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Contact electrification (CE) is a well-known phenomenon that ubiquitously exists in the charge
transfer between solid–solid (S-S) or solid–liquid (S-L) and plays pivotal roles in energy harvesting and
self-powered sensing. However, little is known about the CE mechanism during the phase transition.
Here, we investigated the mechanism of charge transfer between a representative crystalline ice and a
dielectric material during the solid-to-liquid phase transition. This study aimed to determine how the
phase transition affects the charge transfer efficiency. Before ice starts melting, electron transfer within
S-S contact predominated. As the melted micro-droplets smoothed the rough surface of the ice, the
contact area between the materials increased, resulting in a roughly 6-fold enhancement of charge
transfer. When the ice melted, droplets condensed on the surface and established S-L contact with the
dielectric material. It resulted in the formation of an electrical double layer (EDL) composed of ions
and electrons at the contact interface, effectively shielding the surface net charge of the dielectric
material and impeding charge transfer between the materials. After the complete melting of ice into
water, a stable S-L contact was established, and the EDL formed a stable and strong screening effect,
resulting in the lowest level of charge transfer. The findings contributed to enhancing knowledge about
interaction and charge transfer between different substances in dynamic phase transition scenarios. It
could also provide valuable insights into the optimization and advancement of CE-based triboelectric
nanogenerators for energy harvesting and self-powered sensing.
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Introduction
Contact electrification (CE) is a phenomenon where objects
acquire an electric charge when they come into contact and then
separate [1,2]. Around 600 B.C., the ancient Greeks recorded that
an attractive force is created when the resin is rubbed against fur,
which was the first discovered phenomenon of CE. For
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2600 years, from the wool processing industry in Medieval Bri-
tain, across the textile industry during the first industrial revolu-
tion to the semiconductor foundry today, CE has had a profound
impact on human life, but most of them were negative. Thus, the
research on CE has predominantly focused on mitigating or
reducing its negative impact. Until 2012, the triboelectric nano-
generator (TENG) based on the coupling effect of CE and electro-
static induction was first invented to exploit the positive impacts
of CE for energy harvesting and self-powered sensing [3–9]. This
marked a shift towards exploring the potential benefits and
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applications of CE. However, the inherent mechanism of CE
remains in mystery. It is commonly believed that the transfer
of charges between two materials can occur through three main
pathways: electron transfer [10–13], ion transfer [14–17], and
material transfer [18,19]. However, the intricate details of these
mechanisms are still not fully understood. Further research and
exploration are needed to unravel the true nature of CE.

In the recent study of solid–solid (S-S) CE, the CE and tribo-
electric charging process in metal-dielectric interfaces under dif-
ferent thermal conditions were investigated [20–22]. It was
found that the charge transfer process at the nanoscale follows
a modified thermionic emission model, and an electronic cloud
potential well model was proposed to explain the electron trans-
fer phenomenon in the process of frictional charging [23–25].
The main conclusion drawn from the findings was that electron
transfer is the major mechanism behind S-S interface CE. When
the interatomic distance between the two materials is smaller
than the normal bonding length in the repulsive region (approx-
imately 0.2 nm), electron transfer could occur at the contact
interface [26]. Furthermore, in recent studies on solid–liquid (S-
L) CE, a new approach was employed by heating the substrate
to dissipate electrons [27]. This approach provided the first
microscopic evidence showing that both electrons and ions are
crucial components of the frictional charging charge carriers at
the S-L interface [28–30]. Additionally, as the ion concentration
increased, ions tightly adsorbed to the solid surface would gener-
ate a screening effect, reducing the transfer of charge during the
S-L CE process [31]. Based on these findings, a “two-step” model
for the electrical double layer (EDL) formation was proposed
[27,31,32]. This model not only explained the essence of the ori-
gin of the EDL as electron transfer at the contact interface but
also resolved the controversy regarding whether electrons or ions
act as the interface charge carriers. It enriched the fundamental
understanding of the EDL [33]. Therefore, the charge transfer
mechanism of CE has been extensively studied. However, most
of these studies were based on steady-state contacts between S-
S or S-L interfaces. Phase transition exists ubiquitously in nature,
the changes in material structure and properties during phase
transitions could have significant effects on CE. Studies have
been conducted on the effects of transitioning from the glassy
to the rubbery on CE [34],but this area remained largely
unexplored.

