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Surface Charge Deposition by Moving Drops Reduces Contact Angles
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Slide electrification—the spontaneous charge separation by sliding aqueous drops—can lead to an
electrostatic potential in the order of 1 kV and change drop motion substantially. To find out how slide
electrification influences the contact angles of moving drops, we analyzed the dynamic contact angles of
aqueous drops sliding down tilted plates with insulated surfaces, grounded surfaces, and while grounding
the drop. The observed decrease in dynamic contact angles at different salt concentrations is attributed to
two effects: An electrocapillary reduction of contact angles caused by drop charging and a change in the
free surface energy of the solid due to surface charging.
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Drops moving on solid surfaces play a fundamental role
in many natural and technological processes from raindrops
spreading on plant leaves or glass to processes like inkjet
printing or coating [1-3]. Wetting phenomena are charac-
terized by contact angles. Young’s equation relates the
contact angle (0) to the interfacial energies of the liquid
surface (L), solid surface (S), and the solid-liquid interface
(SL) with [4],

yLcosO =ys —ysi. (1)

Because higher solid surface energies cause lower contact
angles, wettability can be controlled by choosing high or
low surface energy materials.

To control and switch contact angles, electrowetting is a
versatile tool, used in various microfluidic applications [5].
In electrowetting, a drop is placed on a thin dielectric layer
on a flat electrode. The contact angle decreases when a
voltage (AV) is applied between the drop and the electrode.
Microscopically, this effect is caused by the Maxwell
stress acting on the liquid surface near the contact line.
Macroscopically, it can be attributed to a change in solid-
liquid interfacial energy [6,7]. It is energetically favorable
for countercharges to accumulate at the solid-liquid inter-
face under an applied potential, and thus its surface energy
is reduced by
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This decrease depends on the permittivity (¢, = vacuum
permittivity, €, = relative permittivity) and the thickness of
the dielectric layer d separating the liquid from the flat
electrode [5]. The change in contact angle is given by the
Young-Lippmann equation [6],

A
VSL ] (3)
7L
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Here, 6 and @ are the contact angles without and with an
applied voltage.

For drop motion, however, the advancing (6,) and
receding contact angles (@,) are relevant. In contrast to
the equilibrium contact angle, they are measurable.
Advancing contact angles are measured at the front, reced-
ing contact angles at the backside of a drop. The friction
force, which resists sliding, can be described by [8,9]

F = wy k(cos@, —cos@,), (4)

with drop width w and a geometrical factor k~ 1 [10,11].
Since friction increases with velocity, it iS commonly
accepted that 6, increases and 0, decreases with velocity.
Thus, the difference between the two, the contact angle
hysteresis 6, — 0,, increases. By assuming a local equilib-
rium we apply Eqgs. (1)-(3) to 8, and 6, separately.

In slide electrification, a sliding aqueous drop on a
hydrophobic surface usually charges positively while leav-
ing behind an opposite charge on the dewetted surface
[12—19]. Spontaneous charging of moving drops influences
their motion substantially by electrostatic forces [14].
However, it is still unclear if spontaneous charging also
changes the contact angle. If so, this would fundamentally
affect contact angle hysteresis [20]. Previous experi-
ments [14] were carried out with distilled water. Here, we
added salt. In addition, we carried out experiments in which
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the drop was grounded while sliding. We address the
questions: Do charges in the drop and/or surface charges
generated by slide electrification change the advancing and
receding contact angles? If yes, how does this effect depend
on the salt concentration?

To answer these questions, we imaged sliding aqueous
drops (Supplemental Material, S1 [21]) in a custom-made
tilted plate setup [Fig. 1(a)] [14]. 30 pL drops were placed
onto a tilted surface by a peristaltic pump with a grounded
syringe needle at fixed intervals of 1.5 s. The sliding time of
each drop was around 0.15 s, short enough to ignore the
influence of surface discharging [13] and evaporation [22].
The surfaces were flat and hydrophobic, with an average
roughness < 1 nm within an area of 0.5x 0.5 um?
(Supplemental Material, S2 and S3 [21]). Every drop
moving down the surface first contacted a grounded
electrode. We imaged the sliding drops from the side with
a high-speed camera. We set the slide length and time to
zero when drops detached from the grounded electrode and
enter the recording window. At this point, they already had
an initial velocity. An adapted image analysis MATLAB
code [23] extracted the positions, velocities, and advancing
and receding contact angles from the side-view images. The
drop velocity for every position was defined as the mean of
the advancing and receding contact line velocities. Charge
measurements were conducted with a current amplifier
connected to a wire electrode after sliding for 4 cm
(Supplemental Material, S4 [21]). As surfaces, we prepared
60 nm thick Teflon films on quartz plates (Teflon-quartz)
by dip coating (1 cm/ min) from a solution of 1 wt% Teflon
AF 1600 and annealing at 160 °C under vacuum for 24 h.
The quartz plates were 1 mm thick and placed on a
grounded metal plate.
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FIG. 1. Experiments for a 30 pL aqueous drop with 1 mM NaCl
on initially uncharged Teflon quartz without grounding while
sliding. (a) Schematic of the experimental setup. (b) Drop profiles
for different values of the slide length, (c) drop velocity,
(d) dynamic advancing, and receding contact angle.

