under triboelectric operation, this device exhibits 
the smallest electrical potential difference between its 
electrodes. Nonetheless, even at this lower voltage, the 
device is capable of generating a measurable charge flow. 
The TENG device containing 2 wt% TiO2 nanoparticles 
generated a higher voltage of 45 V compared to the sample 
containing 0% TiO2 (Figure  8B). This implies that the 
inclusion of TiO2 nanoparticles increased the electrical 
potential difference. In comparison to the two prior 
samples, the TENG device with 3 wt% TiO2 nanoparticles 
produced a voltage of 50 V (Figure 8C). This suggests that 
increasing the concentration of TiO2 nanoparticles leads 
to a larger electrical potential difference and enhances 
charge transfer within the system. The TENG device 
with 4 wt% TiO2 nanoparticles generated a voltage of 
55 V (Figure 8D), the highest among all the samples. This 
indicates that higher TiO2 loading is associated with a 
larger electrical potential difference and a greater charge 
flow. Although it is slightly lower than the earlier samples, 
it remains in the same ballpark, indicating a sizable flow 
of electrical charges. Voltages usually increase as TiO2 
nanoparticle concentration rises, indicating an increase 
in electrical potential differences.40,41 TiO2 nanoparticles 
possess unique properties that enhance the performance 
of nanogenerators. They are wide-bandgap semiconductor 
materials that effectively transform light energy into 
electrical energy. Their inclusion expands the surface area, 

creating a network of connections that improves electrical 
conductivity, electron mobility, and charge transfer. When 
materials with various electron affinities come into contact, 
TiO2 nanoparticles enhance the triboelectric effect by 
acting as electron acceptors and donors. This makes charge 
transfer easier, which raises the output voltage. In addition, 
TiO2 nanoparticles strengthen the epoxy matrix, improving 
its flexibility, toughness, and resistance to mechanical 
stress. TiO2/epoxy nanocomposite-based photoinduced 
TENGs exhibit improved performance and durable power 
production capabilities due to these combined features.

The optimized output voltage characteristics of the 
TENG device under UV light irradiance are presented 
in Figure  9. Table  1 compares the output voltage 
characteristics of the TENG device with and without UV 
light, showing a drastic increase in the output voltage of 
the TENG devices. When exposed to UV light, the TENG 
device with 0 wt% TiO2 nanoparticles produced a higher 
voltage of 65 V (Figure 9A) compared to the corresponding 
device operated without UV illumination, as presented in 
Figure 9B. The electrical potential difference in this sample 
appears to be amplified by UV light irradiation. Under 
UV light irradiation, the TENG device with 2 wt% TiO2 
nanoparticles generated a voltage of 75 V (Figure  9B). 
This implies that the electrical potential difference was 
higher than it was in the UV-free sample. With 3 wt% TiO2 
nanoparticles and UV light irradiation, the TENG device 
generates a voltage of 77 V (Figure  9C). The voltage in 
this sample was slightly higher than previously reported 
ones.42 When subjected to UV light, the TENG device 
with 4 wt% TiO2 nanoparticles produced the highest 
voltage of 80 V among all the samples (Figure 9D). This 
indicates that the largest electrical potential difference 

Figure  8. Characteristics of TiO2/epoxy nanocomposite-based 
triboelectric nanogenerators without ultraviolet light exposure. Output 
voltage for (A) 0 wt%, (B) 2 wt%, (C) 3 wt%, and (D) 4 wt% TiO2, 
respectively.
Abbreviation: TiO2: Titanium dioxide.

Figure  9. Characteristics of TiO2/epoxy nanocomposite-based 
triboelectric nanogenerators with ultraviolet light exposure. Output 
voltage for (A) 0 wt%, (B) 2 wt%, (C) 3 wt%, and (D) 4 wt% TiO2, 
respectively.
Abbreviation: TiO2: Titanium dioxide.
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occurred when UV light irradiation and TiO2 nanoparticle 
concentration are combined. UV light illumination led 
to an increased generation of electrical charges. The 
TENG device performed better when UV light irradiance 
was added together with different TiO2 nanoparticle 
concentrations. For all compositions, UV illumination 
increased the voltage output. The current output remained 
relatively constant for most samples, except for the device 
containing 4 wt% TiO2, which exhibited a substantial 
increase in current under UV light. These findings suggest 
that UV light, particularly when combined with precise 
concentrations of TiO2 nanoparticles, can enhance the 
generation of electrical energy in TENG devices. The 
triboelectric voltage produced in the samples is greatly 
influenced by UV radiation. When UV light irradiates 
TiO2 nanoparticles, it activates the photovoltaic effect. Due 
to its wide bandgap, TiO2 can absorb photons in the UV 
region, leading to the generation of electron–hole pairs. 
Upon photon absorption, electrons are excited to higher 
energy levels, leaving behind positively charged holes. This 
charge separation creates an internal electric potential, 
resulting in a built-in voltage across the material.43 This 
built-in voltage influences the total triboelectric voltage 
measured. The TiO2 nanoparticles can be used to produce 
electron–hole pairs, which can enhance the triboelectric 
effect. The triboelectric effect occurs when two materials 
with differing electron affinities, such as the opposing 
substance and the TiO2 nanoparticles, come into contact. 
The opposing material may absorb the excited electrons 
from the TiO2 nanoparticles, thereby enhancing the charge 
density and triboelectric voltage.

