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In triboelectric nanogenerators (TENGs), polymers are widely utilized, with plasticizers serving essential
roles in industrial polymer applications. Plasticized polyvinyl chloride (PVC) dielectric gel TENGs are
particularly effective at generating high outputs due to their strong triboelectric properties. However,
elevated temperatures can cause plasticizer leakage due to weak interactions with the polymer matrix,
reducing the TENG's stability. This study addresses these limitations by incorporating titanium dioxide
nanoparticles (TiO, NPs) into a dielectric gel, achieving significantly enhanced dielectric properties and
thermal stability. The TiO, NPs increase the dielectric constant, reduce leakage current, and improve
output performance to 121V, 11.1 pA, and 149 pW cm™2. Additionally, interactions between TiO, NPs and
polar components of the plasticizers prevent leakage, ensuring stability at high temperatures. The
resulting nano-TiO, dielectric gel TENG demonstrates superior mechanical and thermal resilience,
enabling reliable operation in diverse environments. Furthermore, it features a temperature-independent
pressure sensor with consistent sensitivity (S = 2.03 V kPa~* for 10-40 kPa and S = 0.97 V kPa™* for 40—
100 kPa) and accuracy over a wide temperature range (25 °C to 55 °C). These properties make the nano-
TiO, dielectric gel TENG ideal for sustainable energy harvesting and temperature-robust sensing
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harvesting devices that utilize contact electrification and elec-
trostatic induction effects.'®*> TENGs have garnered significant

1. Introduction

Energy harvesting technology is gaining considerable attention
as a sustainable energy solution to address the ongoing energy
crisis and mitigate climate change. The growing demand for
energy, driven by the increasing use of personal electronic
devices and components for Internet of Things (IoT) platforms,
further underscores the need for innovative energy sources.
Various energy harvesting technologies exist, including piezo-
electric nanogenerators,' pyroelectric nanogenerators,*® and
hydrovoltaic nanogenerators.”® Among them, triboelectric
nanogenerators (TENGs) stand out as mechanical energy
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interest due to their high energy conversion efficiency, high
output voltage, simple manufacturing process, and low cost.
Additionally, they are being actively explored for diverse appli-
cations such as electronic skin,**'* wearable devices,">'® and
self-powered sensors.'”*®

Among these applications, TENG-based self-powered pres-
sure sensors utilizing biodegradable polymers,***° stretchable
polymers,*** and ionic polymers*** have demonstrated
significant potential for converting mechanical pressure into
electrical signals.***® High-output TENGs are particularly
desirable for pressure sensors, as higher output leads to greater
sensitivity, enabling the detection of finer pressure changes
with increased accuracy. However, a key limitation of TENG-
based pressure sensors is that their output performance often
fluctuates with temperature, which can affect the accuracy of
pressure measurements. Changes in temperature can cause
variations in triboelectric output, leading to inconsistent sensor
readings and reduced reliability, especially in environments
with fluctuating temperatures.”””®* Therefore, developing
temperature-independent pressure sensors that maintain
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consistent performance across different temperatures is critical
for ensuring reliable operation in a wide range of environments.

Polyvinyl chloride (PVC) gel-based TENGs have been identi-
fied as suitable candidates for high-sensitivity pressure sensors
due to their deformability, high tribo-negativity, and high
dielectric constant, which together allow them to generate high
output.”® However, the dielectric gel-based TENGs can suffer
from performance degradation at elevated temperatures due to
poor thermal stability. Titanium dioxide nanoparticles (TiO,
NPs) are renowned for their excellent physical and thermal
stability, high permittivity, photocatalytic properties, and tribo-
positive properties.>**° Their large specific surface area and
highly reactive unsaturated surface atoms enable strong inter-
actions with the polar components of plasticizers, enhancing
the thermal stability of the dielectric gel by preventing plasti-
cizer leakage.** By doping TiO, NPs into the dielectric gel, it is
possible to develop a temperature-independent pressure
sensor.