When placing an aqueous drop containing 1 mM NaCl
on a pristine, uncharged Teflon-quartz surface [Fig. 1(a)],
the drop accelerates. Its shape elongates [Fig. 1(b)] while
the velocity increases [Fig. 1(c)]. Additionally, the dynamic
advancing and receding contact angles decrease with
increasing velocity [Fig. 1(d)]. Established theories, like
the Cox-Voinov hydrodynamic model [24,25], the molecu-
lar kinetic model [26], combinations of both [27,28], and
the adaptation model [29] predict a decrease in receding,
but an increase in advancing contact angle with increasing
velocity. This does not agree with our measurements. We
conclude that there are additional effects influencing the
contact angles and propose that the change in contact angle
is due to drop charging.

To verify drop charging causes this change in contact
angles, we sputter-coated the quartz plates with 5 nm
chromium and 35 nm gold before coating Teflon films on
top (Teflon-gold). In earlier experiments we had shown that
contrary to Teflon-quartz [Fig. 2(a)], charging is negligible
for 50 nm polymer films on grounded gold [Fig. 2(b)] [14].
For Teflon-gold, the advancing contact angle indeed
increases with velocity [Fig. 2(e), orange symbols] and
the decrease of the receding contact angle is weaker
[Fig. 2(f), orange symbols].

We propose that electrowetting reduces the contact
angles of charged drops. The sliding drop on Teflon-
quartz acquires positive charges, leaving negative surface
charges behind. The related electrostatic potential leads
to an electrowetting effect. To support this hypothesis,
we calculate Ayg. First, we convert drop charges Q
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FIG.2. Dynamic contact angles reduced by slide electrification.
Schematics of a drop sliding down the 40° tilted (a) Teflon-quartz
surface and (b) Teflon-gold surface without drop grounding, and
(c) Teflon-quartz surface with drop grounding during sliding. The
corresponding drop velocity (d), dynamic advancing contact
angle (e), and dynamic receding contact angle (f) over slide
length for the 1st and 100th consecutive drop.

228201-2



PHYSICAL REVIEW LETTERS 131, 228201 (2023)

to a potential AV = Q/C with the drop capacitance
C = Agye,/d (Supplemental Material, S5 [21]). Here, A
is the contact area of the drop. The dielectric capacitance
dominates the capacitance [5]. In previous measure-
ments [14], after 4 cm sliding on Teflon-quartz the charge
of the 1st drop was Q ~ 0.7 nC, A ~ 17 mm? and ¢, = 4.5.
We estimate AV = 1 kV, comparable to potentials reported
by [30]. Based on Eq. (2), the change in solid-liquid
interfacial tension is roughly 20 mN/m, leading to a
contact angle decrease of =18°. Since the drop continu-
ously deposits charges while sliding [13], its potential
increases with slide length. Electrowetting can thus explain
the decrease in advancing contact angle.

Are there other electrostatic effects influencing the con-
tactangles? To isolate such effects, we used the same Teflon-
quartz surfaces but grounded the sliding drop with a tungsten
wire to prevent drop charging and electrowetting effects
[Fig. 2(c)]. The grounded tungsten wire (25 pm diameter),
spanned at &1 mm height above the surface, had negligible
influence on the drop motion (Supplemental Material,
S6 [21]). The grounded drop could still deposit negative
surface charge at its rear, but itself remained uncharged.

