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ABSTRACT: Identifying triboelectric material pairs capable of
delivering high performance remains a key challenge for advancing
triboelectric nanogenerator (TENG) technologies. To address the
challenge, we have investigated a triboelectric pair comprising
tribo-negative PDMS/MXene(Ti3C2Tx) with a potent tribo-
positive material, triphenylamine−phenyl−benzothiazole (TPA-
Ph-BTZ). In this work, the triboelectric propertiesof TPA-Ph-
BTZ were first systematically determined by pairing it with a series
of standard frictional materials, confirming that TPA-Ph-BTZ is
tribo-positive. Building on our findings, we engineered PDMS/
MXene composite films with varying MXene loadings and coupled
them with TPA-Ph-BTZ to explore synergistic charge-generation
mechanisms. Comprehensive measurements, including electrical output, surface potential, dielectric constant, and wettability,
revealed that MXene reinforcement significantly enhances the charge-storage ability and effective contact behavior of PDMS. The
TPA-Ph-BTZ-PDMS/MXene (2 wt %) TENG delivered the highest electrical output of ∼290 V, ∼100 μA, and a power density of
2.77 W/m2. The device also showed stable operation over 10,000 test cycles, confirming its mechanical robustness. Further, an
optimized TENG was used in powering a series-connected 240 LEDs. Beyond energy harvesting, the high-voltage output of the
TPA-Ph-BTZ−PDMS/MXene TENG is further demonstrated for self-powered activation of discharge tubes for neon, establishing
an application pathway for triboelectric-driven discharge electronics. This study establishes TPA-Ph-BTZ−MXene/PDMS as a
highly efficient triboelectric pairing, offering a design pathway for molecular-material-based TENGs.
KEYWORDS: energy harvesting, triboelectric nanogenerator, molecular chromophores, MXene, PDMS nanocomposites,
noble-gas discharge

1. INTRODUCTION
The rapid growth of self-powered electronic systems and
sensors has intensified research interest in triboelectric
nanogenerators (TENGs).1−5 TENGs are considered efficient
platforms for harvesting low-frequency mechanical energy from
both ambient and human activities. Owing to their simple
device architecture, multiple modes of operation, material
versatility, and high output-voltage characteristics, they are
suitable for wearable electronics, self-powered sensors,
human−machine interfaces, and distributed Internet-of-Things
(IoT) nodes.6−8 Despite these advantages, the performance
and functional scope of TENGs depend on the proper
selection of triboelectric material pairs, which becomes a
central challenge in exploring new tribo-positive and tribo-
negative materials to advance this field.9−15 In the present

work, we have explored a new tribo-positive material, namely,
Triphenylamine−phenyl−benzothiazole (TPA-Ph-BTZ).
Molecular and chromophore-based materials are a promising

class of triboelectric materials that remain largely unexplored.
Their well-defined electronic structures, intrinsic molecular
dipoles, and tunable electron-donating and -withdrawing
functionalities offer unique opportunities to engineer tribo-
electric polarity at the molecular level.16−18 Triphenylamine−
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phenyl−benzothiazole (TPA-Ph-BTZ), a donor−π−acceptor
(D-π-A) molecular chromophore, is particularly attractive in
this context due to the strong electron-donating nature of the
triphenylamine unit coupled with the electron-withdrawing
benzothiazole moiety, resulting in pronounced intramolecular
charge transfer. When employed as the triboelectric layer, the
intrinsic dipolar character of TPA-Ph-BTZ biases directional
electron transfer at the contact interface, enabling the molecule
to exhibit an overall tribo-positive behavior when paired with
highly electronegative polymers such as fluorinated ethylene
propylene (FEP). In this configuration, electron donation is
predominantly governed by the triphenylamine segment, while
the benzothiazole moiety assists in stabilizing the separated
charges, thereby suppressing back-transfer and enhancing
charge retention. TPA-based materials, explored for optoelec-
tronic, electrochromic, and molecular electronic devices, have
not yet been systematically investigated as an active tribo-