3.7. Mechanism of TENGs

The mechanism can be understood as follows: when 
two dielectric materials, Kapton and a TiO2/epoxy 
nanocomposite, come into contact, electrification occurs, 
resulting in the formation of opposite static charges on the 
inner surfaces of the triboelectric layers. Upon separation 
of these layers, a potential difference is created, causing 
electrons to flow under short-circuit conditions.44 A charge 
imbalance develops between two materials that have 

different electron affinities when they come into contact 
and then separate, creating an electric potential.45 TiO2 
nanoparticles are well known for their superior electrical 
and optical characteristics, which make them suitable 
for use in energy-related applications. The PET substrate 
serves as the foundation material for the nanocomposite, 
providing mechanical flexibility, toughness, and insulation. 
In this instance, inherent motion or deformation of 
the device provides the mechanical energy needed for 
the triboelectric effect. The photoinduced mechanism 
indicates that light can activate or enhance the performance 
of the nanogenerator.23 TiO2 is a semiconductor with 
photoactive characteristics, meaning that when exposed to 
light, it can produce electron–hole pairs. The photoactive 
characteristics of TiO2 nanoparticles play a role in 
the reaction of TENG to UV radiation. Because TiO2 
nanoparticles in the anatase phase are photocatalytic, they 
produce electron–hole pairs when exposed to UV light. 
Figure 10 illustrates the role of UV light on the enhanced 
characteristics of TiO2/epoxy nanocomposite-based 
TENG. On the TiO2/epoxy composite, these electron–
hole pairs improve charge separation and increase surface 
charge density. The TENG produces more voltage as 
a result of the enhanced triboelectric effect caused by 
this greater charge density. Higher concentrations of 
TiO2 produce higher voltage output as they enhance the 
material’s capacity to capture and transmit charges more 
effectively when exposed to UV light. By enhancing 
charge transfer during contact and separation, these 
charge carriers can support the triboelectric effect and 
increase the total electrical output of the nanogenerator.46 
Moreover, the incorporation of TiO2 nanoparticles into the 
epoxy matrix can also influence the surface morphology 
and interfacial properties of the nanocomposite. This 
can lead to improved contact electrification and charge 
transfer efficiency, further enhancing the voltage output 
of the TENG device. During the deformation process, the 
TiO2/epoxy nanocomposite layer and the PET substrate 

Table 1. Output voltage of the triboelectric nanogenerator 
devices with and without UV light

Sample wt% of 
titanium dioxide

Without UV light With UV light

0 25 V 65 V

2 45 V 75 V

3 50 V 77 V

4 55 V 80 V

Abbreviation: UV: Ultraviolet

Figure  10. Impact of UV light on the charge density of TiO2/epoxy 
nanocomposite-based triboelectric nanogenerator
Abbreviations: TiO2: Titanium dioxide; UV: Ultraviolet.
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come into contact and eventually separate due to the 
subsequent application of pressure. The triboelectric effect 
is produced by the contact and separation process. The 
TiO2/epoxy nanocomposite layer and the PET substrate 
transmit electrons due to the triboelectric phenomenon, 
and between the two materials, this charge transfer 
produces an electric potential. Through the use of proper 
electrodes and electronics that are attached to the device, 
the created electric potential can be harnessed and 
collected.34 By applying UV light, TiO2 nanoparticles 
in the nanocomposite layer can absorb photons and 
produce additional charge carriers. The triboelectric 
effect is enhanced by this photoinduced action, resulting 
in increased electrical output.47,48 The triboelectric 
interaction between the TiO2/epoxy nanocomposite layer 
and the PET substrate can be exploited in a self-powered, 
photoinduced TENG to convert mechanical energy into 
electrical energy.49 The charge transfer process during 
contact and separation can therefore be facilitated by 
these photoexcited charge carriers, increasing the total 
electrical output of TENG. The operating range of TiO2-
based TENGs can be extended by UV light, which acts 
as a supplementary energy source.50,51 The TENG device 
can capture energy from both mechanical motion and 
UV illumination in its surroundings, utilizing visible 
or UV light, enabling it to function autonomously even 
with modest mechanical stimulation. It is a prospective 
contender for several applications, including wearable 
technology, self-powered sensors, and energy harvesting 
from ambient light sources due to its dual-mode energy-
collecting capacity. Comparison with previously reported 
devices indicates that most earlier studies achieved higher 
output voltages48-50 than those obtained here, with the 
exception of Alam et al.52 However, to the best of our 
knowledge, none of these studies systematically examined 
the effect of UV illumination on TENG performance, 
which is the key innovation of the present work.

4. Conclusion
This study used a TiO2/epoxy nanocomposite-blended 
PET substrate to create a photoinduced TENG. Structural 
and morphological investigations revealed the presence of 
TiO2 nanoparticles with anatase crystal structure in the 
nanocomposite. The performance of the TENG device was 
examined under the effect of UV light, and the findings 
indicated that varying TiO2 concentrations had an impact 
on the output voltage. The device containing 4 wt% TiO2 
produced the highest voltage output of 80 V under UV 
illumination. For the device without TiO2  (0 wt%), the 
voltage increased from 25 V (without UV) to 65 V under UV 
illumination. These results provide important new insights 
into the structural, morphological, optical, and chemical 

properties of the blended TiO2/epoxy nanocomposite 
PET substrate. The development of such self-powered, 
photoinduced TENGs may significantly advance 
sustainable power-source technologies. Environmental 
stimuli, such as UV light, can thus be exploited to generate 
energy, paving the way for self-sufficient and portable 
energy-generating systems. Future studies can focus on 
maximizing the TiO2 concentration and exploring other 
materials to enhance TENG performance.
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