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1. Introduction

Ethanol detection holds paramount importance in diverse industrial,
environmental and health-related domains, where precise monitoring
ensures compliance with regulatory standards, optimizes production
processes and mitigates risks associated with its flammability, volatility
and toxicity [1-4]. In biofuel manufacturing and blending, accurate
ethanol quantification prevents phase separation in gasoline mixtures,
safeguards engine performance and reduces emissions, while in the
beverage and pharmaceutical sectors, it verifies product quality, labelling
accuracy and formulation integrity to meet stringent safety guidelines
[5-8]. Beyond these applications, ethanol sensing supports food
spoilage detection, occupational safety through exposure limits, drunk
driving prevention via breath analysis and environmental emission
control, yet traditional methods like gas chromatography, densitometry
and spectroscopy often demand sophisticated equipment, skilled
operators and external power, hindering their use in portable or real-
time scenarios [9-12]. Moreover, the growing demand for decentralized,
on-site and continuous ethanol monitoring in smart manufacturing,
wearable health diagnostics and Internet-of-Things (IoT) based
environmental platforms has intensified the need for compact, low-
cost and energy-efficient sensing technologies capable of operating
in resource-limited environments.
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Liquid-solid triboelectric nanogenerators (LS-TENGs) offer a promising avenue for self-powered
energy harvesting and sensing by exploiting contact electrification at fluid-dielectric interfaces, where
droplet dynamics drive charge separation for electrical output without external power. In this work,
a top-electrode LS-TENG was fabricated using a polytetrafluoroethylene (PTFE) film on a PMMA
substrate with deionised water droplets, achieving an open-circuit voltage of —3.4 V, short-circuit current
of 3.6 pA, and peak power of 1.48 nW at 100 MCQ under optimised conditions of 2 cm drop height, 45°
tilt, and 50 pL volume. Performance scaled with droplet kinetics and volume due to enhanced contact
area and charge transfer, while stability persisted over repeated cycles, and ethanol-water mixtures
distinctly modulated outputs via reduced permittivity and wettability, enabling sensitive, battery-free
detection for practical applications in environmental monitoring.

LS-TENGs represent an innovative self-powered technology
that harnesses contact electrification and electrostatic induction at
liquid-solid interfaces to generate electrical outputs from mechanical
interactions, such as liquid flow, oscillation or droplet impingement
on dielectric surfaces [13-17]. These devices form an electrical double
layer during interfacial contact, where charge transfer depends on
liquid properties like permittivity, conductivity and surface tension,
enabling simultaneous energy harvesting and sensing capabilities
without external power sources [18-21]. Their self-powered functionality,
structural simplicity and compatibility with flexible and miniaturized
designs position LS-TENGs as attractive candidates for next-generation
ethanol monitoring in portable, wearable and in situ sensing systems.
In a recent study, Kaja et al. developed an LS-TENG using surface-
modified waste textiles, delivering a power output of 45 nW at 50 MQ.
The device was further applied for the reliable detection of milk
adulteration [22]. The same team designed an LS-TENG using a
discarded waterproof textile, such as an old raincoat, as the solid layer
and water as the liquid counterpart. The device produced output signals
of 0.5 V and 4 nA. It functioned as a multisource energy harvester
capable of capturing energy from both wind and falling water droplets
[23]. In another study, Chaithaweep et al. systematically compared
droplet-based triboelectric nanogenerators (DEGs) using PTFE surfaces
across double, top, and bottom electrode designs, revealing that the
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double-electrode setup yields superior outputs up to —70 V and 22 pA
through enhanced charge dynamics and electrical double-layer effects.
The device was tested for real-time acid rain sensing via distinct voltage
responses to pH variations [24].

In this study, we developed an LS-TENG using polytetrafluoro-
ethylene (PTFE) as the solid dielectric layer and deionised (DI) water
as the liquid phase, operating in a top-electrode configuration. The
device generated an open-circuit voltage (Voc) of —3.4 V and short
circuit current of (Isc) of 3.6 pA , with a maximum power of 1.48 nW at
an external load of 100 MQ. Beyond its energy-harvesting capability,
the LS-TENG was further employed for ethanol detection, where changes
in the electrical response enabled sensitive identification of ethanol
concentrations. These self-powered sensing systems highlight a promising
route toward portable, battery-free analytical devices, offering a simple,
more sustainable alternative to conventional instrumentation.

