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Gas sensors with fast response are in high demand for environmental and
health applications. Conventional solid-state sensing materials are inherently
constrained by response delays arising from chemical bond transformations,
posing significant challenges in overcoming response time lag. In this work,
inspired by the alveoli of our respiratory system, we develop a triboelectric
nanogenerator probe sensor driven by the formation of water droplets con-
taining an air cavity, which incorporates NH; molecules. The sensor achieves
rapid response through instantaneous electron transfer at the liquid-solid
interface, bypassing the need for gas adsorption and desorption on the surface
of solid-state sensing materials. This hydro-electrochemical sensing mechan-

ism achieves a response time of 1.4 s, surpassing that of most reported
ammonia sensors. Through the integration of deep learning algorithms for
optimization, the sensor demonstrates an ammonia detection accuracy of
96.2%. This study indicates a promising strategy for the rational design of gas
sensors based on hydro-electrochemical sensing mechanisms.

Approximately 182 million tons of ammonia gas are produced globally
each year, with about 80% ultimately being released into the
atmosphere'“. The application of ammonia (NH3) spans a wide range
of sectors, including industry, agriculture, and healthcare’. Ammonia is
a colorless gas with a pungent odor, and it is highly corrosive and
toxic*. Prolonged exposure to ammonia concentrations greater than
50 ppm can lead to severe respiratory diseases and even death’. Effi-
cient and accurate detection of ammonia is of paramount importance
for both ecological environment and human health.

Ammonia’s unique boiling point (-33.3°C), refractive index
(1.33), and dipole moment (1.42 D) make it a targeted gas of interest’.
Based on the fundamental physical properties of ammonia, sensors
utilizing resistance, optical, triboelectric, and microbalance princi-
ples have been developed, with resistive sensing being the main-
stream commercial technology*®. Resistive sensors rely on the
adsorption and desorption processes of ammonia on the surface of
materials®. This dynamic transformation of chemical bonds inevi-
tably introduces a reaction cycle, limiting the response speed of the

sensor’’. Triboelectric nanogenerator probe (TENG-P) offers an in
situ rapid detection solution, providing millisecond-level response
capabilities through transient electron transfer at the liquid-solid
interface” ™. Nevertheless, conventional TENG-P lacks gas-sensing
capabilities*”, and rationally designing gas sensors based on the
hydroelectrochemical sensing mechanisms remains a challenge.
Alveoli are the core functional units of the biological respiratory
sensing and regulatory system’. Through natural evolution and
adaptation, alveoli have developed a spherical structure with internal
cavities, endowing them with a highly efficient gas exchange interface
and exceptional physiological stability (Fig. 1a-i). Oxygen diffuses from
the alveoli into the bloodstream, binding with hemoglobin to form
oxyhemoglobin, which is subsequently sensed by peripheral chemor-
eceptors to maintain blood oxygen concentrations within appropriate
ranges (Fig. 1a-ii). Inspired by this natural design, an air-cavity droplet
(A-droplet) driven ammonia gas sensor was developed in this work
(Fig. 1b-i). Within the A-droplet, ammonia diffuses and dissolves in
water, and its accompanying ionization generates a multitude of ions
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Fig. 1| Bioinspired triboelectric droplet sensor. a Schematic diagram of alveolar
structural characteristics and oxygen diffusion process, hemoglobin (Hb).
b Schematic diagram of the structural features of the triboelectric droplet sensor
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and ammonia diffusion process, illustration (ii) depicts the chemical reaction of
ammonia dissolving in water and the influence of ammonium ions on charge
transfer at the liquid-solid interface, fluorinated ethylene propylene (FEP).

that regulate the contact electrification process at the liquid-solid
interface (Fig. 1b-ii). This operational principle enables the use of
droplets as carriers for ammonia detection, offering the following
potential performance advantages: (1) The gas response cycle of the
sensor is shortened to 1.4 s, enhancing its potential for rapid ammonia
detection; (2) the sensor’s output stability is enhanced to 96.2%, con-
tributing to improved sensing accuracy.

