
Probing Leidenfrost effect via contact electrification☆

Roujuan Li a,b,1, Xiang Li a,b,1, Fujian Zhang c, Ruishan Zhang a, Zhongqiang Zhang c,  
Zhong Lin Wang a,*, Di Wei a,d,**

a Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, PR China
b School of Nanoscience and Engineering, University of Chinese Academy of Sciences, Beijing 100049, PR China
c School of Mechanical Engineering, Jiangsu University, Zhenjiang 212013, PR China
d Centre for Photonic Devices and Sensors, University of Cambridge, 9 JJ Thomson Avenue, Cambridge CB3 0FA, UK

A R T I C L E  I N F O

Keywords:
Contact electrification
Leidenfrost effect
Liquid-solid interface
Interface probe

A B S T R A C T

Droplet dynamics and liquid-solid (L-S) interactions at elevated temperatures hold significant relevance across 
various industrial applications, particularly in materials design and aerospace. The Leidenfrost effect, which 
generates a vapor layer above a critical temperature and effectively prevents direct contact between the droplet 
and the heated substrate, has been extensively used in surface engineering and thermal protection. Nevertheless, 
the L-S interfacial properties and charge transfer at high temperatures, especially near the Leidenfrost point 
(LFP), have been largely neglected in past studies. This study integrated L-S contact electrification (CE) with the 
Leidenfrost effect, elucidating their intrinsic connection for the first time. Notably, the observation that trans-
ferred charge peaks near the LFP not only provided new theoretical insights into the temperature modulation of 
L-S interface properties but also presented a rapid, objective method for determining the LFP using CE as a probe. 
This approach holds the potential to enhance thermal management systems, improve heat dissipation in elec-
tronic devices, advance surface treatment and self-cleaning technologies, and optimize the efficiency of high- 
temperature self-powered equipment.

1. Introduction

The investigation of droplet behavior and liquid-solid (L-S) interfaces 
at elevated temperatures is vital for both everyday applications and 
industrial settings, ranging from materials and coatings design to aero-
space engineering [1–7]. Among these phenomena, the Leidenfrost ef-
fect [8] is particularly significant. When temperatures surpass the 
Leidenfrost point (LFP), a continuous vapor layer forms between the 
solid and liquid, preventing direct contact between the droplet and the 
surface [9]. This phenomenon markedly reduces direct heat transfer and 
alters the dynamics at the solid-liquid interface [10], playing a crucial 
role in applications such as thermal management [11], surface protec-
tion [12,13], and self-cleaning materials [14,15]. Previous in-
vestigations into the Leidenfrost effect have primarily concentrated on 
vapor film formation, droplet dynamics, and heat transfer 

characteristics [16,17]. For instance, the vapor film formation process 
has been examined using high-speed photography and infrared mea-
surements, elucidating its evolution across various materials and heat-
ing conditions [18–20]. Such studies have also clarified the instability of 
droplets on vapor films and its implications for heat transfer efficiency. 
Additionally, considerable attention has been devoted to examining the 
impact of diverse material and surface characteristics on the heat 
transfer dynamics between droplets and surfaces, analyzing factors such 
as surface roughness, wettability, and thermal conductivity in relation to 
the emergence and maintenance of the Leidenfrost effect [21,22]. While 
these investigations have offered valuable insights into thermal and 
fluid behavior, the electrical properties at high-temperature L-S in-
terfaces have received comparatively less attention.

L-S contact electrification (CE) refers to the phenomenon of charge 
redistribution caused by interactions at the interface during the contact 
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between a solid and a liquid [23,24]. In-depth exploration of L-S CE is 
critical given its significant applications in energy conversion, sensing 
technology, and environmental monitoring, particularly amid growing 
demand for sustainable energy [25]. The core mechanism of L-S CE lies 
in charge accumulation and dissipation at the interface, i.e., charge 
transfer. Beyond its potential in energy harvesting and self-powered 
sensors, L-S CE could serve as a probe for analyzing shifts in L-S inter-
facial properties at room temperature. It is shown that L-S CE-based 
droplet triboelectric nanogenerators can obtain important information 
about charge transfer, charge distribution, liquid properties, and inter-
facial behavior, providing valuable physical and chemical insights into 
interfaces [26,27]. Such CE-based probe studies offer a robust tool for 
interface science and technology. However, at elevated temperatures, 
particularly near the LFP, the application of CE as a probe to examine 
changes in L-S interface properties remains largely unexplored.