In this study, we incorporated TiO, NPs into PVC gel to
enhance the thermal stability of TENGs and develop a temper-
ature-independent pressure sensor. Although the incorpora-
tion of TiO, NPs imparts tribo-positive properties to the nano-
TiO, dielectric gel, it significantly enhances the dielectric
constant and reduces leakage current. These advantages
outweigh the potential drawbacks of increased tribo-positivity,
resulting in superior output performance (121 V, 11.1 pA, 149
uW cm ™) and improved thermal stability. This enhanced
thermal stability allows the pressure sensor to maintain
consistent sensitivity across a wide temperature range (25 °C to
55 °C), with stable sensitivity in both low-pressure (2.03 V kPa™"
@ 10-40 kPa) and high-pressure (0.97 V kPa™' @ 40-100 kPa)
ranges, independent of temperature variations. By overcoming
the limitations of traditional TENG-based sensors, this inno-
vation ensures reliable performance across diverse climates,
making the nano-TiO, dielectric gel TENG ideal for sustainable
energy harvesting and precise pressure sensing in a wide range
of fluctuating environmental conditions.

2. Experimental section
2.1 Materials

The nano-TiO, dielectric gel was prepared using commercial
PVC powder (Mw 275 000; Scientific Polymer Products, Inc.,
USA) and mixed TiO, nano powder (anatase 80% and rutile
20%, 21 nm particle size, =99.5% trace metals basis; Sigma-
Aldrich) with tetrahydrofuran (THF 99.5%; DAEJUNG, Korea)
as the solvent and DBA (TCI, Japan) as plasticizers.

2.2 Fabrication of PVC gel and nano-TiO, dielectric gels

PVC powder was dissolved in THF, and DBA was added to the
solution, which was stirred for 24 hours at 200 rpm. The ratio of
PVC to the DBA plasticizer was 1:3. TiO, nanoparticles were
dispersed in THF using a vortex mixer and sonication. This
nanoparticle dispersion was then added to the PVC gel solution.
The resulting mixture was stirred under the same conditions
and sonicated for 1 hour. The solution was then poured into
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a glass dish to allow THF to evaporate at room temperature (24 °
C) over two days, resulting in a soft, gel-like dielectric elastomer.

2.3 Fabrication of temperature-independent pressure
sensing applications

The bottom part of the pressure sensor consists of nine 2 cm X
2 cm Al electrodes mounted on a glass substrate and inter-
connected with wires. A 2 cm x 2 cm piece of PVC gel or nano-
TiO, dielectric gel is securely fixed above each electrode. The top
part of the sensor is designed to be either a plus sign or a square
shape. It comprises a 2 em x 2 cm Al electrode attached to
another glass substrate, with a 2 cm x 2 cm nylon film adhered
to it.

2.4 Characterization of PVC gel and nano-TiO, dielectric gels

Surface and cross-sectional images, as well as energy-dispersive
spectroscopy (EDS) images, were obtained using a scanning
electron microscope (SEM, Hitachi, S-4800). An X-ray diffrac-
tometer (Rigaku, MiniFlex 600) with Cu Ko radiation (A =1.5418
A) was used to determine the crystalline properties of the
samples. The chemical structures of the specimens were
analyzed using a Fourier transform infrared (FT-IR) spectrom-
eter (Spectrometer 100; PerkinElmer, USA). The mechanical
properties of the PVC gel and nano-TiO, dielectric gels were
evaluated using a universal testing machine (UTM, ST-1000;
SALT, Co. LTD., Korea) according to ASTM D638 (type V), with
a crosshead speed of 50 mm min™~" at room temperature (23 °C).
Uniaxial tensile tests were conducted on dumbbell-shaped
specimens cut from flat, drop-cast films with a thickness of
0.4 mm. The dielectric properties of the PVC gel and nano-TiO,
dielectric gels were measured over a frequency range of 1 Hz to
10 kHz with a signal amplitude of 1 V using an LCR meter
(IM3533; HIOKI, Japan) at room temperature (25 °C). Leakage
current was measured using a source meter (Keithley 2450;
Keithley Instruments, USA) under an applied electric field of
80 V. mm ' at room temperature (25 °C) with a dielectric gel
area of 1 cm”. Surface potential measurements were performed
using Kelvin probe force microscopy (KPFM, XE-100; Park
Systems, Korea) with a Pt/Cr-coated silicon tip and a lock-in
amplifier. Plasticizer weight loss was calculated after each 24
hour annealing period at 55 °C in an oven for 7 days. Addi-
tionally, glass transition temperatures (T,) were measured using
differential scanning calorimetry (DSC, 131 EVO; SETARAM,
Switzerland).

