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ABSTRACT: It has been demonstrated that substantial electric power

can be produced by a liquid-based triboelectric nanogenerator (TENG). Contacting 2 Separating

However, the mechanisms regarding the electrification between a liquid H,0

and a solid surface remain to be extensively investigated. Here, the , # 1% Droplet PTFE H,0*

working mechanism of a droplet-TENG was proposed based on the study S A

of its dynamic saturation process. Moreover, the charge-transfer 'ké‘ 7 R s

mechanism at the liquid—solid interface was verified as the hybrid effects Tt
Electron-Cloud «

of electron transfer and ion adsorption by a simple but valid method.
Thus, we proposed a model for the charge distribution at the liquid—solid

Potential Well 100t Droplet

interface, named Wang’s hybrid layer, which involves the electron

transfer, the ionization reaction, and the van der Waals force. Our work not only proves that TENG is a probe for investigating
charge transfer at interface of all phases, such as solid—solid and liquid—solid, but also may have great significance to water
energy harvesting and may revolutionize the traditional understanding of the liquid—solid interface used in many fields such as
electrochemistry, catalysis, colloidal science, and even cell biology.
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ater, covering over 70% of the Earth’s surface, could
Wgenerate electric power that is 3 orders of magnitude

higher than the global energy demand."” Although
traditional water energy harvesting technologies (for example,
water turbines) have been employed for hundreds of years, only
a very tiny portion of water energy is being utilized. Recently,
some liquid-based electricity generators have emerged or have
been improved along with the rapid development of nano-
structured materials. Graphenes, carbon nanotubes, and other
conductive materials have been used to interact with flowing,
waving, dropping, and evaporating water to generate elec-
tricity.”* Their working mechanisms have all been interpreted
by the electric double layer (EDL) model,”® where an electric
potential layer is formed as a result of adsorbing a layer of ions on
the solid surface followed by a gradient distribution of ions in
liquid.

The triboelectric nanogenerator (TENG),”” based on the
conjunction of contact electrification (CE) and electrostatic
induction effect, was invented by Wang and co-workers in 2012.
It is a powerful technology to convert randomly distributed,
irregular, and wasted low-frequency energy into electric power.
Moreover, a water-TENG,'°™'? associated with the interaction
between insulator and water, has been demonstrated to harvest
water energy with high power density. For example, when a
water droplet (100 yL) was released from a height of 15 cm and
then came into contact with a polytetrafluoroethylene (PTFE)
surface, 100 light-emitting diodes (LEDs) could be instanta-
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neously lit up."* Such superior electricity generation perform-
ance is related to the charge-transfer mechanism at the liquid—
solid interface. Recently, Wang et al. have experimentally verified
that the transferred charges are both electrons and ions in liquid-
ceramic CE, and electron transfer can even dominate the CE
between liquid and hydrophobic materials such as PTFE.'*"®
Particularly, they have proposed a “two-step” model'® on the
formation of an EDL, which is totally different from traditional
understanding about the EDL. That is, electron transfer
instantaneously occurs when liquid contacts a virgin solid
surface (step 1) followed by counterion adsorption (step 2).
More systematic studies are required to explore the detailed
process regarding to charge-transfer process and its saturation
status. The existence of surface ions at the initial state and their
contributions to the liquid—solid CE need to be studied.

Here, those issues were investigated and resolved through a
droplet-TENG, which generated electricity continuously when a
sequence of liquid droplets contacted with and slid down a
polymer surface and then slipped away. First, the dynamic
saturation process of charge accumulation and surface potential
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Figure 1. Experimental setup. (a) Structure of the droplet-TENG. PTFE film was attached on the top of the Cu electrode/PMMA substrate. (b)
Scanning electron microscopy image and contact angle photo of the PTFE film. Scale bar: 1 gm. (c) Simple working mechanism of the droplet-
TENG. (d) Snapshots showing the motion of a water droplet on the PTFE film. The droplet height was set at 0.6 cm.
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Figure 2. Electricity generation performance of PTFE film and hundreds of sequential water droplets. (a,b) Current and charge (Q) recorded by
an electrometer. Q = Y (g, — q,), where q. and g, refer to the induced charge at the contacting or separating process of one droplet, respectively.
Insets: Enlarged views that show the (a) current and (b) charge at the unsaturation (q. < g,) and the dynamic saturation state (q. = q,),
respectively. The marked g and g, refer to the second droplet. (c) q,, g, and transferred charge density 6, 6 = (4. — q,)/A nC cm ™2, as a function
of droplet number, which can be fitted by exponential equations. (d) Variation of surface potential distribution along with the sliding track.