2. Materials and methods
2.1 Materials

PTFE film, aluminium tape, and PMMA substrate were used to
develop the top electrode LS-TENG.

2.2 TENG fabrication method

The cleaned PTFE film was carefully placed on the PMMA substrate
using a strip of 3M adhesive tape to ensure firm attachment and uniform
contact. A thin, narrow strip of aluminium tape was then positioned on
the upper surface of the PTFE layer, serving as the top electrode. The
aluminium electrode was subsequently connected to the oscilloscope's
positive terminal for signal measurement during operation.

2.3 Characterisation techniques

The V(oc) of the TENG was recorded using a digital storage
oscilloscope (Model DSOX1202A, Keysight, USA) equipped with
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a 10 MQ high-impedance probe. The short-circuit current (Isc)) output
was acquired through a preamplifier circuit employing an LMC-6001
operational amplifier with a 10 kQ feedback resistor. To evaluate the
electrical performance under different load conditions, the output
voltage signals were monitored using a Keithley 6514 electrometer
interfaced with LabVIEW software for data acquisition and analysis.
The surface morphological characteristics were analyzed by scanning
electron microscopy (SEM) using a Hitachi SU-8020 system/

3. Results and discussion

The digital and schematic representations of the fabricated LS-
TENG are presented in Figure 1(a-b), respectively. The V(oc) and (Isc))
ofthe LS-TENG were measured with the substrate positioned at a 45°
inclination, while the water droplet was released from a height of 2 cm.
Figure 1(c) shows the surface morphology of the PTFE. As illustrated
in Figure 1(d-e), the device exhibited a Vioc) of—3.4 V and an (Isc))
of 3.6 pA under these operating conditions. Figure 2 illustrates the
working mechanism of LS-TENG. A falling water droplet first
approaches the negatively charged solid tribolayer surface, where
interfacial interaction initiates the build-up of an electric double layer,
accompanied by tribo-electric charge separation, as the droplet begins
to spread (Figure 2(a-b)). During spreading, the droplet injects additional
negative charges onto the solid tribolayer while retaining net positive
charges. Once its contact area extends to the nearby single electrode,
the droplet forms a conductive bridge that electrically couples the solid
surface and electrode into one continuous system, thereby breaking
the initial electrostatic equilibrium and driving charge flow between
the electrode and ground (Figure 2(c)). As the droplet subsequently
shrinks and detaches, this liquid bridge is removed, partial charge
neutralization occurs on the tribolayer, the induced charges at the
electrode relax back toward ground, and the system returns to a new
equilibrium state upon arrival of the next droplet, the sequence of
spreading, bridging, charge redistribution, and separation (Figure 2
(a-d) repeats, enabling continuous power generation while effectively
harvesting triboelectric charges at the liquid-solid interface.
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Figure 1. (a, b) Digital and schematic images of fabricated LS-TENG, (c) surface morphology of PTFE, (d) open-circuit voltage, and (d) short-circuit current

of LS-TENG.
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Figure 2. Working mechanism of LS-TENG.
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Figure 3. (a, b) open-circuit voltage and short-circuit current at various drop heights at a fixed angle of 45°, (c, d) open-circuit voltage and short-circuit
current at different substrate angles at a constant drop height of 2 cm.

Figure 3(a-b) presents the V(oc) and short-circuit current Iisc) for  energy of the droplet leading to a larger effective contact area with the