2.5 Measurements: TENG output and temperature-
independent pressure sensing

The output performance of the TENG was measured in an active
area of 2 cm x 2 cm (contact material: nylon). Open-circuit
voltages (Voc) and short-circuit currents (Isc) were measured
using an electrometer (Model 6514; Keithley Instruments, Inc.,
USA). The cyclic contact-separation process was carried out
using a shaker (ET-139; Labworks Inc., USA), a function gener-
ator (33210A; KEYSIGHT, USA), and a linear power amplifier
(PA-138; Labworks Inc., USA). Additionally, the TENG output
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performance was measured at different temperatures (25 °C,
35 °C, 45 °C, and 55 °C) and pressures.

3. Results and discussion

3.1 Intermolecular interactions and structural analysis of
nano-TiO, dielectric gels

The nano-TiO, dielectric gel was synthesized by incorporating
various concentrations of TiO, NPs into a dibutyl adipate (DBA)-
lasticized PVC gel, as detailed in the Experimental Section and
illustrated in Fig. S1.7 The intermolecular interactions in the
PVC gel and nano-TiO, dielectric gel are shown in Fig. 1a,
indicating that the PVC chains interact with the TiO, NPs via
dipole-dipole forces between the chlorine (Cl) atoms in PVC
and the titanium (Ti) atoms in TiO, NPs. Additionally, interac-
tions occur between the TiO, NPs and the carbonyl (C=O0)
groups in DBA, enhancing the structural stability of the nano-
TiO, dielectric gel network. Photographs, scanning electron
microscopy (SEM) images, and energy-dispersive spectroscopy
(EDS) of the PVC gel and nano-TiO, dielectric gel are shown in
Fig. 1b, S2 and S3.1 The PVC gel is transparent with a smooth
surface, whereas the nano-TiO, dielectric gel is opaque and
rough with numerous TiO, NPs dispersed throughout the
composite gel. The corresponding EDS images indicate that the
TiO, NPs are evenly dispersed in the TiO, dielectric gel (Ti: 1.13
at%). Fig. 1c shows the X-ray diffraction (XRD) peaks of TiO,
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crystalline peak of PVC appears at 20°, and the peak intensity
increases with higher concentrations of TiO, NPs, indicating
that the amorphous region, caused by the plasticizer, expands
as TiO, NPs combine with the plasticizer. Representative peaks
of mixed-phase TiO, NPs (80% anatase (A) and 20% rutile (R))
are observed at 25° (A:101), 37° (A:004), and 47° (A:200), with
prominent TiO, NPs peaks clearly visible in the 5 wt% TiO,
dielectric gel.** The high anatase content in the mixed-phase
TiO, enables photocatalytic properties, which can be utilized
for self-cleaning under sunlight (Fig. S4t). This self-cleaning
ability prevents the reduction caused by contaminants on the
triboelectric layer.