distribution on the polymer surface was experimentally studied.

initial state of the solid surface by soaking it in different ion-rich
Then, a simple and valid method was proposed to change the

solutions in advance to verify the electron-transfer mechanism
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and investigate the influence of adsorbed ions on liquid—solid
CE. Finally, a different charge distribution structural model,
named Wang’s hybrid layer, distinguished from EDL model, was
proposed for the liquid—solid interface, which can provide
breakthroughs for electrochemistry, catalysis, colloidal science,
and even cell biology associated with the liquid—solid interface.

RESULTS AND DISCUSSION

Droplet-TENG. As depicted in Figure 1a, the droplet- TENG
used in this study was simply a single-electrode TENG, which
consisted of three layers: a PTFE film for contact electrification,
a copper film for electrostatic induction, and a poly(methyl
methacrylate) (PMMA) plate for support. PTFE was selected to
be electrified by contacting with liquid droplets due to its high
charge-generation capability and stability. Its surface morphol-
ogy (roughness of about 20 nm) and water contact angle (115°)
are shown in Figure 1b. It is a hydrophobic material due to its
surface chemical property (rich fluorine groups) and proper
surface roughness. Thus, water droplets can easily slide off an
inclined PTFE film.

In this work, liquid droplets (about 25 uL per drop, with a
dropping frequency of about 40 drops per minute) were released
from a grounded stainless-steel needle (2 mm diameter) at a
fixed height above the polymer surface with a tilted angle of 30°,
as shown in Figure 1c,d. To reduce the effect of gravitational
potential energy of droplets as well as the influence of liquid—gas
CE, unless otherwise specified, the droplet height was set as 0.6
cm, which was slightly longer than the long axis length of the
droplet hanging at the needle. At this height, the motion of a
water droplet when it impinged on the polymer was recorded by
a fast camera at the rate of 1000 frames per second. Figure 1d
shows the selected snapshots of a water droplet impinging on the
polymer surface. When the water droplet completely separated
from the grounded needle, it instantly came into contact with the
polymer surface. The Weber number'”'® here is as low as 1.2
(see more details in the Supporting Information). The water
droplet did not break up and did not detach from the
hydrophobic surface during the impact and bouncing processes,
as demonstrated in Figure 1d. Upon touching the surface at t =2
ms, the drop partially spread to become cone-like (10 ms) and
immediately followed with basin-like (15 ms) shapes and then
recoiled back (34 ms) and started to slide down on the surface
(in a stand-up and sit-down style) until detached from its end.

Dynamic Saturation Process. The induced current and
charges from the interaction between a sequential of DI water
droplets (182 MQ cm) and fresh PTFE polymers were
measured in the single-electrode mode' in which only the
copper electrode was connected to a grounded electrometer, as
shown in Figure 2a,b. The values of the current peak and the
induced charges for one droplet at contacting and separating
were denoted as j,, q. and j, g, respectively. When the first DI
water droplet left the grounded needle and fell on the polymer
surface, a small j, of 31 nA (Figure 2a) and small q. of 0.2 nC
(Figure 2b) were observed. Then, as the droplet separated from
the polymer surface, a high j; of 237 nA (negative current) and
high g, of 2.6 nC (negative charge) were recorded. This
indicated that a negative charge of 2.4 nC was deposited on the
PTEFE surface as a result of single droplet contact; at the same
time, an equal amount of positive charges was retained in the
first water droplet, as demonstrated in Figure S1.