Results

Design of the droplet-driven ammonia sensor

The ammonia sensor is composed of an A-droplet preparation sys-
tem and a TENG-P (Fig. 2a). The A-droplet is dispensed using a coaxial
injection system, with droplet size controlled by the gas-liquid flow
rate ratio (Fig. 2b, Supplementary Movie 1). Due to thin-film inter-
ference caused by bubbles within the A-droplet, the captured optical
images exhibit irregular light and dark patterns. A gas-liquid flow rate
ratio of 5:1 was selected due to its optimal TENG-P output stability
(Supplementary Fig. 1). The TENG-P consists of a top electrode, a
tribo-layer, a bottom electrode, and a connecting circuit. An insu-
lated copper wire is used to connect the top electrode, ensuring its
electrical isolation from the bottom electrode (Supplementary
Fig. 2). When an A-droplet impacts the TENG-P, the sensor forms a
closed-loop circuit and generates an output signal (Fig. 2¢). Supple-
mentary Movie 2 visually presents the real-time process of output
generation driven by the A-droplet and demonstrates the sensor’s
continuous operation at a frequency of 2.5 Hz. The sensor exhibits an
instantaneous output cycle of 2.1 ms, facilitating rapid target analyte
detection (Supplementary Fig. 3).

When ammonia is loaded into the A-droplet, the sensor reaches a
stable output after approximately four cycles (Fig. 2d). The sensing
response time, defined as the interval from the onset of ammonia
exposure to the attainment of a stable output, is determined to be 1.4 s
(Fig. 2e). The response hysteresis of the sensor mainly arises from
concentration gradient variations within the tube, caused by the
thermal motion of ammonia molecules (Supplementary Fig. 4). The

sensor’s response time is primarily governed by the droplet release
frequency (Supplementary Fig. 5), rather than the ammonia con-
centration (Supplementary Fig. 6). The operating frequency exerts no
significant influence on the sensor’s output, indicating the feasibility of
multiple working conditions (Supplementary Fig. 7). Moreover,
direct blowing of ammonia does not elicit any sensor response,
underscoring the necessity of introducing the A-droplet (Supplemen-
tary Fig. 8). These findings indicate that the sensor operates
beyond the conventional response mechanisms of solid-state
sensing materials, achieving a response speed that surpasses existing
reports on ammonia sensors**7%, Furthermore, the dual-fluid core-
shell structure of the A-droplet exhibits impact resistance, effectively
suppressing Kelvin-Helmholtz instability caused by droplet impact®.
The output stability of the TENG-P is enhanced to 96.2% by the
A-droplet (Fig. 2f), surpassing that of most liquid-solid TENGs
(Fig. 2g)>**.

Triboelectric response behavior

The output of the TENG-P is primarily governed by the liquid-solid
contact area®, as observed through high-speed camera imaging of the
A-droplet impact and spreading process (Fig. 3a). Figure 3b illustrates
the operational mechanism of the A-droplet-driven TENG-P. In the
stationary state, the circuit of the TENG-P is open, and no electron flow
occurs in the external circuit (State i). The impact of the A-droplet
transitions the TENG-P to a “closed” state, inducing rapid electron flow
towards the bottom electrode due to the potential difference between
the top and bottom electrodes, generating the first current peak
(Fig. 3c). Under the influence of gravitational potential and kinetic
energy, the A-droplet gradually spreads outward, increasing the liquid-
solid contact area, during which a slow rise in charge and voltage is
detected (State ii). Upon reaching the maximum liquid surface spread,
the potential between the electrodes equilibrates, ceasing electron
flow (State iii). Subsequently, the droplet retracts and detaches from
the top electrode, generating a reverse electron flow (State iv).
Fluorinated ethylene propylene (FEP) was selected as the triboelectric
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Fig. 2 | Ammonia sensor with fast response and stable output. a Schematic
diagram of the sensor structure. b The effect of gas-liquid flow rate ratio on the
shape and size of A-droplet. ¢ Schematic diagram of the sensor’s equivalent circuit.
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d Cyclic response curve of the sensor to ammonia gas. e Response curve of sensor
output. f Output curve of the sensor under long-term cycle. g Comparison of
sensing performance of this work with other advanced reports.