Fig. 1d shows Fourier transform infrared spectroscopy (FT-
IR) spectra of the TiO, dielectric gel, demonstrating the inter-
action between TiO, NPs and the DBA plasticizer when the DBA
is physically dispersed within the PVC chain. In the PVC gel, the
C=0O0 peak of the DBA plasticizer appears sharply at 1728 cm .
As the concentration of TiO, increases, this peak broadens,
reflecting stronger interactions between the TiO, NPs and the
DBA plasticizer.*® These characteristics are further evidenced by
the stress-strain curve, which demonstrates improved
mechanical properties of the TiO, dielectric gel with increasing
concentrations of TiO, nanoparticles (Fig. 1e). Nano-TiO, not
only interacts with PVC chains and plasticizers but also remains
fixed under strain, limiting the mobility of PVC chains and
plasticizers while creating physical crosslinking points through
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Fig. 1

Intermolecular structures and characteristics of PVC gel and nano-TiO, dielectric gels. (a) Schematic of PVC geland 2 wt% TiO, dielectric

gel intermolecular structures and forces. (b) Comparison of photographs and SEM-EDS images of PVC gel and 2 wt% TiO, dielectric gel. (c) XRD
patterns showing crystalline structures of TiO, nanoparticle and TiO, dielectric gels across a range of TiO, concentrations from 0 to 5 wt%. (d)
FT-IR spectra of DBA and TiO, dielectric gels with varying TiO, NPs concentrations from 0 to 5 wt%. (e) Stress—strain curves of the TiO, dielectric

gels with TiO, NPs concentrations ranging from 0 to 5 wt%.
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increase in Young's modulus as the TiO, concentration rises.
Specifically, both the elongation at break and Young's modulus
increase as the concentration of TiO2 NPs increases (Fig. S57).

3.2 Evaluation of output performance in nano-TiO,
dielectric gel TENG

Fig. 2a shows the schematic and working principles of the TiO,
dielectric gel-based TENG. The top layer of the TENG consists of
a nylon/Al electrode, while the bottom layer is composed of
a TiO, dielectric gel/indium tin oxide (ITO) electrode. The TENG
operates based on the combined effects of contact electrifica-
tion and electrostatic forces. When external pressure is applied,
the nylon and TiO, dielectric gel come into contact, causing the
nylon to become positively charged and the TiO, dielectric gel to
become negatively charged due to its triboelectric properties. As
the top layer moves away from the bottom, the negative charges
on the TiO, dielectric gel surface repel electrons, forcing them
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to flow from the bottom electrode to the top electrode through
external circuits.

We quantitatively evaluated the output performance (peak-
to-peak voltage and current) of TENGs made from both PVC
gel and TiO, dielectric gels with various concentrations of TiO,
(from 0 wt% to 5 wt%) under a contact-separation pressure of
20 N and a frequency of 2 Hz. The TENG made from PVC gel
produced an output voltage of 99.8 V and a current of 9.6 nA
(Fig. 2b). This serves as the baseline for assessing the impact of
TiO, doping. With the incorporation of 0.5 wt% TiO, into the
PVC gel, the output increased to 102 V and 10 pA, indicating
that the concentration of TiO, NPs positively correlates with
higher output. The maximum output values were observed at
2 wt% TiO,, reaching 121 V and 11.1 pA, representing a 20%
improvement compared to the PVC gel. However, increasing the
TiO, concentration to 5 wt% resulted in a decrease in output,
down to 92 V and 8.6 nA. We used the 2 wt% TiO, dielectric gel,
which exhibited the highest output, to investigate TENG
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Fig. 2 Output performance of nano-TiO, dielectric gel-based TENG. (a) Schematic of device structure and working principle of TiO, dielectric
gel TENG. (b) Output voltage and current in TENGs with different TiO, NPs concentrations (0 wt% to 5 wt%). (c) Dielectric constant and leakage
current of TiO, dielectric gels across a range of TiO, concentrations (0 wt% to 5 wt%). (d) Surface potential of TiO, dielectric gels and comparison
of triboelectricity with other polymers (nylon and PVC). (e) Schematic of the induced surface charges and leakage current based on different
concentration of TiO, NPs. (f) Output voltage and current based 2 wt% TiO, dielectric gel TENG with external load resistances. (g) Power density
of the PVC gel and 2 wt% TiO, dielectric gel-based TENG with external load resistances. (h) Durability test of the 2 wt% TiO, dielectric gel-based

TENG for more than 5000 cycles.
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behavior under different pressures and frequencies (Fig. S6 and
S71). We also compared the TENG output performance of
mixed-phase and rutile-phase TiO, dielectric gels, finding that
the mixed-phase TiO, dielectric gel produced superior output,
as discussed in detail in ESI Note S1 (Fig. S87).