droplet falling heights of 1 cm, 2 cm, and 3 cm. With increasing droplet ~ PTFE surface and thus more efficient electron transfer during impact.
height, both V(oc) and I(sc) rise, which is attributed to the greater kinetic ~ Figure 3(c-d) illustrate the effect of substrate tilt angle in the range of
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35°to 55°. At a tilt angle of 45°, the device exhibits the highest electrical
output, owing to the increased charge density associated with the higher
contact velocity and the enhanced sliding motion of the droplet along
the PTFE surface. Tilting the device to 45° also promotes rapid droplet
transport, effectively shortening the electron transport time through the
external circuit and thereby improving the overall electrical performance.
Figure 4(a-b) illustrate the influence of droplet volume on the electrical
output of the LS-TENG under fixed operating conditions, with the
droplet height maintained at 2 cm and the substrate tilt angle set to
45°. As the droplet volume increases from 50 pL/drop to 80 pL/drop,
the V(oc) rises from approximately —3.4 V to —6.4 V, while the I(sc)
increases from about 3.6 pA to 4.98 pA, which is attributed to the
enlarged spreading area of the droplet on the PTFE surface that enhances
charge transfer. Figure 4(c) demonstrates that the LS-TENG delivers
a nearly constant voltage output over different frequencies (0.6 Hz
and 2.4 Hz), indicating that the triboelectric response is governed
predominantly by the relative contact area and interfacial interaction
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between the liquid and solid rather than by the droplet impact speed;
consequently, variations in water-drop velocity exert a negligible
influence on the output signals. Figure 4(d) confirms the operational
stability of the LS-TENG under fixed conditions, a droplet height
of2 cm and a substrate tilt angle of 45°, where the device performed
a consistent voltage profile over an extended period. Figure 4(e)
demonstrates the stability of the device up to 14 day. Figure 4(f) shows
the electrical output of the LS- TENG under liquid droplets with
different pH values. At acidic conditions (pH 3), the droplet contains
a high concentration of H" ions, while under alkaline conditions
(pH 11), OH™ ions are dominant. The excess of either ionic species
alters the interfacial charge distribution and increases the ionic
strength at the liquid-solid interface, which weakens effective surface
charge accumulation and results in a diminished electrical response.
In contrast, at neutral condition (pH 7), the balanced presence of
H" and OH™ ions maintain stable interfacial electrostatic conditions,
enabling comparatively enhanced and consistent electrical output.
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Figure 4. (a) open-circuit voltage, (b) short-circuit current responses for different water droplet volumes, (¢) open-circuit voltage response at different droplet
frequencies, (d) long-term stability of the LS-TENG measured at a substrate angle of 45° and a fixed drop height of 2 cm, (e) long term stability of the device

upto 14 day, and (f) open-circuit voltage response at different pH.
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Figure 5. Electrical response of LS-TENG (a) voltage across various resistances, (b) calculated power, (c) charging of 0.1uF capacitor, and (d) open-circuit

voltage response for different ethanol-water mixtures.

Figure 5(a-b) present the output characteristics of the LS-TENG
under different external load resistances. As the load resistance increases,
the output voltage rises accordingly, reflecting the Ohmic dependence
of voltage on resistance and indicating that larger resistances impose
a greater impedance to charge transport in the external circuit. Under
these conditions, the LS-TENG delivers a maximum output power
of approximately 1.48 nW at an optimal load of 100 MQ. Figure 5(c)
depicts the charging behaviour of a 0.1 uF capacitor driven by the
LS-TENG, where the voltage across the capacitor rapidly increases
and then gradually saturates, demonstrating the capability of the
device to accumulate and store the harvested energy for subsequent use.
Figure 5(d) examines the effect of ethanol addition on the electrical
output of the LS-TENG by using ethanol-water mixtures with 20 wt%,
40 wt%, 60 wt%, 80 wt%, and 100 wt% ethanol, while the total solution
volume is fixed at 50 mL in each case. As the ethanol quantity increases,
the output voltage shows a clear decreasing trend. This behaviour arises
because ethanol possesses a lower polarity and dielectric constant
than water, so increasing its proportion in the mixture reduces the
effective permittivity and weakens the interfacial electric field, thereby
decreasing the triboelectric charge generated on the PTFE surface
during contact. In addition, ethanol modifies the surface tension on
PTFE, leading to less favourable spreading and a reduced effective
contact area, which further lowers the number of active sites available
for charge transfer in each droplet event. At high ethanol concentrations,
the altered hydrogen-bonding network and charge transport in the

liquid accelerate charge neutralisation, resulting in a further suppression
of the net triboelectric potential and thus a lower electrical output.

4. Conclusion

This investigation introduces a top-electrode LS-TENG constructed
from a polytetrafluoroethylene (PTFE) tribolayer paired with DI water,
yielding an open-circuit voltage of —3.4 V, short-circuit current of
3.6 pA, and peak power of 1.48 nW across a 100 MQ load. Electrical
outputs arise from dynamic charge separation during droplet spreading
and retraction on the hydrophobic PTFE, enabling consistent harvesting
from low-volume liquid motion. Extending this platform to ethanol
sensing, the device reliably distinguishes concentrations through
modulated triboelectric signals tied to permittivity shifts and advancing
self-sustaining detection free from external power demands.
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