In this paper, the charge transfer between typical crystal ice
and the dielectric material during its melting process was studied
in depth to determine the effect of phase transition on CE [35].
Ice and water provide us with a convenient platform to investi-
gate CE at the transition interface in an ambient environment
as they are of the same material. Initially, during the early stages
of ice melting, S-S contact between the ice and dielectric material
played a dominant role in charge transfer, with electron transfer
being the primary mechanism. The formation of micro-droplets
on the ice surface due to melting smoothed its surface and signif-
icantly increased the contact area between the materials. This led
to a remarkable enhancement in charge transfer efficiency,
approximately seven times higher than the initial contact
between pure ice and the dielectric material. As the ice continued
to melt, macroscopic liquid droplets condensed on the ice sur-
face, establishing S-L contact with the dielectric material. At this
2
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stage, an EDL composed of ions and electrons was formed at the
contact interface, creating a screening effect. This effectively
reduced the net surface charge of the dielectric material and hin-
dered further charge transfer, significantly decreasing the charge
transfer between the materials. Therefore, investigating the pre-
cise variations in charge transfer during the process of ice-
melting not only enhanced the comprehension of the influence
of phase transitions on CE but also provided a deeper insight into
the underlying charge transfer mechanisms involved. It could
enable the development of more efficient energy harvesting
approaches for S-S or S-L TENGs. Additionally, it could facilitate
the creation of new types of self-powered sensors by leveraging
the impact of phase transitions on CE, thereby, for example,
offering accurate guidance for studying variations in ice layers
during polar scientific expeditions.
Results and discussion
Electronegativity of ice and water
In this experiment, a single-electrode mode TENG with a three-
layer sandwich-like structure was prepared, as shown in Fig. 1a.
The TENG friction electrode consisted of three layers. The bot-
tom contact layer was a dielectric PTFE film used for contact elec-
trification with ice, where the ice was frozen using DI water with
a conductivity of 0.055 lS/cm. The middle layer was a conduc-
tive copper layer serving as the electrode for electrostatic induc-
tion, and the top layer was a transparent thin Polymethyl
methacrylate (PMMA) substrate. The hydrophobic PTFE film
wrapped the copper film to prevent oxidation caused by contact
with the copper film. The bottom of the TENG was composed of
an ice layer and a PMMA mold. By controlling the linear motor,
the contact force was maintained at 30 N, the separation gap at
8 mm, and the frequency at 2 Hz. This ensured continuous con-
tact and separation of the friction electrode from the ice layer,
resulting in the generation of triboelectric charges [36–38], as
shown in Fig. S1a. Initially, there was no contact or friction
between the PTFE film and the ice layer, and no triboelectric
charges were generated, as shown in Fig. S1a I. When the PTFE
film fully contacted the ice surface, triboelectric charges of equal
and opposite polarity were generated due to the different abilities
of the PTFE film and ice to gain and lose electrons, as shown in
Fig. S1a II. After applying external force and separating the two
friction layers, a potential difference between the PTFE film
and the ice layer generated charges on the back conductive layer
of the PTFE film, which were then collected by external instru-
ments, as shown in Fig. S1a III. Triboelectric charges were contin-
uously generated through electrostatic induction in the TENG
until the potential reached equilibrium within the device, as
shown in Fig. S1a IV. In the reverse scenario, when the two fric-
tion layers gradually approached each other, reverse charges were
collected, as shown in Fig. S1a V. Similarly, when water did not
come into contact with the PTFE film, no triboelectric charges
were generated (Fig. S1b I). Applying external force brought
water into contact with the PTFE film, generating triboelectric
charges (Fig. S1b II). After separating the PTFE film and water, a
potential difference between them generated charges on the back
conductive layer of the PTFE film, which were then collected by
external instruments, as illustrated in Fig. S1b III. Continuous
016/j.mattod.2024.03.013
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FIG. 1

The structural design of TENG and the triboelectric series for ice and water. (a) Diagram of the single-electrode mode TENG composed of a vertical linear
motor.(b) Simulation diagram of PTFE contacting and separating from liquid water in contact electrification. (c) Simulation diagram of PTFE contacting and
separating from ice in contact electrification. (d) Theoretical calculation of the magnitude of transfer charge during contact electrification between ice and
liquid water. (e)-(f) Transfer charge magnitude with TENG in contact with water and ice under identical conditions.