The triboelectric output is proportional to the surface charge
density of the dielectric materials, and the induced surface
charge density (¢’) can be expressed by the following equation:*

’ O'X(t)

a 10, dielectric gel
+

4 1)

dNy]on

+ x(1)

€TI0, dielectric gel ENylon

where ¢ is the triboelectric charge density, and erio, dielectric gels
enylon are the permittivities of TiO, dielectric and nylon, and
drio, dielectric gely dnylon T€Present their thickness. x(t) is the gap
distance between the top and bottom layers. Fig. 2c illustrates
the dielectric constant and leakage current of the TiO, dielectric
gel, measured at a frequency of 100 kHz. The dielectric constant
of the PVC gel was 5.3, which increased with the TiO, concen-
tration: 5.7 at 0.5 wt%, 6.52 at 2 wt%, and 6.57 at 5 wt%. This
rise in the dielectric constant contributed to the enhanced
output of the TiO, dielectric TENG. Additionally, an increase in
dielectric constant and loss was observed across all frequency
ranges (Fig. S97). The total induced charge density (o) can
decrease when charges dissipate quickly due to leakage paths,
as described by:

or=0d —0op (2)

where oy is the total charge density, and op, is the dissipation
charge density. PVC gel exhibited the highest leakage current at
6.61 pA, leading to rapid charge dissipation. As the TiO,
concentration increased, the dissipated charge decreased: 4.03
LA at 0.5 wt%, 2.45 pA at 2 wt%, and 2.29 pA at 5 wt%. There-
fore, the combination of a higher dielectric constant and lower
leakage current led to improved output up to 2 wt% TiO, NPs. In
addition to dielectric constant and leakage current, TENG
output is also influenced by the effective work function of the
dielectric materials. To investigate this, the effective work
functions of PVC gel and TiO, dielectric gels were measured
using Kelvin probe force microscopy (KPFM) (Fig. 2d). The
potential of the PVC gel was 190 mV. As the TiO, NP concen-
tration increased, a shift toward more positive triboelectric
properties was observed: 196 mV at 0.5 wt%, 294 mV at 2 wt%,
and 381 mV at 5 wt%, indicating increased positive triboelectric
potential with higher TiO, concentrations.*® Fig. 2e compares
the surface charge density of PVC gel, 2 wt%, and 5 wt% TiO,
dielectric gel. For the PVC gel, the difference in work function
resulted in a significant amount of charge, which dissipated
quickly due to the high leakage current. At 5 wt% TiO,, the
TENG's output was primarily influenced by the effective work
function rather than the dielectric constant or leakage current.
This reduction in output at 5 wt% is attributed to a smaller
difference in the effective work function between TiO, dielectric
gel and nylon, suggesting the critical role of the effective work
function in determining TENG performance. Conversely, the
2 wt% TiO, dielectric gel achieved maximum output due to an

This journal is © The Royal Society of Chemistry 2025
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optimized balance of dielectric constant, reduced leakage
current, and effective work function. Moreover, we also explored
the relationship between compatibility and performance by
incorporating a coupling agent into the optimized 2 wt% TiO,
dielectric gel (Fig. S10%).*”** Although the coupling agent
enhanced the compatibility between TiO, and PVC, it ultimately
reduced TENG performance, as discussed in detail in ESI Note
S2.%

To further evaluate the performance of the optimized 2 wt%
TiO, dielectric gel TENG, the output voltage, current, and power
density were measured under varying external load resistances
(100 Q to 1 GQ), as shown in Fig. 2f and g. The maximum output
power density was 141 uW cm™ > at 30 MQ. Additionally, the
output voltage remained stable, showing no significant degra-
dation over 5000 cycles of repeated contact-separation motion
of the TENG with a nylon film (Fig. 2h). To further assess the
stability of the TiO, dielectric gel, potential plasticizer leakage
under continuous friction was evaluated using SEM analysis of
the counter material, nylon, both before and after the stability
test (Fig. S111). The results showed no noticeable changes on
the nylon surface, confirming the material's stability.