As the droplet number increased, the accumulated negative
charges on the polymer surface alternatively and asymmetrically
decrease (at contacting) and increase (at separating) until

reaching a saturation. As seen from Figure 2a—c, during the
unsaturation stage, j. and g, increased gradually, while j; and g
decreased slowly as the droplet number increased periodically.
The average charge density for each droplet (Ag, nC cm™) was
calculated over all of the droplet sliding track (A =0.5 X 9 cm™2),
that is, Ao = (q. — q,)/A. For the 100th droplet (corresponding
to about 150 s in Figure 2a,b), Ac = 0.02 nC cm 2. Then during
the saturation stage, those five quantities (j,, g, j, 4o Ac) almost
remain constant (g. = g, Ao & 0), indicating that dropping more
droplets can hardly increase the surface charges on the insulator.
This is supported by the results that the positive charge carried
on one water droplet decreases to about 0.1 nC after about 80
droplets (Figure S1). Therefore, the charge curve in Figure 2b
seemed like a square wave. Finally, the saturated charge, namely,
the sum of (q. — g), on the surface was approximately 51 nC. It
was thus estimated that the average distance between two
adjacent transferred charges on the solid surface was 37.6 nm,
indicating a sparse distribution of the charges. Note that,
although g, = ¢ at saturation, j. was not equal to j; because the
contact speed and separation speed were different. Moreover, as
shown in Figure S2, the time-dependent current curve varied
with the dynamics of a water droplet. As soon as the droplet
touched the solid surface, the value of the current began to
increase. In less than 10 ms, the current reached the peak value at
which the droplet spread out to the maximum extent.
Subsequently, the drop rebounded in about 20 ms, and thus
the current decreased until reaching zero.

In addition, the value of the saturated charges strongly
depends on the droplet height. Shown in Figure S3, when the
distance between the drop-point and the end of the flat needle
was less than 0.58 cm, the saturated charge was equal to 33 nC.
In this condition, one water droplet contacted with the solid first
and then separated from the grounded-needle made of stainless
steel. Therefore, part of the generated charges may be
compensated by the ground. To avoid those situations as well
as to weaken the influences of gravity and air, the distance was
set to 0.6 cm for all of the experiments in this work if not
otherwise specified. Noting that, as the droplet height slightly
increased from 0.6 cm (We = 1.2) to 0.7 cm (We = 2.4), the
saturated charges increased more than 3-fold. Such a perform-
ance improvement may be due to the increments of Weber
number and actual contact area. Since the surface of PTFE is not
an atomically flat surface, the actual contact area can be directly
increased by increasing the interface pressure between a liquid
and a solid.

Surface Potential Distribution. To further understand the
dynamic saturation process of liquid—solid CE, the surface
potential distribution upon the sliding track on the insulator was
measured by a noncontact electrometer. As shown in Figure 2d,
after the first DI water droplet came into contact with, slid on,
and then separated from the polymer, the increased negative
surface potential mainly concentrated in the initial contact
region (0 to 1 cm in the sliding length). This indicated that the
charge-transfer process for the first droplet mainly occurred in
the impinged region and then almost vanished in the following
sliding surface, which may be simply because the positive surface
charges on the droplet had reached saturation. As the droplet
number increased, surface potential increased first at the
upstream and then expanded to the downstream, similar to a
spreading wave. On the other hand, as the droplet number
increased, the growth rate of potential decreased significantly.
For the impinged region, it almost stopped increasing after the
20th droplets, representing the saturation condition there. This
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Figure 3. Working mechanism of the droplet-TENG. Three stages: initial, unsaturation, and saturation stages are included. (a—d) For the first
droplet, negative charges are deposited at the impinging region on the insulator surface due to contact electrification, but the electrical signals
(negative current and charge) are generated due to electrostatic induction as the droplet separates from the solid. (e—h) During the
unsaturation stage, behaviors of contact electrification and electrostatic induction as well as the reversal phenomenon are exhibited. Positive
and negative current (or charge) are produced as the sequential droplets come into contact with and then separate from the polymer,
respectively. (i—1) After a large number of droplets fall on the insulator, the charge on it achieves saturation, and thus the generated electrical

signals are contributed totally from the effects of electrostatic induction.

was consistent with the results shown in Figure 2c, where g,
nearly reached a constant value at that moment. Those results
reveal that the dynamic saturation process of the CE between
multidroplets and a polymer involves a sequential saturation
process of the amount of charges on the polymer surface from
the front to the end of the sliding track.