electric material.19−21 Establishing the triboelectric behavior of
such D-π-A molecular systems and elucidating their interfacial
interactions with polymeric counterparts can open new
molecular-level design strategies for high-performance tribo-
electric nanogenerators.
In recent years, significant efforts have been devoted to

enhancing TENG output through surface micro- and nanoscale
structuring, dielectric engineering, and the incorporation of
functional fillers into polymer matrices.22−27 Among all
strategies, polymer−nanofiller composites have emerged as
particularly effective, enabling simultaneous tuning of dielectric
constant, charge-trapping capability, and mechanical compli-
ance.28−33 Two-dimensional (2D) materials, such as MXenes,
have attracted growing attention in this context due to their
high electrical conductivity, large surface area, and tunable
surface terminations.34−37 The negative triboelectric nature of
MXene is well established in the literature, and it can be an

Figure 1. (a) Synthesis procedure of MXene, (b) preparation procedure of PDMS-MXene composites, (c) photographs of the prepared pure
PDMS and PDMS-MXene composite films, and (d) synthesis procedure of TPA-Ph-BTZ.
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effective filler in tribo-negative polymers to enhance the
performance of TENG devices.28,38 However, most reported
studies focus primarily on optimizing the tribo-negative
polymer layer, while the exploration of fundamentally new
tribo-positive materials remains comparatively limited. In this
work, we have explored tribo-negative polymer-MXene
composite films with a new tribo-positive material. We report
a novel triboelectric pairing between TPA-Ph-BTZ and
MXene-reinforced PDMS composites for high-performance
TENGs.
In addition to energy harvesting and self-powered sensing,

TENGs have recently attracted attention as compact high-
voltage sources due to their ability to generate high potentials
at low current.39−42 Such an electrical profile is particularly
well suited for gas discharge and plasma-based systems, where
a high breakdown voltage is required to initiate ionization,
while the sustaining current remains relatively small. Despite
this natural compatibility, the use of TENGs for noble-gas
discharge activation has remained largely unexplored. In this
work, we address this gap by employing a molecular-
chromophore-based TPA-Ph-BTZ-PDMS/MXene TENG to
activate neon discharge tubes, highlighting a previously
unreported application domain for TENG-driven high-voltage
electronic systems.

2. EXPERIMENTAL SECTION

2.1. Materials
The MAX (Ti3AlC2) phase precursor, 4-bromobenzaldehyde, ethanol,
2-aminobenzenethiol, 2-(4-bromophenyl) benzo[d]thiazole (3
mmol), 4-(diphenyl amino)phenylboronic acid (3 mmol), and
Na2CO3 were purchased from Sigma-Aldrich, while hydrofluoric
acid (HF) and other basic chemicals were sourced from SRL
Chemicals. poly(dimethylsiloxane) (PDMS, Sylgard TM184) was
purchased from Dow Corning Corp. All materials and chemicals were
used as received without additional purification.
2.2. Synthesis of TPA-Ph-BTZ
2.2.1. 2-(4-Bromophenyl)benzo[d]thiazole (BTZ-Ph-Br). 4-

Bromobenzaldehyde (2.161 mmol) in ethanol, and 2-aminobenzene-
thiol (2.378 mmol) were taken into the Rb flask, and ethanol (30 mL)
was added to the mixture and stirred overnight at 75 °C. After the

reaction was completed, the mixture was cooled to room temperature
and then poured into ice water, which formed a precipitate, and the
mixture was filtered.43 The dried precipitate was collected from the
filter paper and then purified by column chromatography; finally, we
obtained the white solid.; 1H NMR (CDCl3, 400 MHz): δ 8.00 (1H,
d), 7.90 (2H, d), 7.84 (1H, d), 7.57 (2H, d), 7.43 (1H, t), 7.33 (1H,
t). (Supporting Information (SI), Figure S1).
2.2.2. 4′-(Benzo[d]thiazol-2-yl)-N,N-diphenyl-[1,1′-biphen-