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generation of triboelectric charges through electrostatic induc-
tion occurred in the TENG until the potential reached equilib-
rium within the device, as depicted in Fig. S1b IV. In the
reverse scenario, as the two friction layers gradually approached
each other, reverse charges were collected, as shown in Fig. S1b
V.

Previously, a significant amount of research had been con-
ducted to explore the triboelectric properties of water, with some
studies also investigating the CE of ice [24,31,39–41]. However,
there were limited investigations on the triboelectric properties
during their phase transition. To better understand the CE occur-
ring during the phase transition of water and ice, it was necessary
to determine their properties such as electronegativity. The mag-
nitude of charge transfer between crystalline water (monolayer
ice) and liquid water with dielectric materials during the CE pro-
Please cite this article in press as: Y. Wei et al., Materials Today (2024), https://doi.org/10.1
cess was computationally assessed using COMSOL Multiphysics.
In Fig. 1b, c, to ensure a consistent PTFE chain, it is modeled as a
PTFE chain with 6 carbon atoms. When working in ice form, ice
formed a regular lattice structure through hydrogen bonds. On
the other hand, in liquid form, water molecules were arranged
irregularly, allowing for movement and collisions, constantly
changing their relative positions. Water molecules in both ice
and liquid water continuously came into contact and separated
from PTFE. When reaching a stable state, the transferred charge
quantity was recorded. As shown in Fig. 1d, the transferred
charge quantity for ice was 0.38 e, and for water, it was 0.42 e.
The transferred charge quantity between ice and dielectric mate-
rial, as well as water and dielectric material, differed by only
10 %. To further clarify the electronegativity of ice and water,
experiments were conducted. Under the same environmental
3
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conditions, including temperature, the transferred charge quan-
tity between ice and PTFE film, using the apparatus shown in
Fig. 1a, was 0.6 nC, while the transferred charge quantity
between water and PTFE film was 0.68 nC. The transferred charge
quantity of water was approximately 10 % greater than that of
ice, consistent with the results obtained from Multiphysics sim-
ulations, as shown in Fig. 1e, f. The electronegativity of water
and ice might be comparable because of the similar quantity of
triboelectric charge produced. Based on the magnitude of the
transferred charge quantity, the triboelectric series for water
should be between Nylon and ice (Fig. S2). Therefore, the tribo-
electric series from positive to negative, as shown in Fig. S3,
was Nylon, water, ice, and PTFE [41].
Variations in charge transfer during the phase transition
process
In Fig. 2a, when the environmental temperature was 20 �C, ice
continuously absorbed heat from the environment, leading to
melting. In the four stages of ice melting, “ice” referred to the
state where water molecules crystallized into ice (Fig. 2a I); “ini-
tial melting” indicated the stage where liquid water began to
appear at the environmental temperature (Fig. 2a Ⅱ); “Partial
melting” described the stage where the amount of liquid water
FIG. 2

The changes in the transferred charge quantity during the ice-melting proc
in transfer charge magnitude during the process of ice-melting into water. (b
mechanism of the EDL in contact electrification during phase transition proces

4
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increased but some regions still maintained ice (Fig. 2a Ⅲ);
“Complete melting” referred to the stage where all the ice was
completely converted into liquid water(Fig. 2a Ⅳ). The trans-
ferred charge quantity of the ice-based TENG gradually increased.