layer material due to its superior sensing sensitivity, high resolution,
and broad detection range (Supplementary Fig. 9). The material of the
top electrode does not significantly affect the output (Supplementary
Fig. 10). However, increasing its size inevitably limits the output,
attributed to the finite liquid-solid contact area (Fig. 3d).

Characteristic images recorded by the high-speed camera show
that the fluid morphology of the A-droplet is relatively smooth as it
impacts and spreads to its maximum surface area (Fig. 3e). In contrast,
conventional droplets exhibit numerous wrinkles and ripples (Sup-
plementary Movie 3). The wrinkles formed by conventional droplets
primarily originate during the initial spreading phase, rather than at
the maximum spreading area (Supplementary Fig. 11). This phenom-
enon is attributed to Kelvin-Helmholtz instability generated by high-
speed fluid motion*, resulting in “noise” in the liquid surface spread-
ing velocity (Fig. 3f, g). The irregular formation of wrinkles and ripples
results in the difficulty of replicating the droplet’s diffusion area
(Supplementary Fig. 12), with conventional droplets displaying a
maximum area deviation rate of 8.3% after repeated impacts (Fig. 3h).
In contrast, the A-droplet’s solid droplet exhibits an area deviation rate
of only 1.9% (Fig. 3i). Consequently, the output fluctuations of the A-
droplet-driven TENG-P are significantly lower than those of conven-
tional droplets (Fig. 3j, k).

Optimization of sensing stability

Careful observation of the droplet impact phenomenon on solid sur-
faces provides further insight into the fluid characteristics of
A-droplet. Both conventional droplets and A-droplets are released

from the same height and impact the solid surface, with selected
snapshots of the impact-rebound evolution shown in Fig. 4a, b. In
contrast to the rebound observed with conventional droplets,
A-droplets exhibit oscillation after collision and rapidly remain on the
surface (Supplementary Movie 4). Flow field distribution simulations
reveal that during the contraction phase of conventional droplets, the
fluid converges toward the center under the influence of surface ten-
sion and subsequently flows upward, resulting in a bounce (Supple-
mentary Movie 5). In contrast, the A-droplet is influenced by the
interplay of its inner and outer gas-liquid interfaces and simulta-
neously experiences both upward and downward surface tensions
(Supplementary Fig. 13). Moreover, during the oscillation of the gas-
liquid interface, the flow velocity alternates between upward and
downward directions, thereby suppressing the rebound of the droplet
(Supplementary Fig. 14).

When the release height of the droplet exceeds a critical
threshold, the surface energy of the liquid is insufficient to coun-
teract the impact kinetic energy, causing the droplet to break and
form satellite droplets under slight perturbations (Fig. 4c). Obser-
vation of 100 droplet impact events revealed that the typical
separation characteristic of conventional droplets is the formation of
two satellite droplets (probability of 60.5%) (Supplementary Fig. 15).
In contrast, A-droplet rarely produces satellite droplets, with a
probability of only 8.8% for the formation of a single satellite droplet
(Fig. 4d). The formation of satellite droplets detaches mass from the
main droplet and reduces its kinetic energy. Therefore, kinetic
energy (E;) can be used to evaluate the instability during the droplet
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Fig. 3 | Working principle and performance of the sensor. a Schematic diagram
of the fluid morphology of the A-droplet observed by the high-speed camera. b The
working principle of the sensor. ¢ Output curve corresponding to the fluid mor-
phology. d Effect of electrode size on output, illustration shows the variation in
electrode area, with the 4 different colored lines corresponding to the different

electrode areas they are beneath. e Characteristic images of droplet and A-droplet
impact diffusion. f, g Curves of droplet and A-droplet diffusion velocities, with
insets showing the corresponding fluid morphology. h, i Deviation rates of droplet
and A-droplet diffusion areas. j, k Signal deviation rates of droplet and A-droplet
driven TENG-P.