3.3 Temperature-independent output performance of nano-
TiO, dielectric gel TENG

To extend the operational range of TENGs, it is crucial that they
maintain reliable energy harvesting capabilities under elevated
thermal conditions. As discussed in Fig. 1, the incorporation of
TiO, nanoparticles (NPs) into the PVC gel significantly
enhances its thermal stability. Fig. 3a shows the performance of
TENGs based on PVC gel and 2 wt% TiO, dielectric gel when
subjected to a temperature range of 25 °C to 55 °C. The output
from the PVC gel TENG decreased progressively from 25 °C to
55 °C, confirming its thermal instability (Fig. 3b and c). In
contrast, the 2 wt% TiO, dielectric gel maintained consistent
output across the same temperature range, demonstrating the
effectiveness of TiO, doping in improving thermal resilience
(Fig. 3d and e). The output voltage and current for 0.5 wt% and
5 wt% TiO, dielectric gel TENGs at different temperatures are
shown in Fig. S12 and S13.} Additionally, Fig. 3f and g present
the rate of change in output for TiO, dielectric gels with varying
TiO, concentrations under thermal stress from 25 °C to 55 °C.
TENGS based on lower TiO, concentrations (0 wt% and 0.5 wt%)
exhibited reduced performance at elevated temperatures,
whereas higher concentrations (2 wt% and 5 wt%) displayed
stable outputs, unaffected by temperature fluctuations. We
further examined the impact of dielectric constants and leakage
currents on the output performance of TiO, dielectric gel
TENGS across the temperature range of 25 °C to 55 °C in Fig. 3h.
While the dielectric constants of PVC gel and TiO, dielectric
gels remained relatively stable across the range of temperatures
and TiO, NP concentrations, the leakage currents were highly
sensitive to these variables. Specifically, the leakage current of
the PVC gel increased significantly from its initial value at room
temperature to higher values at 55 °C. In contrast, the 2 wt%
and 5 wt% TiO, dielectric gels exhibited only minimal increases
in leakage current. The decrease in output performance at lower
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Fig. 3 Reliable energy harvesting based on TiO, dielectric gel TENG under elevated thermal conditions. (a) Schematic of PVC gel TENG unstable
energy harvesting and 2 wt% dielectric gel TENG reliable energy harvesting under 25 °C to 55 °C thermal conditions. (b) Output voltage and (c)
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TENG under 25 °C to 55 °C thermal conditions. (f) Output voltage

changes and (g) output current changes under different temperature

conditions. (h) Dielectric constant and leakage current under the different temperature (25-55 °C).

TiO, concentrations (0 wt%, 0.5 wt%) with increasing temper-
ature can be attributed to two main factors: (1) softening of the
gel and (2) increased electrical conductivity of the gel. As the
temperature rises, the TiO, dielectric gel softens, causing
greater deformation under the same pressure and reducing the
distance between the gel surface and the bottom electrode.
Simultaneously, the increased mobility of plasticizers within
the gel at higher temperatures leads to higher electrical
conductivity (Fig. S14t). These combined effects—reduced
surface-to-electrode distance and decreased material resis-
tance—result in significant leakage currents and reduced
output performance.*® In contrast, at higher TiO, concentra-
tions (2 wt%, 5 wt%), the superior mechanical modulus and
lower leakage current of the gel ensure relatively stable output
currents, even under thermal stress. Strong interactions
between the TiO, nanoparticles and DBA plasticizer restrict the
mobility of free DBA molecules, minimizing charge dissipation
and enhancing the thermal stability of the TENG output. Thus,
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the TENG based on the 2 wt% TiO, dielectric gel, which shows
minimal electrical changes with temperature, can produce
stable, high outputs even when exposed to fluctuating outdoor
temperature conditions.