As the ice kept melting, the transferred charge quantity reached
its peak, six times higher than the initial transferred charge quan-
tity observed when the ice was not melted. Subsequently, as the
ice continued to melt, the transferred charge quantity began to
decrease. After decreasing to a certain extent, the transferred
charge quantity stabilized, reaching an equilibrium state. Both
short-circuit current and open-circuit voltage were tested sepa-
rately (Fig. S4, S5). During the process of ice-melting into the
water, as the ice changed from �20 �C to 20 �C, the transferred
charge quantity of the TENG continuously changed along with
the temperature variations. Therefore, TENGs were created using
ice at �20 �C, �10 �C, �5 �C, 0 �C, and water at 0 �C, 5 �C, 10 �C,
and 20 �C for testing their transferred charge quantity (Fig. S6). It
was found that both water and ice exhibited a decrease in the
transferred charge quantity as the temperature increased. When
the temperature was �20 �C and 0 �C respectively, the trans-
ferred charge quantities of ice were 0.61 nC and 0.41 nC. This
might be due to that the resistance value of the TENG increase
with temperature elevation [41]. Additionally, it was observed
ess and the principles behind the formation of the EDL. (a) The variation
) Phase diagram of ice-melting at different stages. (c) The formation and
ses.
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that when both ice and water were at 0 �C, the transferred charge
quantities were 0.41 nC and 0.62 nC, respectively, with only a
33 % difference in the transferred charge quantity.

When the ice had not yet melted, PTFE film contacted the ice,
as shown in Fig. 2b I. In the process of CE, only electron transfer
is involved in the S-S CE as illustrated in Fig. 2c I. As the ice grad-
ually melted, a small amount of water appeared on the ice surface
(Fig. 2b II). With the melting of the ice, free water molecules and
ions emerged (Fig. 2c II). In the S-L CE process, the EDL was typ-
ically formed, which influenced the behavior of S-L CE, includ-
ing charge transfer and accumulation. As the ice continued to
melt, a substantial amount of water was observed on the ice sur-
face (Fig. 2b III). Owing to the contact at the S-L interface and the
thermal movement of the liquid, involving molecules and ions
such as H2O, cations, and anions, numerous collisions occurred
(Fig. 2c III). These collisions resulted in electron transfer between
the solid atoms and water molecules due to the overlap of their
electron clouds, leading to ionization reactions on the solid sur-
face [27,42]. Both electrons and ions were generated on the sur-
face, with electron transfer taking precedence. Due to
electrostatic interactions, oppositely charged ions from the liquid
were attracted to the charged surface, forming the EDL, as shown
in Fig. 2c IV. Based on the research by the Wang et al., the pres-
ence of the EDL restricted the free movement of electrons and
ions in the liquid near the solid surface, thereby slowing down
the transfer of charges [42,43]. Simultaneously, the formation
of the EDL caused an adjustment in the charge distribution on
the solid surface. This adjustment could reduce or shield the free
charges on the solid surface, creating a screening effect. There-
fore, during the partial melting process of ice, the EDL continued
to form, gradually creating a screening effect, leading to a gradual
decrease in the transferred charge quantity (Fig. 2a III). In the
complete melting of ice, the EDL had fully formed, resulting in
the transferred charge quantity reaching an equilibrium state
(Fig. 2a IV). Simultaneously, a water film could have formed on
the PTFE surface, but due to the complete establishment of the
EDL, the subsequent formation of the water film was considered
to have negligible effect on the experimental results.

Simulation of charge transfer in PTFE with different C-chain
lengths
To explore the phenomenon of increasing charge during the pro-
cess of ice melting, the transferred charge quantity of PTFE with
different C-chain lengths in contact with ice and water was fur-
ther calculated using COMSOL Multiphysics. (Note S1 in the
Supplementary Material)One uses internal coordinates (opt) to
simulate liquid water molecules, and the other uses Cartesian
coordinates (opt = Cartesian) to simulate crystalline water mole-
cules. The growth of PTFE's C-chain represented the increasing
contact area during the ice-melting into water process, leading
to the continuous generation of TENG as liquid water came into
contact, increasing the contact area during the electrification
process. As shown in Fig. 3a, b, and c, with PTFE C-chains of 6,
9, and 12, respectively, in contact with ice, water molecules
formed stable structures through hydrogen bonding (Fig. S7a,
b). Ice continuously contacted and separated from PTFE, and
the transfer charge was calculated when reaching a stable state.