In this study, CE as a probe was proposed to investigate the contact 
state and charge transfer properties of the L-S interface at high tem-
peratures, revealing the relationship between CE and the Leidenfrost 
effect. Firstly, a systematic investigation was conducted on the tribo-
electric variations of droplets in contact with surfaces across a wide 
temperature range, including the LFP, with particular emphasis on 
droplet charging behavior near this critical point. Experimental mea-
surements indicated that the triboelectric voltage of droplets exhibited a 
trend of increasing and subsequently decreasing with temperature, 
peaking near the LFP. This finding complemented previous limited 
studies of L-S CE at high temperatures and introduced a new method 
where CE could be employed as a probe to rapidly determine the LFP 
without relying on subjective judgment. Further analysis revealed that 
this phenomenon was attributable to variations in charge transfer be-
tween the droplet and the heated surface, linked to differences in their 
contact states at different temperatures. Furthermore, consistent be-
haviors and results were observed across salt and ethanol solutions of 
varying concentrations, underscoring the robustness of the conclusions 
and the broad applicability of the methodology. This work offered 
enhanced insights into the CE of droplets in high-temperature contexts, 
providing a theoretical foundation and practical means for designing 
more efficient thermal management systems and self-powered equip-
ment. The proposed methodology of employing CE as an LFP probe is set 
to enable design optimization and performance enhancements across 
applications such as heat dissipation, electronic device cooling, aero-
space material surface treatment, self-cleaning technologies, and effi-
ciency optimization of self-powered equipment.

2. Results and discussion

Determining the state of a droplet across various temperature stages 
is essential for numerous applications, as droplet behavior significantly 
influences the efficiency and performance of specific systems [28]. As 
shown in Fig. 1, droplets maintained their full spherical shape at lower 
temperatures and were in direct contact with the surface, forming an 
obvious L-S interface. Due to the low surface temperature, the evapo-
ration rate of the droplets was slower, resulting in enhanced heat 
transfer efficiency. This condition is particularly suitable for applica-
tions requiring gentle heat dissipation, such as cooling systems for 
electronic devices. As the surface temperature approached the boiling 
point, the droplets entered a phase of vigorous boiling. Rapid vapor-
ization of the water at the droplet’s base generated numerous bubbles, 
which continuously erupted from within, distorting the droplet’s shape. 
In this phase, droplets evaporated rapidly, removing significant amounts 
of heat, making it ideal for use in high-efficiency heat exchange systems 
such as boilers and cooling towers. At the LFP, a thin vapor film was 
formed between the droplet and the surface, suspending the droplet 
without direct solid contact. The droplet stabilized into a spherical shape 
with a high contact angle, promoting enhanced mobility and rolling. 
This suspended state dramatically reduced heat transfer, causing the 
droplet to evaporate slowly. This phase is particularly advantageous for 

anti-icing and self-cleaning applications, as it reduces susceptibility to 
liquid contamination or freezing on surfaces.

2.1. Effects of temperature on the CE at L-S interfaces

To exploit the various droplet states more accurately, triboelectric 
signal measurements were employed to investigate the correlation be-
tween CE and the Leidenfrost effect. The experimental setup was shown 
in Fig. 2a. A syringe pump, grounded via the syringe, consistently 
dispensed approximately 20 μL droplets onto the heated surface. Three 
solid materials of the same size (SiO2, Al2O3, Al2O3*) were fixed on the 
heating table, where Al2O3* represented hydrophobically treated Al2O3, 
as described in the Experimental sections. The heating table was stabi-
lized at a controlled tilt angle of 20◦ to promote droplet slippage into the 
Faraday cylinder. The triboelectric voltage signal of the droplet as it 
traversed the surface of the solid material and entered the Faraday 
cylinder was recorded. According to the measuring principle of the 
electrostatic meter, the charge on the droplet is directly proportional to 
the measured triboelectric voltage, and the following equation relates 
the two： 

