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Slide Electrification Charge Can Exist without Residual Liquid Film:
KPFM Measurements near Receding Three-Phase Contact Lines

Yuki Ishihara,® Hideaki Teshima,**® Qin-Yi Li,® and Koji Takahashi,>®

Spontaneous charge transport near the solid—gas—liquid three-phase contact line (TPCL) is a key phenomenon for interface-
driven power generation and related applications, yet its details—especially near a receding TPCL—remain poorly
understood. In this study, we experimentally investigated the charge distribution induced by the recession of the TPCL.
Specifically, we mapped the charged regions left by glycerol-water droplets on SiO, surfaces using Kelvin probe force
microscopy (KPFM). It was found that the charge distribution at solid—liquid interfaces near the TPCL is determined by the
Debye length of the solution used, which is consistent with a theoretical model proposed in prior studies. However,
nanodroplets or residual film, which have been proposed as necessary for the stabilization of charges at the solid—gas
interface, were not observed, implying the existence of a different charge stabilization mechanism. Furthermore, we found
that the charge distribution unpredictably exists on the solid—gas interface side, possibly induced by the charge relaxation.
This deviation between the KPFM results and theoretical prediction was resolved by newly introducing a charge—relaxation
term to the model. These results deepen our understanding of charge—transfer mechanisms at TPCLs and provide valuable

insights for interface—chemistry applications such as energy harvesting.

Introduction
Contact electrification at solid—liquid interfaces is widespread
and has found applications in diverse fields, such as wettability
control and energy harvesting.!™'! In particular, spontaneous
charge transfer near the solid—gas—liquid three-phase contact
line (TPCL) has attracted increasing attention over the past
decade because of its potential for droplet and flow
manipulation,'?716 the management of electrostatic effects in
microfluidic and semiconductor liquid processes,'’*° and kV-
class energy harvesting driven by flows, evaporation, and
droplet motion.20-2° Therefore, a deeper understanding of this
phenomenon is crucial for advancing sustainable technologies.
In recent years, it has become clear that charge transfer
associated with a receding TPCL plays an important role in these
phenomena. A receding TPCL continuously exposes fresh solid
and collapses the nearby electrical double layer (EDL); this
repeated cycle transports counterions along the moving line
and leaves a net charge behind it. As a result, the polarity and
magnitude of the generated potential depend on the retreat
speed, wetting hysteresis, and Debye screening at the
interface—rather than on bulk flow alone. Consistent with this
view, studies involving sliding droplets and natural evaporation
on low-permittivity and porous substrates have reported
variations in wetting dynamics, charge separation, and
electromotive force induced by TPCL motion.1416.21,252830
Together, these findings suggest that the receding contact line
may act as the microscopic engine that couples interfacial
mechanics to charge generation, governing droplet dynamics,
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slide-electrification, and hydrovoltaic effects. However, the
detailed mechanism of charge transport in its immediate
vicinity remains unclear.

Recently, a model has been proposed to predict the surface
charge density on the solid—gas surface left behind by a sliding
droplet. The model also provides an analytic expression for
changes in the solid-liquid interfacial charge that accounts for
EDL distortion near the contact line by introducing the
parameters contact angle (8), Péclet number (Pe), and Debye
length.3%-33 While this framework captures experimental trends,
it has been reported to overestimate measured values due to
atomistic-scale effects.3® To reconcile this gap, an effective
charge-transfer coefficient has been introduced based on
hypotheses such as charge regulation by nanodroplets, residual
liquid films, water layer or hydration-shell-like structures.
However, their existence is still an assumption and has not yet
been experimentally confirmed, largely due to the scarcity of
direct nanoscale measurements near a receding contact line.
Therefore, further model validation based on spatially resolved
measurements is necessary.!!