As the C-chain continued to grow, the effective contact area
Please cite this article in press as: Y. Wei et al., Materials Today (2024), https://doi.org/10.1
between ice and PTFE increased. This expansion in contact area
enhanced CE, leading to a gradual increase in the transferred
charge quantity. (Fig. 3g) When the C-chain length of PTFE
was 6, the transferred charge quantity was 0.021 e. With an
increase in the PTFE C-chain length to 9, the transferred charge
quantity rose to 0.051 e. When the PTFE C-chain length reached
12, the transferred charge quantity increased further to 0.084 e.
With the increase in the C-chain length of PTFE, the transferred
charge quantity between ice and PTFE linearly increased. When
the C-chain length of PTFE was 12, the transferred charge quan-
tity was 400 % of the transferred charge quantity when the C-
chain length was 6. When ice was replaced with liquid water,
PTFE with C-chains of 6, 9, and 12 underwent contact and sepa-
ration (Fig. 3d, e, and f). Water molecules exhibited irregular
arrangements and constant motion (Fig. S7c, d). However, due
to the sufficient contact during S-L CE, the transferred charge
quantity between water and PTFE remained relatively stable with
little variation. In Fig. 3h, when the C-chain length of PTFE was
6, the transferred charge quantity was 0.113 e. With an increase
in the PTFE C-chain length to 9, the transferred charge quantity
rose to 0.121 e. When the PTFE C-chain length reached 12, the
transferred charge quantity increased further to 0.125 e. This
indicated that in the case of water, due to a more thorough S-L
CE, the transferred charge quantity remained relatively stable.
In the case where the longest C-chain of PTFE was 12, the differ-
ence in transferred charge quantity between ice and PTFE and
water and PTFE was 33 %, consistent with the experimental data.

Therefore, when the ice had not melted, only S-S contact
occurred between the ice and the PTFE film during the contact
process. As the ice gradually melted, the generation of water
resulted in a transition from S-S contact to the coexistence of S-
L and S-S contact, thereby increasing the effective contact area
with the PTFE film. The increase in effective contact area led to
a continuous increase in the transferred charge quantity. After
a certain degree of ice melting, due to the limited area of the PTFE
film, the rate of increase in contact area gradually decreased and
reached a saturation point, resulting in a gradual reduction in the
increase of the transferred charge quantity. Simultaneously, with
the formation of the EDL, the shielding effect of the EDL inhib-
ited the transfer of charge, gradually reducing the transferred
charge quantity. After the complete formation of the EDL, it
reached an equilibrium state.

Impact of temperature, hydrophilicity, and ion concentration
on phase-transition-based TENG
To further elucidate the reasons for the variation in the trans-
ferred charge quantity during the phase transition process of
ice-melting into water by manipulating the environmental tem-
perature to accelerate the speed of the phase transition process.
At the environmental temperature of 20 �C, the maximum trans-
ferred charge quantity reached 1.75 nC in 214 s (Fig. 4a). Increas-
ing the ambient temperature to 40 �C expedited the melting of
ice, reaching the maximum transferred charge quantity of 1.21
nC in 105 s (Fig. 4b). Further elevating the ambient temperature
to 60 �C resulted in reaching the maximum transferred charge
quantity in only 98 s, but the value decreased to 0.58 nC
(Fig. 4c). The time required for the transferred charge quantity
to reach its maximum value during the ice melting process was
5
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FIG. 3

The increase in the contact area between ice and water with PTFE and its impact on the change in the transferred charge quantity. (a)–(c) Contact
electrification between PTFE with C-chain lengths of 6, 9, and 12 and crystalline water(monolayer of ice). (d)–(f) Contact electrification between PTFE with C-
chain lengths of 6, 9, and 12 and liquid water. (g)–(h) Contact electrification transfer charge magnitude between PTFE with different carbon chain lengths and
liquid water and ice.