yl]-4-amine (TPA-Ph-BTZ). A mixture of 2-(4-bromophenyl)benzo-
[d]thiazole (3 mmol), 4-(diphenyl amino)phenylboronic acid (3
mmol), Na2CO3 (9 mmol), and Pd(PPh3)4(0) (0.24 mmol) was
dissolved in THF and H2O (v/v = 3:1, 45 mL) and stirred at 85 °C
for 24 h, under neutral atmosphere by nitrogen gas. After that, the
mixture was extracted with dichloromethane and water.44 The
concentric mixture under rotavapor was the crude product, which
was purified by column chromatography. 1H NMR (CDCl3, 400
MHz): δ 8.15 (2H, d), 8.09 (1H, d), 7.92 (1H, d), 7.71 (2H, d), 7.55
(2H, d), 7.50 (1H, t), 7.39 (1H, t), 7.29 (4H, m), 7.16 (6H, m), 7.06
(2H, t). The NMR spectra of TPA-Ph-BTZ are provided in SI Figure
S2.
2.3. Preparation of MXene and MXene Composite Films
Figure 1(a) illustrates the synthesis procedure for the MXene from
the MAX phase, which is similar to the reported literature.45

Typically, 1 g of MAX-phase powder is stirred with aqueous
hydrofluoric acid (HF) (20 mL) at room temperature for 24 h. As
a result, Aluminum layers were selectively etched out, and metallic
bonds between MX layers were replaced with surface-terminated
hydroxy, fluoride, or oxygen on the surface. The resulting etched
powder was repeatedly washed by centrifugation at 3500 rpm for 5
min per cycle, for a total of 6 cycles, until the solution reached a
neutral pH of 6, ensuring complete removal of residual acid.
Subsequently, the washed MXene is treated with 20 mL of DMSO
and stirred at room temperature to help the solvent intercalate
between the Ti3C2Tx layers. The excess DMSO is then removed by 6
additional centrifugation cycles at 3500 rpm for 5 min, yielding
purified intercalated MXene. The obtained etched MXene material is
dispersed in 160 mL of deionized water and sonicated with a probe
sonicator at room temperature for 6 h to achieve delamination into
few-layer MXene nanosheets. Subsequently, the delaminated MXene
dispersion is vacuum-dried at 80 °C for 18 h to produce dry MXene
powder for subsequent use.
To prepare the PDMS-MXene composite film, a clean Petri dish

served as the casting surface. For preparing the pure PDMS film, 5 g
of PDMS elastomer base was combined with 0.5 mL of curing agent

Figure 2. (a) Schematic of the TENG device designs. (b) Device fabrication of PDMS/MXene-TPA-Ph-BTZ TENG; (c) photographs of the few
selected frictional layers.
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and stirred manually with a glass rod for 20 min to achieve a uniform
mixture. This mixture was then poured into the cleaned Petri dish and
cured in a hot-air oven at 45 °C to produce a consistent PDMS film,
as shown in Figure 1(b). To create MXene-PDMS composite films,
MXene powder was added to the PDMS at various weight fractions
(1, 2, 3, 4, and 6 wt %) and thoroughly mixed for even dispersion.
Each mixture was poured into a cleaned Petri dish and cured at 45 °C
under the same conditions. After curing, flexible, freestanding MXene-
PDMS composite films were obtained. The as-synthesized PDMS-
MXene composite films are depicted in Figure 1c. The detailed
synthesis procedure of TPA-Ph-BTZ is depicted in Figure 1d.
2.4. Materials Characterization
The structural and morphological characteristics of the samples were
investigated using X-ray diffraction (XRD, X’Pert Powder) and field-
emission scanning electron microscopy (FESEM, JEOL JSM-IT800)
equipped with an energy-dispersive X-ray spectroscopy (EDS)
detector. The functional groups present in the samples were analyzed
by Fourier transform infrared spectroscopy (FTIR, Shimadzu 8201
PC). Optical properties were examined by using diffuse reflectance
UV−vis spectroscopy (Agilent Technologies, Cary 5000). Contact-
angle measurements were performed by placing a 10 μL droplet of
deionized water onto the sample surface using an APEX (ACAM
MSC) goniometer. The contact angles were measured before and
after aging. For each sample, five independent measurements were
recorded, and their average was used for comparison. The dielectric
measurements were performed using an LCR meter (HIOKI; Model
3532, Japan) in the frequency range from 100 Hz−1 MHz. The
surface potential measurements were performed using TRek (Electro-
static Voltage Model 542A).
2.5. Fabrication and Electrical Characterization of TENGs
In this work, two sets of TENG devices were fabricated using
prepared TPA-Ph-BTZ powder and Silicone/MXene composite films.
A schematic of the fabricated TENG devices in the vertical contact-