Notably, as shown in Figure 2d, charges almost did not
transfer between an uncharged polymer surface and a water
droplet with saturated positive charges (for example, the first
water droplet) or between an uncharged water droplet and a
polymer surface with saturated negative charges (for example,
the 100th droplet). This phenomenon is able to be interpreted
by the “electron-cloud potential well” model,”® in which the
electron transfer in CE is considered to be induced by the
overlap of electron clouds of two atoms or two molecules. As
illustrated in Figure S4a, if the charges of either PTFE or H,O
are saturated, their occupied energy levels of electrons are equal,
thus electrons should not transfer between them. However,
when uncharged PTFE comes into contact with uncharged
H,O, electrons are able to hop from the latter to the former
(Figure S4b). This also can be understood from the three
dimensionally electrostatic potential maps of C;(Fq, (simulating
PTFE) and H,0, calculated by the density functional theory
(DFT) method, as shown in Figure SS. Blue and red regions
refer to the regions of positive and negative potentials and
correspond to the electron-poor and electron-rich regions,
respectively. Obviously, electrons concentrate on the oxygen
atom in one H,0, whereas they are deficient at some regular
sites on the PTFE. Hence, when a fresh water molecular comes
into contact with fresh PTFE, it is highly possible to transfer an
electron from water to PTFE.

However, by surprise, we found a “reversal phenomenon” in
which the surface potential turned from negative to positive at
the end of the sliding track, even at a saturation state (Figure 2d).

This indicated that positive charges were indeed dominant at the
end of the sliding track. To understand this reversal
phenomenon, effects of some experimental conditions such as
sliding length, droplet height, air humidity, as well as materials
type were investigated. Results shown in Figures S6 and S7
indicated that the reversal phenomenon may have little
relationship with the length of the liquid sliding track and the
nature of the polymer, as it remained occurring for a sliding
length of 14 cm and for another polymer material such as
fluorinated ethylene propylene. However, the droplet height and
the air humidity indeed have significant effects on the reversal
phenomenon, as demonstrated in Figures S7 and S8. The
surface potential at the end tended to be negative at higher
droplet height or lower air humidity. Such results suggest that
the reversal phenomenon is associated with the residual water
molecules on the solid surface at the end of the sliding track
under a condition of very low droplet height and slightly high air
humidity.

To gain an in-depth understanding about this, we should
identify the nature of the positively charged water; namely, what
will happen after a water molecule loses an electron, which has
been rarely mentioned in the previous work regarding the
liquid—solid CE. Here, we suppose that when a water molecular
comes into contact with a virgin solid surface, it transfers an
electron to the solid and thus itself becomes a cationic hole
(H,0") in a quite short lifetime (less than 50 fs according to the
latest report”"), illustrated in Figure S9. Immediately, the H,O*
cation joins with a neighboring water molecule to yield an OH
radical and H;O", according to the primary chemical reaction of
the ionization of liquid water:*> H,0* + H,0 — OH + H;0".
Therefore, we suggest that the reversal phenomenon at the end
of polymer, occurring under the conditions of a very low droplet
height and slightly high air humidity, is likely to be the residual of
hydrated protons (H;O") on the surface.
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Figure 4. Contact electrification between DI water droplets and the soaked PTFE. (a) Charge generated from the interaction between water
droplets and the original PTFE or the treated PTFE that was soaked in pure water, salt (1 g L™" NaCl solution), acid (HCl solution, pH 3), or
base (NaOH solution, pH 11). Both q. and g, at saturation stages for the original or treated PTFE films with different solutions were almost
identical. (b) Surface potential distribution for the sliding track on the polymer after 400 water droplets interacted with the original or the
treated PTFE. Inset: Surface potential of PTFE after different soaking treatments. (c) 3D plots of the molecular electrostatic potential map of
C;F¢, (simulating PTFE) with a deposited OH group and H,O obtained from the DFT method. (d) Amount of cumulative charges of the
original PTFE and NaCl droplets with different concentration (Cy,¢). (¢) Amount of cumulative charges of the original PTFE and HCl/NaOH

droplets with different pH.