In this study, we induced the recession of the TPCL of
glycerol—-water droplets on SiO, substrates (and, for comparison,
on SiN substrates under selected conditions) to expose the
contact-electrified area. We subsequently measured the
surface potential and charge-density profile over that area using
Kelvin probe force microscopy (KPFM). By varying the glycerol—
water composition, we tuned the bulk Debye length (Apyik), and
examined its effect on interfacial charging. By combining these
results with theoretical analysis and a newly introduced charge-
relaxation model on the solid—gas interface, we obtained a
more quantitative picture of solid—liquid interfacial charging
near the TPCL.
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Fig. 1. (a, b) Optical images acquired immediately before and after TPCL recession, respectively. Each scale bar is 200 um. (c, d, e) Schematic showing the droplet being receded on

the substrate (TPCL recession) and the exposed surface being measured by KPFM.

Experimental

To examine solid—liquid charging around the TPCL, we
compared the charging behavior near a receding contact line
using droplets of three glycerol-water solutions with glycerol
weight fractions of 93, 86, and 60 wt% and assessed the Ay
dependence of interfacial charging. All experiments were
conducted at room temperature (T = 293 K, RH = 30%) under
ambient conditions. First, glycerol and water were mixed to
prepare each solution, and 3 pL of the resulting glycerol-water
solution was dispensed onto Si substrates coated with 300 nm
of thermally grown SiO; (Fig. 1a and 1c). The substrate surface
was first measured briefly prior to TPCL recession. The TPCL was
then retracted by gently aspirating the droplet with a pipette,
thereby exposing the previously wetted area (Fig. 1d). After the
TPCL had receded, KPFM mapping was initiated within 5 min
over the exposed region, including the former TPCL position
(Fig. 1b and 1e). The acquisition of a single KPFM image took
approximately 15 min. Here, the Si base substrate was
grounded through the sample stage and used as the electrical
reference. The measured potentials were converted into surface
charge density okprm Using the parallel-plate approximation for
an order-of-magnitude estimation (see Supplementary
Information (SI) note 1). We also measured the contact angle 6 for
each droplet.

Results and Discussion

Fig. 2 shows a distinct boundary between regions of positive
and negative surface charge in the KPFM surface-charge maps

This journal is © The Royal Society of Chemistry 20xx

(Fig. 2a—2c). Additional data for an intermediate composition
(80 wt%) are provided in SI note 2 (Fig. S3). Away from the
boundary, the previously wetted sides were consistently
charged strongly. For convenience, we hereafter refer to the
charged side as the “wetted region” and the opposite side
across the boundary as the “dry region.”

KPFM mapping of the wetted region showed that, for all
three glycerol-water compositions, a pronounced negative
charge appeared relative to the dry region. The topography
images (Fig. 2e—2g) showed no distinct structures across the
boundary region, except for occasional contamination and
minor feedback perturbations due to electrostatic attraction.
We extracted line profiles and defined a coordinate axis from
the negative side (A) to the positive side (B) relative to the TPCL.
In the line profiles of surface charge density (Fig. 2i—2k),
Position = 0 was defined as the point of maximum surface-
charge gradient. To quantify the steepness of the charge—
density transition, we defined the 25-75% transition width,
W ,s_75, as the distance over which the surface charge density
changes from 25% to 75% of its total variation across the
analyzed window (-10 to +10 pum). We obtained W,5_,5 = 2.41
um (93 wt%), 1.65 um (86 wt%), and 1.04 um (60 wt%),
indicating that a spatially localized charging transition forms
near the TPCL and becomes relatively steeper (i.e., narrower) as
the water content increases. Thus, the steepness of the
localized charging transition near the TPCL depends on droplet
composition.