separation mode is shown in Figure 2(a). In the first set, the TPA-Ph-
BTZ layer was kept as the fixed tribo-positive contact layer, while the
opposite friction layers, such as Al, Cu, PET, Kapton, PMMA, FEP,
and silicone rubber, were varied for each device to confirm the
triboelectric nature of TPA-Ph-BTZ. Initially, a double-sided
conductive carbon tape was attached onto a predesigned aluminum
substrate, and TPA-Ph-BTZ powder was uniformly deposited on the
carbon tape by gentle pressing. Loosely bound particles were removed
by using an air blower. This deposition process was repeated several
times until a continuous TPA-Ph-BTZ film completely covered the
carbon tape. The uniformity of the coating was confirmed by
measuring the surface resistance at multiple points, which consistently
showed high resistance, indicating complete coverage of the
conductive tape by the TPA-Ph-BTZ layer. This approach offers
several advantages, including (a) preserving intrinsic molecular
surface properties without dilution in a polymer matrix, (b) enabling
direct evaluation of its triboelectric polarity, (c) providing good
electrical contact through the conductive substrate, and (d)
facilitating rapid prototyping and material screening.
The TPA-Ph-BTZ-coated aluminum substrate was then fixed onto

the predesigned cardboard frame and kept aside for device assembly.
The photograph of the prepared friction layers is presented in Figure
2(c). For each opposite friction layer, the respective material (Al, Cu,
PET, Kapton, PMMA, FEP, or silicone rubber) was separately
mounted on an aluminum substrate using carbon tape and then
attached to a similar cardboard frame. Each combination of TPA-Ph-
BTZ with a different friction layer constituted a new TENG device.
To assemble the device, sponge spacers were positioned at the four
corners of one of the support cards to maintain a uniform air gap
(∼1.2 cm) between the two frictional layers. These elastic spacers act
as restoring elements, enabling the layers to separate automatically
after each contact during mechanical tapping.
In the second set of TENG devices, the TPA-Ph-BTZ layer was

again used as the fixed friction layer, while pure PDMS and PDMS/

Figure 3. Characterization of MXene pure sample: (a) XRD, (b) Raman, (c) FTIR, (d) TEM, and (e−h) XPS.
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MXene composite films (with MXene loadings of 1, 2, 3, 4, and 6 wt
%) were used as the opposite tribolayers, as shown in Figure 2(b).
The preparation of the TPA-Ph-BTZ layer followed the same
procedure described above. The PDMS and composite films were
attached onto predesigned aluminum substrates using carbon tape,
ensuring firm electrical connection and mechanical support. Each
pairing of TPA-Ph-BTZ with a different PDMS/MXene composite
film formed a new TENG device for performance comparison.
The electrical performance of the fabricated TENGs was tested

under hand-tapping-induced biomechanical excitation at a frequency
of approximately 4−5 Hz, under ambient laboratory conditions (RH
∼45%, Temperature ∼27 °C). The open-circuit voltage (Voc) and
short-circuit current (Isc) were recorded using a digital storage
oscilloscope (DSO) and a low-noise current preamplifier (Stanford
Research Systems, SR-570), respectively. The transferred charge was
measured using an electrometer (Keithley 6517B). The load-
dependent output characteristics were determined using a decade
resistance box, while long-term durability was assessed using an in-
house-developed linear motor setup that operated for over 10,000
continuous contact−separation cycles.