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measured. The accelerated phase transition due to the higher
ambient temperature led to faster melting of ice into water,
and increased contact area during triboelectrification with the
presence of water, reducing the time to reach the peak trans-
ferred charge quantity. However, the elevated temperature and
the appearance of liquid water also caused the rapid formation
of the EDL. The shielding effect of the EDL might reduce the
peak transferred charge quantity. The increase in temperature
not only accelerated the melting of ice but also affected the trans-
fer and dissipation of electrons [27]. However, in this study, the
temperature did not reach the level required for the decay of sur-
face charge. The increase in temperature affected the CE of PTFE
[44], however, the EDL had already formed with stabilized trans-
ferred charge capability before reaching the glass transition tem-
perature of PTFE. Next, the PTFE film was replaced with a more
stable FEP film as shown in Fig. S8, and measured its potential
during three different states: ice, ice-water mixture, and water,
when in contact with the ice layer. The observed trend of poten-
tial changes aligned with the trend of the transferred charge
6
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quantity, as shown in Fig. S9. During the plasma treatment of
PTFE films, excited oxygen ions and radicals generated could
undergo oxidation reactions with the fluorine atoms on the sur-
face, resulting in the formation of hydroxyl (AOH) or carboxyl
(ACOOH) groups, as illustrated in Fig. S10. SEM analysis in
Fig. S11 demonstrated the surface changes after plasma treat-
ment. Subsequently, the contact angle of the treated PTFE film
was measured, revealing its transition to a hydrophilic surface,
as depicted in Fig. S12. At a constant environmental temperature
of 20 �C, friction electrodes were manufactured using Plasma-
treated PTFE film, and the transferred charge quantity was tested.
Compared to untreated PTFE film, the time to reach the peak
charge output was shortened to only 77 s, and the peak trans-
ferred charge quantity was reduced to only 0.46 nC. The transfor-
mation of PTFE film from hydrophobic to hydrophilic increased
the effective contact area between the droplet and the surface,
shortening the time to reach the peak. However, the hydrophilic
surface caused the droplet to adhere to the PTFE film surface,
resulting in a rapid decline in the transferred charge quantity.
016/j.mattod.2024.03.013
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FIG. 4

The impact of temperature, hydrophilicity, and ions on the transferred charge quantity. (a)–(c) The change in transfer charge during the process of ice-
melting into water at different ambient temperatures of 20 �C, 40 �C, and 60 �C.(d) The change in transfer charge of hydrophilic-treated PTFE during the
process of ice-melting into water (e) The change in transfer charge of PTFE in continuous contact with ice. (f) The transfer charge during the melting process
of ice made from solutions of different concentrations of LiCl.
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Additionally, in Fig. 4e, continuous contact for 5 s was made
with PTFE film and ice-water mixture as the transferred charge
quantity approached its peak. It was observed that the actual
transferred charge quantity rapidly decreased compared to the
ideal transferred charge quantity, followed by a gradual stabiliza-
tion. Continuous contact with water caused the rapid formation
of the EDL, leading to a shielding effect and a decrease in the
transferred charge quantity. As the content of water gradually
increased, the contact area between the PTFE film and water sat-
urated, and after the complete formation of the EDL, the trans-
ferred charge quantity remained stable. The variation in ion
concentration could alter the transferred charge quantity of S-L
contact. According to the research conducted by the Wang
group, due to the shielding effect of free ions, the transfer charge
during the S-L CE process decreased with the increasing ion con-
centration [42]. Therefore, we explored the potential influence of
adding ions to ice on the amount of the transferred charge quan-
tity. The ice layers were prepared from LiCl using the low-
temperature freezing method, with each solution having concen-
trations of 0.1 mol/L, 0.01 mol/L, and 0.001 mol/L. They were
combined with the PTFE friction layer to create TENGs, and
the differences in their transferred charge quantities were
observed. The TENG transferred charge quantity for different
ion concentrations of LiCl was illustrated in Fig. 4f. As men-
tioned earlier, the introduction of ions could alter the electron
transfer between surfaces. With the increase in ion concentra-
tion, there was a decrease in the amount of the transferred charge
quantity, as depicted in Fig. 4f. With the increase in ion concen-
tration, changes in the amount of the transferred charge quan-
Please cite this article in press as: Y. Wei et al., Materials Today (2024), https://doi.org/10.1
tity were observed. When the concentration increased from
0.001 mol/L to 0.01 mol/L, the difference in the transferred
charge was not significant. However, upon further increasing
the concentration to 0.1 mol/L, there was a substantial decrease
in the transferred charge quantity, approaching 0. This indicated
that within a lower range of ion concentrations, the change in