Working Mechanism of the Droplet-TENG. Collectively,
a more precise and comprehensive working mechanism of the
droplet-TENG involving the dynamic process of charge
accumulation starting from the initial state to the saturated
state is proposed in Figure 3. Initially, when the first fresh water
droplet falls down and contacts an uncharged polymer film, it
deposits negative charges on the impinging region and makes
itself positively charged (with excess H;O%), but the whole
system maintains electrical neutral (Figure 3b,c). Then, when
the droplet separates from the lower end of the solid, an
instantaneous negative current and charge are established in the
short-circuit case; that is, the metal electrode loses electrons to
ground to screen the static charges on the polymer surface
(Figure 3d). Starting with the second droplet, uncharged water
droplets interact with the solid surface that has negative charges
in some regions. As a result, the electrostatic induction (partial
water molecules are polarized in the electric field) and contact
electrification effects (charges continue to transfer at some
unexplored interfaces) coexist during the unsaturation stage.
Figure 3f,g shows the case of the 10th droplet that involves the
effect of electrostatic induction in the upstream (polarized
charges in water), the contact electrification effect in the
downstream, as well as the reversal phenomenon at the end (due
to the residual H;O*). Consequently, a positive current/charge
and a negative current/charge develop as the droplet contacts
and leaves the polymer surface, respectively. This is consistent
with the results shown in Figure 2¢, where q. increases while g

gradually decreases until reaching a steady state, and the growth
rate of q. is higher than the decay rate of g, because it is earlier for
the impinged region to attain a charge saturation state than the
downstream surface. Finally, during the saturation stage (Figure
3i—1), the surface charge density on the solid can hardly increase,
and the current and charge signals are entirely derived from the
effect of electrostatic induction. In this status, g. = g, and the
charge curve shows a square wave (Figure 2b).

“Soaking—Dropping” Experiments. To demonstrate the
role of electron transfer and to investigate the influence of the
existing ions that were on the solid surface at the initial state, on a
liquid—polymer CE, a group of simple but valid “soaking—
dropping” experiments were conducted, in which PTFE films
were first soaked in solutions to fully absorb ions and then
electrified with DI water droplets to compare their final
saturated charges as well as surface potentials. The soaking
process with different ion-rich solutions can maximize the
possibility of ion adsorption, which can possibly change the
initial state for liquid—solid CE.

Fresh PTFE films were slowly immersed into salt (1 g L™
NaCl), acid (HCI, pH 3), and base (NaOH, pH 11) aqueous
solutions for 0.5 h, which was believed to be enough to
completely adsorb ions. They were also immersed in DI water
for controlled experiments. Then, the soaked PTFE films were
slowly separated from those liquids and naturally dried in a clean
space for another 0.5 h to evaporate water to the greatest
possible extent under the circumstance of 30% air humidity. As a
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Figure S. Charge distribution at a liquid—solid interface. (a,b) Electric double layer model according to the classical Gouy—Chapman—Stern
theory for a liquid and (a) a charged or (b) an ionized solid material. The term “double layer” is constituted by the Stern layer, in which
counterions are compactly arranged near the surface, and the diffuse layer, in which the concentration of counterions decays with distance from
the surface. (c) Wang’s hybrid layer model toward the interface between a liquid and a solid (often a polymer). The hybrid layer contains
absorbed cations due to the attraction from transferred electrons, ionized surface groups, and absorbed anions due to the van der Waals force.

result, ions were deemed to have deposited on the surface of the
soaked PTFE films as much as possible. Note that those soaking
treatments did not noticeably change the chemical properties,
micromorphology, and water contact angle of PTFE, as
demonstrated in Figures S10 and S11.

The surface potentials of the soaked PTFE films were
measured. As can be seen from the inset in Figure 4b, the
negative surface potential of those immersed in the DI water was
not lower than that of those in the base solution, although the
ion concentration of OH™ in the former was 4 orders of
magnitude lower than that in the latter. This indicated that the
transferred charges of the water-PTFE CE were probably
dominated by electron transfer. In addition, likely due to the
scarcity of hydroxide ions and the suppression of electron
transfer by the ions in salt and acid solutions, the surface
potential of the PTFE films treated with salt or acid solutions
was also negative but lower than those in either water or the
base.