rebound process. Detailed calculations are provided in Section S1
(Supplementary Fig. 16). Compared to conventional droplets, the
rebound kinetic energy of A-droplet is reduced by 72.3% (Supple-
mentary Fig. 17), indicating that most of the rebound kinetic energy
is dissipated by the air cushion, thereby suppressing droplet rebound
and fragmentation (Supplementary Movie 6).

The impact kinetic energy of the A-droplet can be modulated by
adjusting the release height, with output intensity exhibiting a positive
correlation with release height (Fig. 4e). When the release height is
increased to 10 cm, output fluctuation increases to 9.8% (Fig. 4f). This
is attributed to excessive droplet stretching (Supplementary Fig. 18),
leading to unstable droplet spreading. An optimal output and stability
are achieved at an impact angle of 45° (Fig. 4g, h). This is due to the
balance between tangential and normal forces experienced by the
droplet after impact at a 45° angle (Supplementary Fig. 19), resulting in
optimal fluid spreading area post-impact.

Response mechanisms for ammonia monitoring

Building on the stability optimization of the A-droplet and an under-
standing of its underlying principles, it is crucial to further elucidate
the mechanism of its response to ammonia. A-droplet exhibits stable
existence at room temperature without noticeable volume shrinkage
(Fig. 5a), negating the influence of droplet morphology on the
ammonia response mechanism. After ammonia absorption by the
solution, the water contact angle on the dielectric surface exhibits no
significant deviation (Supplementary Fig. 20), thereby excluding the
influence of wettability on liquid-solid contact electrification. Mole-
cular simulations reveal that the interaction energies of H,O-H,0, NH3-
H,0 and NH;NH; are -4.53kcalmol?, -7.06kcalmol™ and
-3.41 kcal mol™, respectively (Fig. 5b), indicating that ammonia gas is
more inclined to combine with water. FTIR analysis reveals that the
dissolution of ammonia causes a shift in the O-H peak, confirming that
the dissolved ammonia molecules disturb the hydrogen bonding

Nature Communications | (2026)17:2153


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68974-4

2| ~In S50
<3 6cm 2 " 1 I
1 4 cm =10 60° aa
g 2cm ‘ g ‘ 75 | | |||
3 | ‘ ‘ 80'5 ‘ H ‘ ‘ o Fluctuation: 16.1%
ol H ‘l 0.0 ‘ | =2 450
T T < - .
0 i 6 8 10 0 2 i 6 0 = =
Time (s Time (s) = | i |
f 2 10cm: 9.8% 50 i D
z 8cm: 3.8% - Fluctuation: 3.3%
- 1
= 6cm: 8.1% 1160° :
g1 T
8 | l ||
o L]
T T 0 Fiuctuation: 14.1%
0 5 10 15 20 25 30 0 10 20 0 _. 0 50 60 70
Time (s) Time ‘ZS)
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a Characteristic images and fluid simulation of conventional droplet impact
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¢ Characteristic image of conventional droplet impact fragmentation, this is a
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e, fEffects of A-droplet release height on output and stability. g, h Effects of TENG-P
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network of the water molecules (Fig. 5¢)** . Such significant inter-
molecular interactions are not observed in other gases, such as H,S,
CH,, 05, Ny, and CO (Supplementary Fig. 21), rendering them poorly
absorbed by water. The sensor’s response to these common gases is
negligible (Fig. 5d). Even when these gases are mixed with ammonia, no
significant signal deviation is observed (Supplementary Fig. 22),
underscoring ammonia as the critical marker for the sensor’s selective
recognition.