V =
Q
C 

where Q is the charged quantity of the droplet, V is the triboelectric 
voltage measured by the Faraday cylinder, and C is the capacitance 
between the droplet and the Faraday cylinder. Under specific experi-
mental conditions, (the structure of the Faraday cylinder, the droplet 
size and position are relatively stable), the triboelectric voltage could 
effectively reflect the amount of charge carried by the droplet. Before 
measuring the triboelectric signals, the LFPs for the three materials were 
determined to be approximately 250 ◦C, 200 ◦C, and 180 ◦C, respec-
tively, as reported in the literature and confirmed through high-speed 
video camera analysis. To thoroughly explore the correlation between 
temperature and L-S CE, temperature intervals of 50 ◦C were selected, 
and the triboelectric voltage signals were measured across a broad 
temperature range. As depicted in Fig. 2b, the triboelectric voltage was 
merely 12 mV at 50 ◦C for the SiO2 substrate. The triboelectric voltage 
gradually increased with rising temperature, peaking at approximately 
18 mV near 250 ◦C. Subsequently, when the temperature of the heated 
table was further increased, the triboelectric voltage decreased consid-
erably. A similar trend of triboelectric voltage, initially increasing and 
then decreasing with temperature, was also observed on the untreated 
Al2O3 ceramic sheet substrate (Fig. 2c). The maximum triboelectric 
voltage reached a value of approximately 145 mV at 200 ◦C. As the 

Fig. 1. Droplet states at different surface temperatures for specific applications.
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temperature continued to increase, the triboelectric voltage decreased 
steadily. It was unexpectedly found that the maximum CE occurred 
around the LFP, indicating that CE could be employed as a probe to 
rapidly determine the LFP. Furthermore, this method has been demon-
strated across several materials, confirming its generalizability.

It is noteworthy that at 150 ◦C on SiO2, droplets evaporated and 
broke up rapidly, preventing stable slip behavior and complicating the 
measurement of triboelectric charge. This phenomenon can be attrib-
uted to transition or burst boiling [29]. As the temperature neared but 
did not reach the LFP, direct contact between the droplet and substrate 
resulted in intense localized heating. As the temperature increased to 
about 200 ◦C, close to but not reaching the LFP, the droplets started to 
form a thin vapor film, reducing the direct contact with the substrate. 
Evaporation became relatively smooth, thus allowing slip and mea-
surement. In contrast, such a phenomenon was not observed at 150 ◦C 
for the Al2O3 ceramic sheet substrate. This may be attributed to the 
different surface properties or the lower LFP (200 ◦C), which avoided the 
strong phase transition behavior, thereby facilitating smooth measure-
ments across the entire temperature gradient [30,31]. On the one hand, 
experimental results showed that the overall CE performance of Al2O3 
ceramic substrates was superior to that of SiO2. Previous studies sug-
gested that this difference could be attributed to variations in electro-
negativity between the materials, which is influenced by the contact 
area [32]. On the other hand, treatment of the Al2O3 surface with a small 
amount of perfluorosilane induced hydrophobicity, leading to the for-
mation of hydrophobic Al2O3* . Energy dispersive spectroscopy (Fig. S1) 
confirmed a minimal presence of Si (~2 %) on the surface, indicating 
that the hydrophobic treatment did not significantly alter the L-S 
interface properties, i.e. the type of contact material. However, the 
difference in hydrophobicity between Al2O3 and Al2O3* emerged as a 
key factor in determining CE performance, which could be quantified 

through the measurement of the contact angle (CA) [33,34]. To further 
enhance CE performance, the Al2O3 ceramic substrate was chemically 
modified to improve its hydrophobicity. As illustrated in Fig. 2d, the 
maximum triboelectric voltage (315 mV) recorded after the droplets 
traversed the hydrophobized Al2O3* substrate occurred at approxi-
mately 180 ◦C, which is also near the LFP. Furthermore, Fig. 2e-g reveal 
that the CAs of the droplets on the SiO2, Al2O3, and Al2O3* surfaces at 
room temperature were 87◦, 96◦, and 120◦, respectively. This observa-
tion may provide a coherent framework for understanding the phe-
nomena and principles observed in the experiments. The increased CA 
indicates a reduced contact area between the droplet and the surface, 
effectively diminishing the heat transfer efficiency and making the 
droplet less susceptible to rapid vaporization or bursting behavior. 
Additionally, Fig. S2 demonstrated that the variance in wettability be-
tween SiO2 and Al2O3 is primarily attributable to their respective surface 
structures. Chemical modification enhances the Al2O3 surface by 
incorporating more hydrophobic chemical compositions.