the transferred charge quantity was relatively small. Neverthe-
less, once the concentration reached a certain threshold, the
transferred charge quantity significantly decreased. Additionally,
we noted that when the solution contained LiCl, regardless of
the concentration, the transferred charge quantity was consis-
tently less than that of DI water. This suggested that the presence
of LiCl, irrespective of its concentration, led to a reduction in the
transferred charge quantity compared to DI water. As the LiCl
solution is introduced, more ions come into play, leading to
ion transfer. However, when the ion concentration becomes
too high, there is a certain competition between ions and elec-
trons in the transfer process, which inhibits electron transfer to
some extent. Additionally, the introduction of ions accelerates
the formation of the EDL, and the shielding effect of the EDL
also inhibits electron transfer. To further investigate the influ-
ence of the EDL on charge transfer, a model for the formation
of the EDL in ice layers composed of different ions was estab-
lished. As shown in Fig. S13a, H+ and OH– ions in the ice layer
made from deionized water play a crucial role in the formation
of the EDL. When the ice formed from LiCl solution continu-
ously melts, a large amount of Li+ and Cl- appeared, resulting
in the faster formation of the EDL, and the shielding effect
was enhanced. This more effectively inhibited the transfer of
7
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electrons, leading to a decrease in the transferred charge quantity
(Fig. S13b).

Therefore, concluding that, when the friction layer contacted
the ice layer, only S-S CE existed. As the ice layer melted and
water droplets appeared, the contact area increased, gradually
leading to the emergence of S-L CE. Additionally, due to the slow
formation of the EDL at lower temperatures and when the con-
tent of liquid water was low, the EDL did not fully form. With
further melting of the ice layer and an increase in the content
of liquid water, the EDL gradually formed and exerted an inhibi-
tory effect on charge transfer, resulting in a decrease in the trans-
ferred charge quantity. After melting to a certain extent, the
contact area reached a saturation point. When the EDL was fully
formed, the transferred charge quantity reached an equilibrium
state.
Phase-Transition-based monitoring sensor
The testing setup for the contact-separation scenario was shown
in Fig. 5a, illustrating a single-electrode mode TENG formed by
the PTFE film friction electrode connected to a vertical linear
motor. The initial temperature of the ice layer was �20 �C and
triboelectric charges were continuously generated through the
contact-separation between the PTFE film and ice. By adjusting
factors such as temperature, hydrophobicity/hydrophilicity,
and contact time, the variation in charge transfer during the
ice-melting process was further enhanced (Fig. 5b). As the ice
continued to melt, the transferred charge quantity initially
increased to a peak, then decreased, eventually reaching a stable
state. Due to the lightweight and flexibility of the manufactured
FIG. 5

Phase-transition-based monitoring sensor. (a) The experimental setup depic
variation in output charge during the ice-melting process. (c) Schematic diagra
assembly and connection of the TENG device at the bottom of snow boots. (e)
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TENG, it had tremendous potential in wearable applications.
Additionally, it could effectively detect changes in charge trans-
fer during the ice-melting process. Therefore, the TENG could
be worn on the human body, allowing real-time monitoring of
ice-melting when individuals walked or worked on ice surfaces,
contributing to the safety of polar workers. Furthermore, the
TENG could be utilized to accurately guide the study of ice layer
changes during polar scientific expeditions. The alert system dur-
ing the process of someone walking on the ice as it melts was
illustrated in Fig. 5c. These signals were received and analyzed
in real time through terminal devices. As the ice melted, the
TENG's output performance showed fluctuations in both
increase and decrease. Threshold sensors were utilized, and dur-
ing the ice melting process, signal fluctuations reaching the
threshold were detected. When these signals changed, wireless
alert devices could utilize this information to detect real-time
hazards, issuing alerts to prompt polar scientists to avoid danger-
ous areas and ensure their safety. To make the experiment more
realistic, the TENG was attached to the soles of a person's shoes,
continuously coming into contact and separating with ice in dif-
ferent states as the person walked, generating triboelectric
charges (Fig. 5d). This was used to identify the real-time condi-
tion of the ice surface when the wearer walked on it. When a per-
son walked on the non-melting ice surface, the transferred
charge quantity was 0.6 nC. However, under the same condi-
tions, when walking on the melting ice surface, the transferred
charge increased to 2.5 nC. In the area where the ice melted
extensively into the water, the transferred charge quantity
decreased to 0.4 nC (Fig. 5e). Based on the varying transferred
ts the vertical linear motor, ice layer, and the manufactured TENG. (b) The
m of real-time monitoring and alert sensor for ice melting. (d) Photo of the
The transfer charge of the ice as the wearer walks in different conditions.