The sensor is capable of detecting ammonia concentration var-
iations within the 0-200 ppm range, with its sensitivity defined by the
slope of the output change, [(Io — I) / Io] (Fig. 5e), where I, and /
represent the currents in the absence and presence of ammonia,
respectively. The sensor exhibits an excellent linear response, indi-
cating high accuracy in its measurements. Moreover, the sensor out-
put remains relatively stable across different ammonia concentrations

(Fig. 5f), demonstrating reliable operation under a constant ammonia
atmosphere. By optimizing the gas injection setup, the sensor can be
directly interfaced with the ambient environment, highlighting its
potential for applications in open-air ammonia detection (Supple-
mentary Fig. 23). Continuous monitoring over 192 h was conducted to
investigate the influence of varying temperature and humidity in open
environments on the sensor performance (Supplementary Fig. 24).
The sensor shows an output deviation of less than 10% within the
0-50°C range and less than 15% under 50-90% RH (Supplementary
Figs. 25 and 26), with signal variations likely arising from changes in
ammonia solubility and humidity-induced suppression of contact
electrification. Notably, these environmentally induced signal devia-
tions can be further corrected through algorithmic calibration’.

Upon dissolution in water, ammonia (NH3) readily accepts a pro-
ton from H,O, forming ammonium ions (NH,") and generating
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Fig. 5 | Principle of contact initiation at the liquid-solid interface. a A-droplet’s
feature image. b Molecular simulations of NH; and H,O. ¢ FTIR of ammonia dis-
solved in water. d Sensor responsiveness to different gases. e Sensitivity of

ammonia sensor. f Output Stability of ammonia sensor. g Schematic representation
of ion concentrations in aqueous and ammonia solutions. h Schematic diagram of
the liquid-solid contact electrification for water and ammonia solutions.

hydroxide ions (OH)*. The spontaneous ionization of aqueous
ammonia leads to an increase in solution conductivity and pH (Sup-
plementary Fig. 27). Compared to the initial solution, the A-droplet
infused with ammonia carries a substantial ionic load (Fig. 5g). Electron
transfer and ion adsorption proceed in parallel during the contact
electrification process at the liquid-solid interface'. For aqueous
solutions with low ion concentrations, electron transfer
predominates*’. When droplets impact the dielectric surface, fluorine-
containing functional groups with strong electron retention cap-
abilities acquire electrons from water molecules or even ions (Fig. 5h-i).
Conversely, for A-droplet containing dissolved ammonia and abun-
dant ions, competitive ion adsorption occupies a significant number of
electron transfer sites, limiting the ability of fluorine-containing func-
tional groups to extract electrons from water (Fig. Sh-ii). Further
increases in solution ion concentration result in an excess of free ions,
leading to a more pronounced shielding effect. As the A-droplet
departs from the FEP surface, it carries away a substantial quantity of
ions, resulting in negligible residual nitrogen on the FEP surface
(Supplementary Fig. 28). The structural and elemental stability of the
FEP surface indirectly corroborates the sensor’s output consistency.

This ion-mediated contact electrification process at the liquid-solid
interface provides an effective pathway for utilizing A-droplet to
respond to ammonia concentrations.

Real-time ammonia concentration response

Approximately 90% of global ammonia emissions originate from
agriculture, primarily from fertilizers and animal manure’. In typical
greenhouse environments*, efficient and accurate ammonia mon-
itoring is crucial for both plant growth and human health (Supple-
mentary Fig. 29). The integration of ammonia sensors in agricultural
production, coupled with wireless sensing and artificial intelligence
technologies, enables interdisciplinary intelligent data analysis and
facilitates more precise environmental monitoring in agriculture
(Fig. 6a). A coaxial injector, a triboelectric droplet sensor, and a wire-
less sensing module are integrated into a single ammonia sensing
platform, with the sensor directly connected to the wireless module
(Fig. 6b). When the A-droplet is generated by the top coaxial injector
and released downward, the electrical signal produced by the tribo-
electric droplet sensor enters a signal modulation circuit composed of
transistors and resistors. The circuit adjusts the signal amplitude
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Fig. 6 | Design and application demonstration of the ammonia sensing plat-
form. a Technical framework of the ammonia sensing platform. b Photograph of
the ammonia sensing platform, with an inset illustrating the schematic of the
wireless sensor and electronic architecture. ¢ Schematic of the wireless connection