2.2. Mechanistic analysis of temperature-dependent variations in CE

To investigate the mechanisms underlying variations in CE across a 
broad temperature spectrum, experiments were conducted on 
Al2O3* substrates at temperatures of 100 ◦C and 190 ◦C, utilizing 
droplets with a volume of 20 µL. Among them, 100 ◦C was used to probe 
the high-temperature CE when the LFP was not reached, while 190 ◦C 
ensured that the triboelectric signals in the state of reaching the LFP 
were obtained. It should be noted that Fig. 3a examined the change in 
triboelectric voltage with varying sliding distances while keeping sliding 
time short (less than 1 s) to avoid evaporation influence, whereas Fig. 3b 
investigated the change in triboelectric voltage with a constant sliding 
distance (6 cm) and varying sliding time, achieved by adjusting the tilt 

Fig. 2. Effects of temperature on the CE at L-S interfaces. (a) Experimental setup diagram for measuring the triboelectric charge of the droplets at different surface 
temperatures; (b) Triboelectric voltage signals of droplets measured after sliding off the SiO2 surface at different temperatures; (c) Triboelectric voltage signals of 
droplets measured after sliding off the Al2O3 surface at different temperatures; (d) Triboelectric voltage signals of droplets measured after sliding off the 
Al2O3* surface at different temperatures; (e) The CA of static droplets on the SiO2 surface at room temperature; (f) The CA of static droplets on the Al2O3 surface at 
room temperature; (g) The CA of static droplets on the Al2O3* surface at room temperature.
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angle of the substrate. Firstly, the distance over which the droplet slides 
on the Al2O3* substrate gradually grew from 2 to 10 cm, ensuring that 
the droplet release height and other conditions were the same. As shown 
in Fig. 3a, the sliding distance of the droplet on the heated surface was 
first varied. At 100 ◦C, the triboelectric voltage signal initially increased 
and then decreased with increasing distance, reaching a maximum at a 
sliding distance of 6 cm. At this temperature, the droplet remained in 
direct contact with the substrate. Initially, there was less charge transfer 
due to lower temperature. The increase in sliding distance enhanced the 
L-S CE, leading to a rise in the triboelectric voltage. However, as the 
sliding distance became too long, the retention of the droplet on the 
surface resulted in the charge within the droplet being partially residual 
on the surface, and the triboelectric voltage then decreased. In contrast, 
as the temperature increased to 190 ◦C, the droplets were in the Lei-
denfrost effect state, where they were suspended above the vapor film. 
In this case, the charge residue of the droplets on the surface was min-
imal. It was worth mentioning that the droplets moved on the surface for 
a short time (less than 1 s) in Fig. 3a, so the effect of evaporation was 
small. Furthermore, as shown in Fig. 3b, the retention time of the 
droplets on the surface increased progressively, while the sliding dis-
tance was maintained at the optimized value of 6 cm, as depicted in 
Fig. 3a. The experimental results showed that the triboelectric voltage of 
the droplets at 100 ◦C decreased slightly as the residence time on the 
surface increased. In contrast, at 190 ◦C, the evaporation process 
accelerated, leading to a rapid decrease in the triboelectric voltage. In 
summary, under short sliding time (less than 1 s), the decrease in 
triboelectric voltage was attributed to the retention of charge within the 
droplet, which partially remained on the surface. However, as the 