3.4 Application: temperature-independent pressure sensor

In the operational dynamics of TENGs, the output increases as
greater pressure is applied during the contact-separation
process, making TENGs effective for pressure sensing.
However, a significant challenge arises when TENG output
varies in response to ambient temperature fluctuations,
complicating accurate pressure detection. We leveraged the
thermal stability of TiO, dielectric gel TENGs to develop
a pressure sensor that is decoupled from temperature effects
(Fig. S151). The pressure sensor's sensitivity is divided into two
pressure ranges: a lower range from 10 kPa to 40 kPa and
a higher range from 40 kPa to 100 kPa. Fig. 4a shows that the
pressure sensor based on 0 wt% TiO, dielectric gel TENG

This journal is © The Royal Society of Chemistry 2025
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exhibited sensitivities of 1.60 V kPa~" and 0.87 V kPa ™" in the
low- and high-pressure ranges, respectively, at 25 °C. However,
these sensitivities dropped to 1.48 V kPa™ " and 0.75 V kPa ' at
55 °C, demonstrating a decrease with rising temperatures. In
contrast, the pressure sensor based on 2 wt% TiO, dielectric gel
TENG (Fig. 4b) demonstrated superior performance. At 25 °C,
the sensitivities were 2.03 V kPa ™" in the low-pressure range and
0.98 V kPa™" in the high-pressure range, outperforming the PVC
gel. Notably, this sensor maintained nearly constant sensitiv-
ities of 2.04 V kPa™, 2.05 V kPa™*, and 2.03 V kPa~ " in the low-
pressure range at 35 °C, 45 °C, and 55 °C, respectively, with
minimal variation in the high-pressure range (0.98 V kPa™%).
This demonstrates its capability to accurately detect pressure
regardless of temperature fluctuations. We also tested the
output from 2 wt% TiO, dielectric gels with varying thicknesses
of 50 um, 250 pm, and 500 pm across a pressure range from 0.5
kPa to 500 kPa (Fig. S16t). We confirmed a detection limit of 0.5
kPa. Additionally, the 500 um-thick gel not only provided higher
sensitivity but could also detect high pressures ranging from
100 kPa to 300 kPa. Response time and retention time are
critical for pressure sensors, and the TiO, dielectric gel TENG-
based pressure sensor demonstrated a response time of less
than 3 ms and a retention time of less than 11 ms (Fig. S177).
We fabricated pressure-sensing applications using PVC gel
TENG and 2 wt% TiO, dielectric gel TENG (Fig. 4c and S18-
S2071). The schematic and photographs of the temperature-
independent pressure sensing application are shown in
Fig. 4c-i. The application consists of a bottom part (2 wt% TiO,
dielectric gel/Ag electrode) arranged in a 3 x 3 grid of nine
sections and a top part (Nylon/Al electrode) in a plus-sign shape.
We evaluated the sensor's performance at 25 °C and 55 °C. At
25 °C, the sensor detected an average pressure of 25 kPa based
on the output voltage generated in each section when pressure
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was applied. At 55 °C, the sensor still detected an average
pressure of 25.4 kPa, maintaining accurate pressure sensing
(Fig. 4c-ii). To verify accuracy at higher pressures, we applied 75
kPa and observed that the sensor detected 75.5 kPa at 55 °C,
confirming its functionality as a temperature-independent
pressure sensor (Fig. 4c-iii). In contrast, the PVC gel-based
pressure sensor detected pressures of 25 kPa, 50 kPa, 75 kPa,
and 100 kPa at room temperature. However, at 55 °C, it detected
22.5 kPa, 44.2 kPa, 67.2 kPa, and 88 kPa under the same applied
pressures, demonstrating reduced accuracy due to temperature
changes (Fig. S18 and S19%). In addition to temperature,
humidity is another key factor influencing the performance of
TENGs in external environments. We evaluated the output
performance of PVC gel and TiO, dielectric gel TENGs under
varying humidity levels (10-70%). While the output of both
TENGs decreased with increasing humidity, the TiO, dielectric
gel TENG showed a smaller reduction compared to the PVC gel,
attributed to the electron-attracting properties of TiO,
(Fig. S21t).%¢