3. RESULTS AND DISCUSSION
The XRD pattern of pure MXene powder is shown in Figure
3a; the XRD peaks appearing at 9.04°, 18.6°, 25.19°, 28.03°,
35.16°, 37.75°, 41.75°, and 60.87° correspond to (002), (004),
(006), (112), (008), (111), (010), and (110) planes. These
diffraction peaks are consistent with the reported literature for
MXene.2,28,46,47 The Raman spectrum of the MXene sample is
shown in Figure 3b. The Raman spectrum of MXene aligns
with the previously reported peaks; the peak at 210 cm−1 is
attributed to A1g (Ti, C, Tx), while the peak at 350−650 cm−1

is assigned to Eg (Tx) and Eg (C). The peak around 722 cm−1

is A1g (C).48,49 The FTIR spectrum of Ti3C2Tx MXene
confirms successful MAX-phase etching and surface function-
alization (shown in Figure 3c). The broad bands at 3889 =
3431 cm−1 arise from O−H stretching of surface −OH groups
and interlayer-confined water, while the weak feature at ∼3722
cm−1 and the band at ∼2927 cm−1 correspond to C−H
stretching vibrations. The absorption at ∼1614 cm−1 is mainly
attributed to C−O/Ti−O related vibrations associated with
oxygen terminations. The peak at ∼1366 cm−1 confirms C−F
stretching, indicating fluorine surface terminations introduced
during HF etching, and the feature at ∼1030 cm−1 is assigned
to C−H and C−O bending modes. In the fingerprint region,
the bands at ∼547−499 cm−1 correspond to Ti−O and Ti−C
vibrations, which are characteristic of Ti3C2Tx MXene. Overall,
the observed vibrational modes are in excellent agreement with
reported MXene FTIR signatures and confirm the formation of
surface-terminated Ti3C2Tx.

48,50 The TPA-Ph-BTZ material

characterization details, such as FTIR and XPS, are provided in
SI Figure S3.
Figure 3d shows the transmission electron microscopy

(TEM) of the MXene powder. The TEM image shows thin,
sheet-like Ti3C2Tx nanosheets with lateral dimensions of a few
tens of nanometers, confirming effective delamination of the
MXene. The lack of dense particles or thick stacks suggests
successful exfoliation without significant restacking. The SAED
pattern displays clear concentric diffraction rings, typical of a
polycrystalline layered structure that maintains in-plane order.
No diffraction rings from crystalline TiO2 are present,
indicating that the MXene remains structurally intact with
minimal bulk oxidation. The XPS survey spectrum (Figure 3e)
confirms the presence of Ti, C, and F, while no Al peaks are
detected, indicating that the Al layer was completely removed
from the MAX phase. The O 1s spectrum (Figure 3f) shows
mixed surface terminations, with the O−Ti and OH−Ti
components confirming −O/−OH functionalization, along
with minor signals from adsorbed water or the O−F species.
The C 1s spectrum (Figure 3g) is dominated by the Ti−C
peak at 282.7 eV, which uniquely identifies Ti3C2Tx MXene;
minor C−C and C−O signals are attributed to surface defects
and partial oxidation. The Ti 2p spectrum (Figure 3h) displays
strong Ti−C peaks with only a weak Ti4+ contribution,
suggesting that oxidation largely occurs only on the surface and
the carbide structure of the MXene remains mostly intact. The
XRD and Raman spectra of PDMS/MXene composites are
presented in SI Figure S4. The PDMS/MXene composite
exhibits a broader, less intense MXene (002) XRD peak than
pure MXene, indicating inhibited restacking during polymer
infiltration while maintaining the layered architecture. Raman
spectra show that MXene vibrational modes continue with
diminished intensity alongside prominent PDMS bands,
confirming successful embedding and robust interfacial
bonding without damaging MXene’s structure.
3.1. Determination of Triboelectric Nature of TPA-Ph-BTZ

Based on the electronic structure and bonding characteristics
of TPA-Ph-BTZ, it can be considered a potential candidate for
tribo-positive materials. To validate this hypothesis, the first set
of TENG devices (TPA-Ph-BTZ paired with different
frictional layers) was evaluated under hand-tapping conditions,
and the corresponding electrical outputs are shown in Figure
4(a). The results clearly indicate that TPA-Ph-BTZ generates
comparatively lower voltage when paired with standard tribo-
positive layers, whereas significantly higher output is observed
when PTZ is paired with well-known tribo-negative materials.
This trend confirms the tribo-positive nature of TPA-Ph-BTZ.