sliding time and/or temperature increased, the evaporation of the 
droplets was promoted, leading to a further reduction in triboelectric 
voltage. As illustrated in Fig. S3, this phenomenon was observed not 
only in Al2O3* but also in experiments conducted on SiO2 substrates at 
100 ◦C and 260 ◦C, ensuring the Leidenfrost state. These observations 
underscore the intricate interplay of contact, charge transfer, and ther-
modynamic behavior at the L-S interface, particularly at elevated tem-
peratures where droplet behavior is influenced by the Leidenfrost effect. 
To further demonstrate that the differences in CE were caused by the 
different contact states of the droplets with the surface, simulations were 
performed using the open-source software LAMMPS. The specific pa-
rameters were shown in the Supplementary discussion. The substrate 
temperature was set to 30 ℃, 80 ℃, 130 ℃, 180 ℃, 230 ℃, and 280 ℃, 
respectively. The temperature contour map of the droplet on substrates 
at different temperatures is shown in Fig. 3c. As the substrate temper-
ature increases from 30 ℃ to 80 ℃, the contact angle of the droplet 
decreases, as higher temperatures reduce the surface tension of the 
droplet. Then, when the substrate temperature increases to 130 ℃, the 
contact area between the droplet and substrate decreases because the 
rapid evaporation of water molecules at the liquid-solid interface lifts 
the droplet. Finally, as the substrate temperature continues to rise, the 
droplet gradually detaches from the substrate at 180 ℃, and a distinct 
levitation state is observed at 230 ℃ and 280 ℃.

2.3. Probing LFP via CE

As an important factor influencing the LFP, droplet volume was 
explored. 10 µL of deionized water on an Al2O3* substrate was 

Fig. 3. Potential mechanisms of CE variation across a broad temperature spectrum. (a) Effect of the sliding length of droplets on the Al2O3* surface at different 
temperatures on the measured triboelectric voltage signal; (b) Effect of the residence time of droplets on the Al2O3* surface at different temperatures on the measured 
triboelectric voltage signal; (c) Simulation of the contact state when the temperature of droplets on the substrate surface was stable at different temperatures.
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performed with a temperature gradient of 10 ◦C. As shown in Fig. S4, the 
maximum value of the triboelectric voltage occurred near 170 ◦C, 
reaching approximately 238 mV. This observation was consistent with 
the LFP identified in both the literature and high-speed camera mea-
surements [35]. To establish the reliability and generalizability of that 
CE could be employed as a probe to rapidly determine LFP, a range of 
solutions was experimentally evaluated in place of deionized water. 
Specifically, NaCl solution (characterized by the minimal size difference 
between cations and anions) and room-temperature ionic liquid [EMIM] 
Cl (with asymmetric cation-anion pairs) were first chosen to explore the 
behavior of droplets from different ionic types of solutions. The hydro-
phobic Al2O3* substrate material was placed on a heated bench and 
experiments were carried out with a temperature gradient of 50 ◦C. 
20 µL droplets were slid from the substrate into a Faraday cylinder to 
measure the triboelectric charge. A discernible trend of the triboelectric 
voltage initially increasing and subsequently decreasing with rising 
temperature was consistently observed. As shown in Fig. 4a, the 
maximum value of the triboelectric signal was observed near 180 ◦C for 
a 0.001 M NaCl droplet. To present the experimental results more 
clearly, the temperature gradient was reduced to 5 ◦C, and the tribo-
electric signals within 180 ◦C-200 ◦C were specifically viewed. The 
maximum value of the triboelectric voltage measured for a 0.001 M 
NaCl droplet was about 403 mV, which was closer to 185 ◦C. Increasing 
the NaCl concentration to 0.1 M, the maximum friction electric voltage 
under the same conditions occurs at 190 ◦C (284 mV). The decrease in 
transferred charge may be due to the shielding effect of the electrical 
double layer [36]. Excitingly, the observation that the peak triboelectric 