Noticeably, the accumulated transferred charge was still high
for the CE between water droplets and the base-treated PTFE, as
shown in Figure 4a. The saturated charge (for 250 droplets) of
the base-treated PTFE was about 70% of the original PTFE
(untreated sample). Moreover, when water droplets were
replaced with the base droplets (NaOH, pH 11) to interact
with the base-treated PTFE, the saturated charge decreased
(Figure S13). Thus, the electron transfer is probably dominated
in the water-PTFE CE. Additionally, hydroxide ions (with the
size of 0.11 nm) previously deposited on the base-treated PTFE
could affect the CE by hindering the transferred electrons in the
form of changing the polarity direction of water molecules at the
interface. As shown in the 3D electrostatic potential map in
Figure 4c, the deposited OH groups on the simulated PTFE are
likely to repel the electron-rich region in a water molecular. As a
result, the existence of ions on the solid surface at the initial state
probably weakened the subsequent liquid—solid CE by
suppressing the degree of electron transfer, although it was
dominant.

After about 400 droplets were sequentially contacted with,
slid on, and separated from the treated PTFE surface, the
saturated surface potentials were measured and compared in
Figure 4b. The saturated surface negative potentials for the
original PTFE and the water-treated PTFE were almost
overlapped, whereas those for salt- or acid-treated PTFE were
slightly lower. Specifically, for the NaOH-treated PTFE,

probably due to the repulsion effect of hydroxide ions to
electron transfer, the surface negative potential was the weakest
in the upstream of the sliding track. However, it appeared
stronger downstream; in other words, the reversal phenomenon
(from negative to positive) appeared nearer to the edge of the
solid, which may be attributed to the neutralization effect
between the residual hydronium ions and the previously
adsorbed hydroxide ions during the soaking treatment process.

In addition to the CE between PTFE and DI water droplets,
the experiments with ion-rich droplets such as salt, acid, or base
droplets were also conducted. As can be seen from Figure 4d, the
saturation charges on PTFE decreased as the concentration of
NaCl droplets increased, which was consistent with the previous
report."”'> The more salt ions in a liquid, the less charges are
transferred at the interface between the salt solution and a solid.
This conclusion was also suitable for the cases of acid/base
droplets, as demonstrated in Figure 4e. The stronger the acidity
or alkalinity of the solution, the lower the saturation charge.

Therefore, electron transfer is probably dominant in the case
of CE between water and a polymer. Regardless if there are ions
in a liquid or on a solid surface, electron transfer still occurs in
the subsequent liquid—solid CE, indicating that liquid—solid CE
is a hybrid effect including both ion adsorption and electron
transfer. Additionally, the hydroxide ions on the solid surface at
the initial state can weaken the subsequent liquid—solid CE to
some extent.

Wang’'s Hybrid Layer. The charges and potential
distribution at the liquid—solid interface are commonly
described by the EDL model based on the Gouy—Chapman—
Stern theory.””’ Figure Sa shows the classical EDL structure at
the interface of an electrode (an electrical conductor or a
polarized material) and an electrolyte (an ion-rich aqueous
solution or an ionic liquid). It consists of the Stern layer where
ions (often hydrated) are strongly adsorbed on the charged
electrode, and the diffuse layer, where the concentration of
counterions decreases with distance away from the surface. This
picture is commonly employed in the electrochemical related
fields such as supercapacitors,”* water splitting,” capacitive
deionization,”**” hydrogel ionotronics,”**” electric double layer
transistors,”® and electrowetting.g’l’32 In addition, for a solid
material with abundant chemical groups that intends to be
positively charged or negatively charged through the reactions of
ionization or dissociation with a liquid, such as a carbon material
with carboxylic groups (—COOH), counterions can be attracted
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to and adsorbed onto the solid surface that is decorated with
abundant ionized groups (for example, —COO7), as illustrated
in Figure 5b. This EDL picture is commonly used in colloidal
science,>” cell biology, as well as in energy harvesting fields such
as capacitive mixing.34’35