3.5 Long-term thermal stability in nano-TiO, dielectric gels

To evaluate the durability and reliability of TiO, dielectric gels,
we conducted a long-term thermal stability test by exposing
them to a 65 °C oven environment for one week. Fig. 5a shows
the rate of DBA weight reduction over time at 65 °C, revealing
a decrease from 39% in PVC gel to 26% in 5 wt% TiO, dielectric
gel. This indicates a concentration-dependent improvement in
stability. Fig. 5b presents photographs of the PVC gel and TiO,
dielectric gels before and after the thermal test. Initially, each
sample measured 3 cm in width and 2.8 cm in height. After the
thermal test, the PVC gel exhibited the most significant
shrinkage due to plasticizer leakage, while the 5 wt% TiO,
dielectric gel showed the least reduction in size. The PVC gel's
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DBA is physically dispersed, creating free volumes due to the
plasticizing effect, which increases the mobility of the plasti-
cizer molecules and accelerates leakage under heat. To enhance
thermal stability and reduce plasticizer leakage in PVC gel, TiO,
nanoparticles were incorporated. These nanoparticles, with
their large specific surface area and interactive capabilities with
DBA plasticizers, facilitate bonding between the unsaturated
free electrons of TiO, and the polar regions of DBA molecules.
This effectively anchors the plasticizer molecules and limits
their mobility within the gel matrix. This mechanism substan-
tially reduces the leakage rate, especially at elevated tempera-
tures, as visually demonstrated in Fig. 5c. Differential Scanning
Calorimetry (DSC) data in Fig. 5d further supports these find-
ings, showing that the glass transition temperature of PVC gel
increases from 70.9 °C to 85.6 °C with higher TiO, content. This
underscore enhanced thermal stability due to stronger interfa-
cial interactions within the polymer matrix. Additionally, in the
TiO, dielectric gels, the C=0 peak shifted slightly to the right
after annealing, indicating that bonding between DBA and TiO,
NPs has strengthened and that thermal stability has improved
(Fig. S227). However, while these findings demonstrate the
effectiveness of TiO, in enhancing thermal stability, we also
observed that adding a coupling agent to the TiO, dielectric gel,
although effective in preventing plasticizer leakage, signifi-
cantly compromises TENG performance, as shown in Fig. S23.1
This underscores the trade-offs between thermal stability and
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TENG performance, emphasizing the need for future research
to optimize this balance for practical applications.

4. Conclusion

This study successfully demonstrated the effectiveness of TiO,
nanoparticles in improving the thermal stability and electrical
performance of polyvinyl chloride (PVC) dielectric gel-based
triboelectric nanogenerators (TENGs). By incorporating TiO,
nanoparticles into the PVC gel, we achieved significant
enhancements in the material's dielectric properties, which
substantially increased the energy harvesting capabilities of the
TENGs. Specifically, the addition of 2 wt% TiO, nanoparticles
led to a maximum output voltage of 121 V and a current of 11.1
pA, representing a 20% improvement compared to TENGs
fabricated solely from PVC gel. Furthermore, the inclusion of
TiO, nanoparticles effectively mitigated the issue of plasticizer
leakage, a common problem in traditional PVC gel TENGs at
elevated temperatures. This enhancement not only stabilizes
the operational performance of the TENGs but also broadens
their applicability across a range of environmental conditions,
from 25 °C to 55 °C. The development of a temperature-
independent pressure sensor based on this technology marks
a significant advancement, offering reliable and consistent
performance under varying climatic conditions. This progress
paves the way for expanded applications in wearable technology
and Internet of Things (IoT) devices.

This journal is © The Royal Society of Chemistry 2025
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