voltage in solution shifts to higher temperatures with increasing solu-
bility aligns perfectly with the literature on the LFP [37], further sub-
stantiating the reliability of determining the LFP through CE. This 
phenomenon could be attributed to the influence of precipitated salts. At 
lower concentrations, there is less salt precipitation, resulting in mini-
mal alterations to the properties of the droplets. At higher concentra-
tions of NaCl solutions, solid salt precipitated at high temperatures 
might form a barrier layer between the droplet and the substrate, 
affecting the formation of the vapor film and ultimately increasing the 
LFP. As illustrated in Fig. S5, the precipitation of salt was observable on 
the surface following the complete evaporation of the droplets. A similar 
pattern was noted in [EMIM]Cl (Fig. 4a and b). In contrast, the presence 
of asymmetric ions at high concentrations induced a reversal of the 
polarity of the triboelectric voltage at lower temperatures [38]. Never-
theless, this alteration did not compromise that CE could be employed as 
a probe to rapidly determine LFP, further underscoring the method’s 
generalizability.

In addition to saline solutions, CE as a probe for rapid determination 
of LFP was applied in organic solvents. 20 µL of 5 % ethanol (v/v) and 
10 % ethanol (v/v) were chosen respectively, where “v/v” stands for 
volume/volume ratio. The measured triboelectric voltage increased and 
then decreased as the temperature increased. For 5 % ethanol, the 
highest value of the triboelectric voltage was found to occur at 175 ◦C 
after narrowing the temperature gradient, which was about 220 mV 
(Fig. 5a). The highest value of the triboelectric voltage for 10 % ethanol 
decreased to 170 ◦C, which was about 199 mV (Fig. 5b). The decrease in 
the charge transfer might be attributed to the fact that as the 

Fig. 4. Probing LFP via triboelectric charge. (a) Triboelectric voltage signals were measured after sliding the 0.001 M NaCl droplets off the surface at different 
temperatures; (b) Triboelectric voltage signals were measured after sliding the 0.1 M NaCl droplets off the surface at different temperatures; (c) Triboelectric voltage 
signals were measured after sliding the 0.001 M [EMIM]Cl droplets off the surface at different temperatures; (d) Triboelectric voltage signals were measured after 
sliding the 0.1 M [EMIM]Cl droplets off the surface at different temperatures.
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concentration of ethanol increased, the rate of evaporation of the solu-
tion became faster [39]. It made the contact time of the droplets on the 
surface shorter, thus affecting the strength of the CE. In the near vicinity 
of the LFP, the droplets were suspended on the solid surface due to 
surface tension and the formation of a surface vapor film. An increase in 
ethanol concentration will change the contact angle and surface tension 
of the droplets. 10 % ethanol droplets might form a complete vapor film 
earlier than 5 % ethanol droplets and therefore had a lower LFP. It is 
satisfying to observe that the trends of the two still align remarkably well 
[40].

By investigating the relationship between CE and the Leidenfrost 
effect, an interesting and universal pattern was found: with increasing 
temperature, the transferred charge of a droplet sliding on a surface did 
not change linearly, but showed a tendency to increase and then 
decrease. This phenomenon offered us a new way to quickly and 
objectively discriminate LFP by measuring changes in droplet tribo-
electric voltage or transferred charge, avoiding the subjectivity and 
complexity of traditional methods that rely on visual observation and 
indirect measurements by heat transfer. This means of rapid discrimi-
nation of LFP was not only of great value in academic research but can 
also be useful in many practical applications. Especially in some ex-
periments and industrial processes related to surface engineering, ma-
terial treatment, and surface effects that need to be performed at high 
temperatures, such as heat dissipation, anti-icing, and self-cleaning. 
More importantly, based on this phenomenon, it could be further 
applied to high-temperature self-powered equipment. Nowadays, CE has 
been widely used in many fields, such as electrostatic sensors, electro-
static dust removal, and energy harvesting [41]. However, how to 
improve the efficiency and the amount of charge transferred by CE in a 
high-temperature environment has always been an urgent challenge. By 
applying the results of the study of the relationship between CE and LFP 
to these devices, it will be possible to maximize the amount of charge 

transferred by the self-powered equipment at high temperatures, 
thereby enhancing their operating efficiency (Fig. 5c). Specifically, in 
design of the device, the temperature of the surface will be controlled to 
stabilize the operating temperature in the interval close to the LFP. 
Within this temperature range, the amount of charge transferred by the 
device will peak, ensuring the most efficient charge transfer. This is 
particularly important for energy harvesting devices, as an increase in 
transferred charge directly implies an increase in the output power of 
the device. Additionally, in industrial processes where stable charge 
transfer and efficient electrostatic effects are required, such as electro-
static separation, dust handling, and spraying processes, this finding 
could also greatly improve the stability and efficiency of the 
self-powered equipment.