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charge quantity, the state of the ice underfoot during walking
could be determined. Therefore, by adjusting the sensing range
of the receiving module, real-time monitoring of the ice surface
could be achieved using the differences in electrical output,
thereby ensuring the personal safety of polar workers.
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Conclusion
In conclusion, this experiment investigated changes in CE and
charge transfer during the ice-melting process, exploring varia-
tions in CE when a substance undergoes phase transition.
Through experimental measurements and theoretical calcula-
tions, it was observed that during the ice-melting process, there
was a gradual increase in the transferred charge quantity reach-
ing a peak, followed by a decrease towards equilibrium. The
results indicated that as the ice melts, there was a gradual transi-
tion from S-S contact to S-L contact, leading to an increase in
contact area and a subsequent rise in the transferred charge
quantity. With the gradual increase of liquid water and the con-
tinuous occurrence of CE, the contact area reached saturation,
and ions, electrons, and water molecules were introduced. These
ions, electrons, and water molecules contributed to the continu-
ous formation of the EDL. The shielding effect of the EDL
resulted in a reduction of the transferred charge quantity, and
after the complete formation of the EDL, the transferred charge
quantity reached a stable state, maintaining equilibrium. This
study represented the first experimental investigation into the
changes in CE during the phase transition of the same substance.
It explored the formation mechanism of the EDL and the differ-
ences between S-S CE and S-L CE. Additionally, leveraging the
impact of phase transition on CE could facilitate the develop-
ment of precise self-powered sensors, thereby providing accurate
guidance for studying variations in ice layers during polar scien-
tific expeditions.
Experimental section
Materials
The 50 lm-thick Polytetrafluoroethylene (PTFE) film (industrial
grade) was purchased from Aladdin, while the 5 mm-thick Poly-
methyl methacrylate (PMMA) film (industrial grade) was
acquired from Alibaba. The 50 lm-thick industrial-grade fluori-
nated ethylene propylene (FEP) film was purchased from Alad-
din. Furthermore, all the chemical reagents used in this
experiment are of analytical grade and require no further
treatment.
Fabrication of the triboelectric nanogenerators
Attach a copper foil strip (1.5 cm � 1.5 cm) to one side of the
PTFE film, and affix copper wires to the other side to create the
PTFE friction electrode. Cut an inner groove (2 cm � 2 cm � 0.
5 cm) into a PMMA mold (4 cm � 4 cm � 1 cm) and fill it with
deionized water (DI water) with a conductivity of 0.055 lS/cm.
Place it on refrigerator to create an ice layer. To ensure consistent
surface roughness during the freezing process, a PMMA cover was
added above the mold. Gradually freeze the water layer into ice
by maintaining the temperature below �20 �C. Assemble the
two devices to form a single-electrode TENG.
Please cite this article in press as: Y. Wei et al., Materials Today (2024), https://doi.org/10.1
Characterization and measurement
The electrical output performance of the TENG, including Voc,
Isc, and Qsc, was tested using a programmable electrometer
(Keithley 6514). Real-time data collection was achieved through
a software platform built based on LabView. The vertical uniaxial
motor (Linmot HC14-10) was used to apply variable vertical
force. Surface potential was measured using Kelvin probe force
microscopy (KPFM 347). The surface morphology of PTFE was
characterized using a scanning electron microscope (FESEM)
and a contact angle meter.
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