Figure 4. (a) Electrical output of TPA-Ph-BTZ-based TENG devices with different opposite frictional layers; (b) surface potential of different
frictional layers after contacting with the TPA-Ph-BTZ layer.
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To further support this conclusion, the surface potential of
all frictional layers was measured after contact with TPA-Ph-
BTZ, and the results are presented in Figure 4(b). As expected,
FEP and PDMS exhibited negative surface potential after
contact, indicating that PTZ acquired a positive surface
potential characteristic of tribo-positive materials. Interestingly,
Al, Kapton, and PET showed positive surface potentials,
suggesting that PTZ behaves as an electron-accepting material
in these pairs. In contrast, when paired with Cu, PTZ acted as
an electron donor, resulting in Cu acquiring a smaller negative
potential.
It is well-known that the position of a material in the

triboelectric series is determined by its electron affinity, which
is further influenced by multiple factors, including work
function, surface chemistry, roughness, dielectric constant, and
film thickness. Therefore, it is challenging to assign an absolute
position to TPA-Ph-BTZ within the triboelectric series.
Nevertheless, the combined electrical output and surface
potential results clearly place TPA-Ph-BTZ on the positive side
of the triboelectric series.
3.2. Energy-Harvesting Properties of
PDMS/MXene-TPA-Ph-BTZ TENG Devices
Based on the earlier results, TPA-Ph-BTZ−FEP and TPA-Ph-
BTZ−PDMS pairs produced the highest electrical outputs,
confirming that TPA-Ph-BTZ performs exceptionally well
when combined with tribo-negative materials. To further
enhance the performance of TPA-Ph-BTZ-based TENGs, we

explored incorporating MXene into a PDMS matrix, as PDMS
offers easy processability, high flexibility, and greater
mechanical durability than FEP. In this section, TPA-Ph-
BTZ was paired with a series of PDMS/MXene composite
films with varying MXene loadings, and the corresponding
TENG device outputs under hand tapping are shown in Figure
5(a),(b).
The current and voltage responses clearly show that the

PDMS/MXene-TPA-Ph-BTZ (2 wt %) device exhibits the
highest performance, delivering an open-circuit voltage of
∼290 V and a short-circuit current of ∼100 μA. All composite-
based devices follow the characteristic trend observed in
polymer−nanofiller TENG systems reported in the literature,
where an optimal filler concentration maximizes triboelectric
output.51−55

The superior performance of the PDMS/MXene-TPA-Ph-
BTZ (2 wt %) device can be understood by evaluating its
surface potential and dielectric properties. As shown in Figure
5(c), the surface potential measured after contact with TPA-
Ph-BTZ is highest for the 2 wt % MXene composite film,
indicating the strongest charge-accumulation capability in this
film. This correlates well with the enhanced output voltage and
current observed for this pair. Dielectric constant measure-
ments shown in Figure 5(d) further support this trend,
revealing that the composite containing 2 wt % MXene exhibits
the maximum εeff among all composite films. A higher
dielectric constant improves charge storage and reduces charge