3. Conclusion

This work revealed the charged properties of droplets at elevated L-S 
temperatures and explored the intrinsic relationship between CE and the 
Leidenfrost effect, proposing CE as an efficient probe for LFP determi-
nation. Systematic experimental studies show that the triboelectric 
voltage of droplets initially increases, peaks near the LFP, and then de-
creases with rising temperature. These findings provide new theoretical 
insights into the temperature-driven modulation of L-S interface prop-
erties. Moreover, a rapid and objective method for LFP determination 
using CE has been introduced for a wide range of solid and liquid ma-
terials. This approach fills a critical gap in interfacial probes for high- 
temperature L-S CE studies, introducing a new and universally appli-
cable technique for LFP analysis. The CE-based probe technique offers 
advantages over traditional methods (e.g., optical or surface potential 
analysis), such as high sensitivity, no need for complex equipment, and 
weak subjective dependence. The results may be affected by the 
experimental environment (e.g., humidity), and the maturity of the 

Fig. 5. Relationship and Applications of CE and LFP. (a) Triboelectric voltage signals were measured after sliding the 5 % ethanol droplets off the surface at different 
temperatures; (b) Triboelectric voltage signals were measured after sliding the 10 % ethanol droplets off the surface at different temperatures; (c) Relationship 
between CE with Leidenfrost effect and application to high-temperature self-powered equipment.
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technique will be further improved in the future. This work enhances the 
understanding of CE in elevated temperatures, providing theoretical 
support for the design of thermal management systems, novel sensors, 
and related technologies. It is set to propel efficiency optimization in 
high-temperature self-powered devices, catalyzing advancements in 
heat dissipation, aerospace materials, and self-cleaning technologies.

4. Experimental section

4.1. Chemicals and materials

Sodium chloride (NaCl) (≥99 %) and 1-Ethyl-3-methylimidazolium 
Chloride([EMIM]Cl) (98 %) was purchased from Aladdin. 
1 H,1 H,2 H,2H-Perfluorodecyltriethoxysilane (PFDS) was from Mack-
lin. The silicon dioxide (SiO2), aluminum oxide (Al2O3) ceramic sheet, 
ethanol and laboratory-prepared deionized water were purchased from 
the local market. Syringes were purchased from local pharmacies.

4.2. Fabrication of Al2O3*

Firstly, the Al2O3 ceramic sheet was cleaned using anhydrous ethanol 
in an ultrasonic cleaner for 15 minutes to remove surface dirt and 
organic contaminants. After that, the Al2O3 was rinsed with deionized 
water followed by rinsing with anhydrous ethanol, and subsequently 
placed in a drying oven at 60 ◦C for half an hour. Next, the 1 % PFDS 
solution was prepared by dilution with anhydrous ethanol. The dried 
ceramic sheet was immersed in the prepared 1 % PFDS solution, 
ensuring that it was completely submerged, at room temperature for 3 h. 
After removal, the surface was gently rinsed with anhydrous ethanol to 
remove excess PFDS solution. Finally, the treated ceramic sheets were 
placed in a drying oven at 150◦C for 1 h to promote the chemical 
bonding of PFDS to the surface. After curing, the Al2O3* were removed 
and cooled to room temperature.

4.3. Electrical and optical characterization

The charge of the droplets was tested using an electrometer (6514, 
Keithley, Cleveland, OH, USA) and a Faraday cylinder. Real-time data 
collection was achieved using a platform built on a data acquisition card 
(BNC-2120, National Instruments, Austin, TX, USA) and LabView soft-
ware. The topographical features of the samples were observed using a 
scanning electron microscope and the surface chemical composition was 
analyzed by EDS. Water’s static contact angles were determined using a 
DSA-100 optical CA meter (Kruss Company, Ltd., Germany) with a test 
temperature set at room temperature.
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