J. Name., 2013, 00, 1-3 | 2
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Fig. 2. KPFM experimental results for glycerol-water solution droplets on SiO, substrates (93, 86, and 60 wt%) and on a SiN substrate. Results for 80 wt% glycerol are shown in SI
note 2 (Fig. S3). For the SiO; cases, the calculated bulk Debye lengths are Apyx = 1020 nm (93 wt%), 850 nm (86 wt%), and 520 nm (60 wt%); Apuik Was estimated as described in SI
note 6. (a—d) Surface charge—density maps for (a) Si0,/93 wt%, (b) Si0,/86 wt%, (c) Si0./60 wt%, and (d) SiN/approx. 80 wt%. Darker contrast indicates more negative charge in
(a—d). (e—h) Corresponding topography images acquired over the same areas as in (a—d), respectively. Each scale bar is 10 um. (i-I) Line profiles along the red A-B lines in (a—d),
respectively. The light-orange shaded band indicates the W5_75 transition width. The original CPD/surface-potential maps and profiles are provided in Sl note 1.

-06V 03V 0 nm 20.0 nm We first consider the origin of the charges induced by
[ S contact electrification. When an SiN substrate was used instead
of SiO,, the wetted region exhibited positive, rather than
negative, charging (Fig. 2d, 2h, and 2l). This polarity reversal can
be explained by the difference in the points of zero charge (PZC)
of the two surfaces: SiO,, which is rich in silanol groups, has a
PZC around pH 2.5-3.5, whereas SiN, which is rich in amino
groups, has a PZC around pH 6.5.3% 35 In our glycerol-water
solutions, ions arise mainly from water autodissociation,
carbonic-acid dissociation, and the weak-acid dissociation of
Fig. 3. (a) KPFM surface—potential image acquired within a few um of TPCL. (b) glycerol; therefore, the solutions are expected to be weakly
Corresponding topography image over the same area as in (a). Each scale bar is 10 um.  acidic, with pH close to 6. Consistent with this estimate, the pH
The droplet is on the left-hand side of the images. of the glycerol-water solutions used in our experiments was
measured to be approximately 6.0 using a pH meter. Because

Meanwhile, surface potential and topography images ihe Jiquid pH is above the PZC of SiO; and slightly below that of
measured near the TPCL without retraction (Fig. 3) showed no SiN, the SiO, surface is expected to be negatively charged,
marked variation in surface charge even within a few \hereasthe SiN surface can be positively charged depending on
micrometers of the TPCL; the surface charge density was nearly o solution conditions (see SI notes 4 and 5). These results
uniform. Hence, the gentle decrease of the charging gradient suggest that dissociation of surface functional groups upon

for Position > 0 in Fig. 2i—2k should be attributed to processes solid-liquid contact leads to charge separation between the
occurring after the TPCL receded. The profile can be treated as  ¢)id surface and the liquid phase.
quasi-static during one image acquisition (See Sl note 11).

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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We conclude that the “wetted region” was already dry
during the measurements, based on the low noise in the
topography images and the stable imaging (Fig. 2(e-h)). The
absence of scan distortions, which are typically observed on
insufficiently dried, well-wetted surfaces, also supports this
interpretation (see S| note 3). In addition, the presence of a
continuous nanometer-scale wetting layer is unlikely under the
present conditions, as supported by additional AFM
measurements (see Sl note 3). Therefore, the observed
negative surface charge is attributed to contact electrification
and remains stable in the absence of hydration-shell-like
structures, residual liquid films, or adsorbed water layers
proposed in prior studies,'# 3133 glthough this does not exclude
the presence of molecularly localized water molecules on the
substrate surface.

Next, to quantitatively explain the trend of the surface
charge profile near the boundary, we applied a framework that
combines the effects of wedge-induced EDL distortion,3?2
recession-driven interfacial flow,33 and, newly introduced here,
charge relaxation on the solid—gas interface.