Figure 5. Electrical output performance of PDMS/MXene-TPA-Ph-BTZ-based TENGs with different percentages of MXenes: (a) Isc and (b) Voc,
PDMS/MXene films (c) surface potential, (d) dielectric constant, switching polarity test outputs (e) Voc, (f) Isc.
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leakage, resulting in an enhanced triboelectric output. Further
hydrophobicity of all of the composite films is recorded and
presented in SI Figure S5. Although contact-angle measure-
ments show a slightly higher hydrophobicity for the 2 wt %
composite film, the variations in surface wettability from 92 to
95° across all samples are relatively small. Therefore, the
influence of contact angle on output performance is expected
to be minimal compared to the dominant contributions from
the dielectric and surface potential effects. From the combined
analysis of electrical output, surface potential, dielectric
behavior, and contact-angle data, it can be concluded that
TPA-Ph-BTZ paired with PDMS/MXene (2 wt %) (PMZ-2
TENG) is the optimal combination, and this pair was selected
for detailed investigation of subsequent TENG characteristics.
Figure 5(e),(f) shows the switching polarity test outputs of the
selected TENG, and they confirm the electrical output
generated from the TENG, not from any noise. The
transferred charge was measured using an electrometer for
the PDMS/MXene-TPA-Ph-BTZ (2 wt %) device and
presented in SI Figure S6. The transferred charge was found
to be nearly 60 nC between the two active electrodes. The
PDMS/MXene-TPA-Ph-BTZ-based TENG device was further
optimized by increasing the separation between the two
electrodes, and the output was generated by different human
touch inputs and frequencies. The detailed results are
presented in SI Figure S7.

Figure 6(a) elucidates the working mechanism of PMZ-2
TENG, in which the PDMS-MXene layer acts as an electron
acceptor, and TPA-Ph-BTZ acts as an electron donor material.
When periodic hand tapping is applied, the TPA-Ph-BTZ and
PDMS/MXene friction layers undergo repeated contact and
separation. During the contact stage, charge transfer occurs
due to their difference in triboelectric polarity: the TPA-Ph-
BTZ layer donates electrons and becomes positively charged,
while the PDMS/MXene composite accepts electrons and
acquires a negative charge. Upon release of the applied force,
the layers separate, generating a time-dependent potential
gradient that drives electron flow through the external circuit
until an equilibrium state is reached at the maximum
separation distance. When the layers are brought into contact
again, the potential difference reverses, causing electrons to
flow in the opposite direction. This continuous sequence of
contact−separation cycles under hand tapping produces an
alternating electrical output, as reflected in the representative
waveform in Figure 6(a).
Figure 6(b,c) presents the load characteristics of the TENG,

highlighting the conditions required for maximum instanta-
neous power delivery. The output voltage increases sharply
with load resistance and reaches a saturation value of ∼280 V
at higher resistances, which is consistent with reduced charge
dissipation under high-impedance conditions. In contrast,
output current decreases progressively as the load resistance
increases, following the characteristic impedance-dependent

Figure 6. (a) Working mechanism of PMZ-2 TENG, PMZ-2 TENG (b) load characteristics, (c) power density, (d) long-term stability, and (e)
magnified view of a few cycles from stability.
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behavior of TENGs. Using the measured load data, the

instantaneous power density was calculated using P V
R A( )L

2

= ×
and is shown in Figure 6(c). The TENG exhibits a distinct
peak power density of 2.77 W m−2 at an optimal load of 1 MΩ,
indicating favorable impedance matching and efficient charge-
transfer dynamics. At load resistances beyond this optimum,
the power output gradually decreases due to increased energy-
loss limitations associated with excessively high external
resistance. The long-term operational stability of the PMZ-2
TENG was evaluated over 10,000 continuous contact−
separation cycles, and the corresponding voltage output is
presented in Figure 6(d), with a magnified view of selected
cycles shown in Figure 6(e). As is evident from the recorded
responses, the PMZ-2 TENG exhibits highly consistent and
repeatable voltage output throughout the entire cycling
duration, without noticeable degradation or fluctuation. This
stable electrical performance confirms the excellent mechanical
robustness of the device and demonstrates the long-term
reliability of its energy-harvesting capability. The effect of
humidity was measured (SI Figure S8), and it is observed that
TENG output is decreased with increasing humidity level due
to surface charge dissipation by the presence of water
molecules, and the same trend is reported by many research
groups.56,57 Furthermore, a detailed literature comparison of
MXene-based TENG devices performance is provided in SI
Table S1.
3.3. Applications of PMZ-2 TENG