Ture classes Ture classes

between the sensor and the intelligent display device. d Demonstration photo-
graph of the platform in application. e Wireless response curves. f Confusion matrix
for ammonia concentration identification results.

before it is transmitted to the analog-to-digital converter (ADC) of a
microcontroller, converting multi-channel analog signals into digital
form for processing by the central processing unit. Finally, the Blue-
tooth module transmits the processed digital signals in real time to
intelligent display devices at high transmission rates (Fig. 6¢).

Based on the triboelectric sensor’s capability to respond in open
environments (Supplementary Fig. 23), the ammonia sensing platform
can be applied to environmental monitoring in greenhouses (Fig. 6d).
Supplementary Movie 7 visualizes the wireless sensing capability of the
platform, with the intelligent display device providing real-time
responses without latency. When ammonia contamination occurs in
the ambient environment, the platform generates a pronounced con-
centration response (Fig. 6e). The transmitted data signals to the
intelligent display device can be further analyzed using a convolutional

neural network (CNN) architecture to enhance ammonia concentra-
tion recognition”’. This model employs a hierarchical feature-
extraction framework, comprising an input layer, multi-level con-
volutional and pooling modaules, fully connected layers, and a Softmax
classifier, enabling stepwise extraction of time-frequency image fea-
tures for ammonia concentration classification (Supplementary
Fig. 30). With increasing training iterations, the model demonstrates
high training accuracy (Supplementary Fig. 31), indicating stable con-
vergence during training. Following extensive training, testing, and
validation, the model’s recognition accuracy for ammonia concentra-
tions improved from 97.8% to 98.4% (Fig. 6f). These results demon-
strate that the ammonia sensing platform can accurately detect
ammonia and holds potential for developing multifunctional gas-
sensing platforms.
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Discussion

This study has demonstrated the efficacy of employing A-droplet for
gas sensing and has developed an ammonia concentration sensor
based on liquid-solid contact electrification. The sensor exhibits
exceptional response time and stability, offering a valuable reference
for constructing versatile gas-sensing platforms. In the future, rational
design of the coaxial injection system is expected to significantly
enhance the platform’s ammonia responsiveness and adaptability in
open environments. The successful integration of deep learning
techniques effectively enhances the accuracy of ammonia concentra-
tion recognition. Furthermore, the inherent anti-rebound and anti-
fragmentation properties of A-droplet enhance impact resistance,
potentially generating intriguing new phenomena and functionalities
in the field of droplet dynamics. By judiciously tailoring the internal
structural composition of A-droplet, a plethora of counterintuitive
phenomena and valuable applications can be envisioned.

Methods

Preparation of A-droplet

Two syringe pumps (LINA-8A, LAIN) were employed to drive a co-flow
microfluidic device for producing A-droplets, with air and liquid ser-
ving as the inner and outer phase fluids, respectively. A 0.1 wt% solu-
tion of sodium dodecylbenzenesulfonate (Macklin, 95%) was used as
the liquid phase, while ambient air represented the gas phase. The
inner diameter of the coaxial needle was 0.86 mm, and the inner dia-
meter of the outer capillary was 1.55mm. To sustain continuous
A-droplet production, the flow rate of the outer liquid phase was
maintained between 20 mL-h'! and 200 mL-h'1, with the inner gas flow
rate controlled at 20 mL-h'l. Ordinary droplets can be considered as
A-droplets with zero gas content and were generated using the same
solution. Ammonia gas was generated via heated evaporation of aqu-
eous ammonia and subsequently stored in sample bags. Different
concentrations of ammonia were prepared by mixing ammonia gas
with air at predetermined ratios, with concentrations verified using an
ammonia detector (JXBS-4001, BAIBOLI). The ammonia gas was then
introduced as the gas source into a co-flow microfluidic device for the
generation of A-droplets.