However, the electron transfer that is particularly derived
from the liquid—insulator CE is not considered in the formation
of the classical EDL model. Herein, we put forward a hybrid
layer model for the interface between a liquid and a solid (Figure
5c). When the material, tending to be negatively charged in the
triboelectric series, comes into contact with an aqueous solution,
some sites on the solid surface can obtain electrons from water
molecules and then attract cations, whereas other sites can be
covered with specifically adsorbed anions®® due to the van der
Waals force, which is a universal effect. If a solid is chemically
active in a liquid (for example, SiO, in water), ionized groups
also need to be considered. Such a complex interface structure is
named Wang’s hybrid layer that considers the influences of the
electron transfer, the ionization reaction, and the van der Waals
force. This model is proposed based on our understanding that
both electrons and ions are transferred during liquid—solid CE,
which has been demonstrated in this work. It is recommended to
be used for applications including but not limited to liquid-
TENG and biomedical areas such as neural science and
intercellular information transfer.

CONCLUSIONS

In summary, the dynamic process of charge accumulation, the
mechanism of charge transfer for liquid—solid CE, as well as the
charge distribution at the liquid—solid interface have been
extensively studied via a droplet-TENG, where multiple droplets
contact with, slide down, and then separate from a hydrophobic
polymer surface. The results of the dynamic saturation study
may have great significance to water-related energy harvesting
technologies.

The electron-transfer mechanism on the liquid—solid CE was
verified. More importantly, the “electron-cloud potential well”
model can interpret all of the experimental phenomena,
including the CE vanishing when the liquid or/and the solid
achieves saturation. The details are as follows:

1. The soaking experiments with different ion-rich solutions
can maximize the possibility of ion adsorption. However,
CE still occurred between water and treated polymer films
that were previously soaked in ion-rich solutions, which
suggests that the ion adsorption is not the dominating
factor for this water—polymer CE.

2. The potential change on the soaked polymer surface using
water was not lower than that soaked with base solution,
which indicates that the high ion concentration cannot
enhance the CE.

3. The saturated charges derived from a polymer and ion-
rich droplets were lower than those from the polymer and
pure water droplets. It means that the existence of ions
may interfere with the electron-transfer process, thus
leading to a suppression of the total CE.

4. Positive charges can exist at the end of the sliding track
due to the residual of hydronium, which can answer a key
question on what will happen after a water molecule loses
an electron in liquid—solid CE.

Finally, a model named Wang’s hybrid layer is proposed to
understand the intrinsic charge distribution at the liquid—solid
interface. Our model involves the electron transfer, the

ionization reaction, and the van der Waals force, which may
revolutionize the traditional understanding about the liquid—
solid interface, which is the foundation of electrochemistry,
catalysis, colloidal science, and even cell biology.

METHODS

Fabrication of Droplet-TENG. The PTFE film is ASF-110 FR
(thickness = 80 ym) bought from Chukoh Company (Japan). Before
every experiment, the films were rinsed with ethanol, and their surface
potential should be below 15 V. The films were carefully attached onto
smooth copper films with a thickness of 500 ym. Smooth and clean
PMMA plates (6 X 16 X 0.5 cm?) were used as the backboards. Note
that the adhered PTFE films must cover all of the areas of the copper
films to avoid the electrical interference from droplets to copper and
avoid the chemical corrosion of copper in solutions.

Characterization. The surface morphology of the materials was
observed using a scanning SU8020 cold-field scanning electron
microscope. Their structure was obtained by a Fourier transform
infrared spectrophotometer (VERTEX80v). The roughness and the
contact angle came from a step meter (KLA-TencorP7) and a contact
angle measuring machine (CA100C), respectively.

Electrical Measurement. All of the induced current and charges of
the copper electrode derived from the interaction of droplets and the
polymer were measured by connecting the electrode with a Keithley
6517b electrometer with a Labview program on a computer. When one
droplet falls on or is separated from the polymer’s surface, a current
peak or a charge stage appears on the Labview interface. Those data are
deemed to correspond to the charge variation on the polymer surface.
The excess charge on a droplet that separated from the polymer was
measured by a nanocoulomb meter (model 284, Monroe Electronics,
USA). The surface potential was measured with a TREK 347
electrostatic voltmeter without physical contact. The probe-to-surface
distance was set as 1 mm. Notably, unless otherwise specified, the tested
devices were made of PTFE; the sliding length was 9 cm; the droplet
height was 0.6 cm; and the air humidity was 30%.
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