(i) Wedge-induced EDL distortion and flow effect

First, we consider an absolute coordinate system along the solid
surface, where the TPCL is located at x = 0 and the droplet
occupies the region x < 0. We introduce the dimensionless
coordinate X = x/ Ak, Where Ay is the Debye length of the
bulk solution. The Apyk Was calculated from ionic strength and
static permittivity of solution. Then we discuss the effective
surface charge distribution oca (x) near the contact line, accounting
for wedge-induced distortion of the EDL. Using the charge
difference Ao, the EDL-distortion function f(X), the far-field
solid—liquid surface charge density oy, o, and the far-field solid—
gas surface charge density o5 0, the surface charge distribution
oca(x) is expressed as follows:

Ao
o~ + 0sgo, x<0
oea() = F00 Foseer (=0
056,05 (x>0)
where
Ao = 051,90 — 056,0(2)
and
1—d
f(X):l—(l— cosa
—X+ (1 —-d)sina
Xexp| —tana c—(1—d)cosa
with c=1+036a, d=In""2% ¢=0-= and X =-.
3 2 Abulk

(See Sl note 8 for further details.)

Next, we extend Eq. (1) by incorporating the recession-
induced flow to account for the EDL-stretching effect near the
contact line. ope(x) is expressed in terms of the Péclet number,
denoted by Pe(x), as follows:

This journal is © The Royal Society of Chemistry 20xx

Ao 2 View Article Online
ope(x) = 1 F(X) Pe(x) + /Pe(x)? + Ed’@mm@@%m
056,00 (x>0)

where

Pec) = YxDAca()
Dion,eff

with Djoneff denoting the ionic diffusion coefficient and u(lxl)
the near-contact-line flow velocity. The effects of changes in
viscosity and other properties depending on the glycerol
composition are also taken into consideration. For the contact
angle, we used 6 = 66°, a representative value based on the
measurements on SiO, across all three samples. The values of
Apulk Were estimated by calculation of the solution composition and
were 1020, 850, and 520 nm for 93, 86, and 60 wt% respectively. The
diffusion coefficient Djqp off Was estimated from the solution. u(|x|)
is on the order of 10~> m - s~1 near the contact line and decays
away from it. The calculations based on Egs. (1) and (4)
correspond to the green dotted and light-blue dashed curves,
respectively, in Fig. 4. (See S| notes 6, 7, 9, and 10 for further
details.)

In this framework, note that X is normalized by Ay, which
implies that a shorter Ay, confines the wedge-induced EDL
distortion to the immediate vicinity of the contact line, whereas
a longer Apyk leads to appreciable EDL distortion farther from
the contact line.

Consistent with the experiments, the framework predicts a
steeper gradient for lower glycerol fractions (i.e., shorter Debye
lengths), because the suppression of solid—liquid contact
charging is confined closer to the contact line. However, the
calculated a(x) remains too steep and exhibits a discontinuity
at x = 0 (green dotted and light-blue dashed curves in Fig. 4).
To account for this remaining mismatch, we introduce a charge-
relaxation term around x = 0.

(ii) Charge relaxation

To more satisfactorily explain the experimental findings, we
introduce an exponential surface—charge decay factor with a
fitting parameter 45, motivated by the fact that local charging
on SiO, generally relaxes into the surroundings.3® 37 This
relaxation term is introduced as an effective representation of
boundary charge smoothing rather than a single uniquely identified
microscopic mechanism. Using these parameters, we analyzed the
relationship between the solution characteristics and the charging
state. Accordingly, the surface—charge distribution o (x)
around the contact line is given as follows:

Orel(X) = 0pe(x) + 60(x)(5)

where

J. Name., 2013, 00, 1-3 | 4
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Here, gpe’'(07) denotes the left-hand limit of the derivative of
ope(x) (Eq. (4)) evaluated at x = 0. The quantity Q. represents
the total transferred charge associated with the fitting
parameter £gp,. The fitted ¢, values were 1.568, 1.852, and 0.608
um for 93, 86, and 60 wt% glycerol, respectively. See Sl note 11 for
a detailed derivation.