The practical applicability of the PMZ-2 TENG was first
evaluated by powering 240 LEDs connected in series under
simple mechanical hand-tapping excitation. Photographs of the
LED array in the OFF and ON states are shown in Figure
7(a,b), and the corresponding real-time operation is provided
in SI Video V1.
To further demonstrate the capability of the PMZ-2 TENG

as a self-powered high-voltage source, its electrical output was
employed to activate a noble-gas discharge tube filled with
neon (Ne). In the Ne discharge tube, electrodes are separated
by 16.5 cm, and the center tube diameter is ∼6 mm (SI Figure
S9). In this configuration, the alternating triboelectric output
was first passed through a full-wave bridge rectifier, producing
a unidirectional high-voltage signal (SI Figure S9) that was
directly applied to the discharge tube, as shown in Figure 7(c).
Under periodic hand-tapping excitation, the rectified high-
voltage pulses generated by the TENG were sufficient to

exceed the breakdown voltage of Ne gas, resulting in the clearly
visible discharge emission shown in Figure 7(d,e), without the
assistance of any external power supply. This observation
confirms that the developed TENG can deliver the high
electric field strength required for gas ionization, despite
operating in the microampere current regime. Photographs of
the noble-gas discharge tube in the OFF and ON states,
powered exclusively by the TENG, are presented in Figure
7(c,d), while real-time demonstrations are provided in SI
Video V2. To further demonstrate the generality of this high-
voltage activation capability, a helium (He) discharge tube of
comparable dimensions was also tested. Under identical hand-
tapping excitation conditions, a clearly visible glow discharge
was observed in the helium tube as well, confirming that the
prepared TENG can reliably initiate ionization across different
noble gases. Real-time operation of the helium discharge
emission is provided in the SI Video V3.
This study introduces TENGs as viable self-powered, high-

voltage excitation sources for noble-gas discharge systems,
thereby establishing a new interface between TENG
technology and plasma electronics. Although the present
work is limited to discharge ignition rather than sustained
plasma operation, it clearly demonstrates the feasibility of
employing molecular chromophore−polymer nanocomposite-
based TENGs for self-powered gas discharge activation. This
capability positions the PDMS/MXene-TPA-Ph-BTZ TENG
as a promising candidate for intermittent high-voltage
applications, including plasma indicators, leakage detection
systems, safety-signaling devices, and educational plasma
sources, where compactness, electrical isolation, and elimi-
nation of external power supplies are particularly advantageous.

4. CONCLUSIONS
In this study, we demonstrate a new and effective triboelectric
pairing between TPA-Ph-BTZ and MXene-reinforced PDMS
composites for high-performance TENGrs. A systematic
assessment of TPA-Ph-BTZ against standard triboelectric
materials confirms its innate tribo-positive character, thereby
establishing its suitability as a donor material in TENG
configurations. The second set of devices fabricated using
TPA-Ph-BTZ and PDMS/MXene composite films shows that
MXene addition significantly improves the dielectric proper-
ties, charge-accumulation capacity, and interfacial contact
efficiency of the PDMS layer. Among all devices, the PDMS/
MXene-TPA-Ph-BTZ (2 wt %) device delivered the highest

Figure 7. Photograph of the (a, b) series-connected LEDs in OFF and ON state; (c−e) discharge tube in ON and OFF state, and magnified view.
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electrical performance, reaching approximately 290 V, around
100 μA, and a peak power density of 2.77 W m−2 under hand-
tapping excitation. A detailed analysis of surface potential,
dielectric constant, and wettability confirms that the synergistic
combination of TPA-Ph-BTZ’s strong electron-donating
nature and the enhanced charge-storage capacity of the
MXene-modified PDMS matrix enables superior output
generation. Overall, this study establishes PDMS/MXene-
TPA-Ph-BTZ as a promising triboelectric pair, demonstrating
both high output performance and stable operation during
extended mechanical cycling. The results offer new insights
into the application of molecular-chromophore-based materials
in triboelectric devices and highlight MXene−polymer nano-
composites as adaptable, scalable friction layers for next-
generation energy-harvesting systems.
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