Fabrication of TENG-P

A laser cutter was used to etch circular holes with approximately 1 mm
diameter in an acrylic plate (1 mm thickness), serving as the supporting
substrate. Copper tape (100 um thickness) and FEP tape (80 pm
thickness) were sequentially adhered onto the acrylic plate, function-
ing as the bottom electrode and tribo-layer, respectively. Subse-
quently, an insulated copper wire (0.3 mm diameter) with an insulating
layer was inserted through the circular hole of the acrylic plate,
penetrating the bottom electrode and tribo-layer. The protruding
copper wire was affixed to the upper surface of the tribo-layer with a
copper sheet (-3 mm diameter), forming the top electrode. A copper
wire (0.3mm diameter) was led out from the bottom electrode,
yielding a TENG-P with a dual-electrode structure (Supplemen-
tary Fig. 2).

Observation of droplet morphology

A high-speed camera (FASTCAM Mini AX200, Photron) was used to
record the impact process at frame rates ranging from 1000 FPS to
5000 FPS. For the observation of the droplet’s bottom morphology,
the high-speed camera was positioned vertically, with a horizontal
transparent acrylic plate (2 mm thickness) placed above the camera.
Droplets were released from a height of 10 cm above the acrylic plate.

Characterization and testing

A metallurgical microscope (TD-D-4KE, SANQTID) was used to docu-
ment the generation process of A-droplets at 60 FPS. The output of the
TENG-P was recorded using an electrometer (6514, KEITHLEY),

acquiring the short-circuit current generated by A-droplet and con-
ventional droplet impacts. Unless otherwise specified, the operating
frequency of the A-droplet is maintained at 2.5 Hz. Fourier transform
infrared spectroscopy (TENSOR II, BRUKER) was used to analyze
changes in chemical functional groups. Surface morphology and ele-
mental composition of the materials were characterized using a
scanning electron microscope coupled with energy-dispersive X-ray
spectroscopy (GeminiSEM 300, ZEISS). Water contact angles were
measured employing a contact angle goniometer (DSA100, KRUSS).

Deep learning

Signal classification was implemented using the YOLOI1 algorithm
within the Ultralytics framework, employing a CNN architecture to
analyze the time-frequency images derived from triboelectric signals.
The model architecture comprises an initial convolutional layer for
feature extraction across three stages, with C3k2 and C2PSA modules
enabling multi-scale feature fusion, and a final Classify layer outputting
five ammonia concentration levels. The dataset consists of 6000
images, partitioned into training, validation, and test sets in a 6:3:1
ratio. The YOLOI11 classification model was configured for transfer
learning based on the pre-trained YOLO11x-cls weights, successfully
transferring 234 out of 236 weight parameters. Training was con-
ducted on an NVIDIA RTX 4070 GPU for 100 epochs, employing an
adaptive learning rate schedule to optimize convergence, with eight
data-loading threads for parallel processing and a batch size of 16. The
output layer utilizes a Softmax activation function to classify five
ammonia concentration levels (0, 50, 100, 150, 200 ppm), and classi-
fication accuracy was optimized using the cross-entropy loss function.

Numerical simulation

Flow distribution was calculated using ANSYS Fluent software, and the
Volume of Fluid method was employed to simulate the dynamic pro-
cesses on the surface of A-droplet and conventional droplets. The
droplet was simulated within a cylindrical domain with a width of
12 mm and a height of 10 mm. A superhydrophobic contact angle was
applied to the bottom region, and the surface of the other regions was
set as a pressure outlet boundary. The Pressure-Velocity Coupling
method was used to solve the pressure and velocity coupling equa-
tions. For the two phases, the primary phase was set as air, and the
secondary phase was set as liquid. In the initial stage, the water droplet
was simulated as a sphere with a downward impact velocity.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that supports the findings of the study are included in the
main text and supplementary information files. Source data are pro-
vided with this paper.
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