As shown by the red solid curves in Fig. 4, the calculations
based on Egs. (5) and (6) reproduce the overall trend of the
measured charging profiles (the black solid curves) with
comparatively high accuracy. By combining high-resolution

Physical-Chemistry/Chemical Physics

KPFM mapping with a physics-based model,Viewéticolbtaim
quantitative agreement with the obserl%/%‘d1%’%%%%%%98?1%56.
Specifically, the composition-dependent change in the charging
gradient can be explained consistently by three factors: wedge-
induced EDL distortion associated with the contact-angle
geometry, a flow-induced effect near the TPCL, and charge
relaxation on the solid—gas interface after dewetting.
Importantly, the relaxation term enables a more realistic
estimate of the charging state in the vicinity of a receding
contact line, where the surface transitions from the wetted to
the dry region. The remaining mismatch between the model
and the experimental data may originate from uncertainties in
the near-contact-line flow field, the actual dissolved CO,
concentration, and small variations in the contact angle.
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Fig. 4. Measured and modeled surface charge—density profiles near the receding TPCL on SiO,. The black curve shows the measured profile. The green dotted curve represents the
model including only wedge-induced EDL distortion (Eq. (1)), the light-blue dashed curve represents the model including both wedge-induced distortion and the flow effect (Eq. (4)),
and the red solid curve represents the full model including wedge-induced distortion, the flow effect, and charge relaxation (Egs. (5) and (6)). Panels (a), (b), and (c) correspond to
93 wt%, 86 wt%, and 60 wt% glycerol, respectively, using Apyik = 1020 nm, 850 nm, and 520 nm. To compare with the model coordinate x (contact line at x = 0), the measured
profiles are plotted after applying a constant horizontal shift Ax to the experimental coordinate xexp—¥exp + Ax, where Ax = -1.712 pum (93 wt%), -0.919 pm (86 wt%), and -0.752
pum (60 wt%) determined by minimizing the root mean squared error (RMSE) over —10 < x < 10 pm ; the model x-coordinate is left unchanged. Model curves were computed
using the composition-dependent Djon et and the fitted relaxation length €sm: Dioneff = 2.93 X 1071t m? - s71, £y = 1.568 pm (93 wt%); Dionefr = 6.23 X 10711 m? - s71, £

= 1.852 um (86 wt%) and Dion eff = 2.88 X 10710 m? - s71, £, = 0.608 pm (60 wt%). Results for 80 wt% glycerol are provided in Sl note 12, (Fig. S9).

Conclusions

Our KPFM measurements reveal that slide-electrification
charge can persist on the solid—gas surface even when no clear
evidence of nanodroplets or a residual liquid film is observed.
This finding suggests that charge stabilization does not
necessarily require residual wetting structures and may involve
an alternative stabilization pathway for charges left behind by a
receding contact line.

Focusing on the immediate vicinity of the solid—gas—liquid
TPCL, we experimentally show that three factors—Debye
length, contact angle, and flow—jointly control the charging
near the TPCL. When the solution composition is adjusted to
vary Apuik the charging gradient becomes steeper as Apuk
decreases, in quantitative agreement with a macroscopic
theory that incorporates wedge geometry through the contact
angle 6, and flow through the Péclet number Pe.

Beyond the solid—-liquid side, we further reconcile the
experimentally observed charge distribution extending into the
solid—gas region by newly introducing an exponential charge
relaxation on the solid—gas interface, which is absent from prior
models. This extension enables us to capture the continuous
decay of charge at the microscale and provides a more realistic
description of charge evolution after TPCL recession.

This journal is © The Royal Society of Chemistry 20xx

Overall, we establish a microscale method to probe contact
electrification near a receding contact line and, accordingly,
develop a model that predicts the interfacial charge distribution
more accurately than previous approaches. These findings
deepen the physical understanding of charge transfer at TPCLs
and offer actionable guidelines for applications such as droplet
manipulation, mitigation of electrostatic damage, and
interface-driven energy harvesting.
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