Figures 2(d)-2(f) show the velocity, and the dynamic
advancing and receding contact angles versus slide length
for the 1st and 100th consecutive grounded drop on Teflon-
quartz. We observe a distinct difference between the 1st
(green circles) and 100th (blue triangles) drop. This
indicates that the surface charge on the solid-air interface
influences the contact angles and drop motion, even if the
drop is uncharged. The results on Teflon-gold (orange
circles) are plotted for reference. There is no significant
difference between the 1st and 100th drop on Teflon-gold
(Supplemental Material, S7 [21]).

Compared with the Teflon-gold reference [Figs. 2(e)—
2(f), orange], the dynamic advancing contact angle of the
Ist grounded drop on Teflon-quartz was not significantly
affected by electrostatic effects. Only the dynamic receding
contact angle was reduced by 10°. In comparison, the
dynamic advancing contact angle of the ungrounded drop
[Fig. 1(d)] decreased for slide lengths > 0 as the drop
charged and electrowetting commenced. For the 100th
grounded drop on Teflon-quartz [Figs. 2(e)-2(f), blue],
both the dynamic advancing and receding contact angles
deviated from the Teflon-gold reference. The main differ-
ence was that the grounded drop continuously deposited
charges at its receding contact line [Figs. 2(b)-2(c)] while
no charging occurred on Teflon-gold. Thus, in addition to
electrowetting, surface charges cause a fundamentally new
electrostatic effect that decreases contact angles.

We propose that charges on the solid-gas interface
increase the surface energy and according to Young’s
equation reduce the contact angles. The surface energy
increases by two effects. First, the self-energy of the
charges on the surface. The corresponding change in the
surface energy is, however, only of the order of 10 pN/m

(Supplemental Material, S8 [21]) and is thus negligible.
Second, surface charges electrostatically repel each other.
Thus, forming a layer of charges requires electrostatic
work. We derived a theoretical scaling for this effect based
on the work required to deposit an additional elementary
charge on a charged surface. This energy depends on the
size of the charged patch. Exemplarily, we consider a
circular patch with radius R and a charge density o. After
area averaging this energy, the change in free surface
energy of the solid due to the presence of a charge density is
(Supplemental Material, S8 [21]):

2
R
Ays =y —yg=—0— 5
}/S yS }/S 80(1 + 8r) ( )
The corresponding contact angle change is
A
cos6 —cos @ = — 15 (6)

7L

The surface energy increases quadratically with the charge
and linearly with the size of the charged area R. For an
estimate, we set R equal to the drop radius. With R = 2 mm
and a charge density of 6 = 10 pC/m? [14], Ay is of the
order of 10 mN/m, which would substantially change
contact angles. Equations (5) and (6) apply to both
advancing and receding contact angles by inserting the
surface charge density before and behind the drop,
respectively.

Analogous to the electromechanical interpretation of
electrowetting, a meaningful apparent contact angle can
only be defined above the length scale of the electrostatic
interaction. Above the length scale of surface forces
(~10 nm), electrostatic forces, expressed by the Maxwell
stress, and capillary forces balance at the liquid-air inter-
face. In electrowetting on dielectric, the Maxwell stress is
typically localized to a few pm near the contact line due to
the thickness of the dielectric film [5]. Here, with the
grounded flat electrode being millimeters away, the electro-
static problem of an isopotential wedge, representing the
liquid, next to a charged surface (Fig. 3) does not have an
inherent length scale. Thus, there is no apparent length
scale over which the Maxwell stress is localized. It even
becomes singular at the contact line [14,31] for the model
problem of an isopotential wedge.

Since singularities do not occur in nature, the question
arises about a microscopic length scale that cuts off the
singularity. Different mechanisms could introduce a micro-
scopic length scale close to the contact line. First, treating
the liquid surface as isopotential only applies on
length scales above the Debye length, 4 = 1-1000 nm in
aqueous solutions. Second, singularities of the electric
field at the contact line would lead to electrostatic dis-
charge [32,33] above the limiting field strength of humid
air, 2 MV/m [34]. Any singularity would be eliminated
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FIG. 3. Schematic representation of contact-angle modification
via electrostatic interaction with surface charges. Deposited
charges deform the liquid surface via electrostatic interaction.
Above a characteristic length scale (“control” volume indicated
by a dashed rectangle), the effect can be subsumed as a change in
solid surface energy.

on a length scale where electrostatic discharge occurs. With
numerical simulations, we show that such a microscopic
length scale strongly localizes the Maxwell stress to a
limiting length scale of the order of 1 pm (Supplemental
Material, S9 [21]). Above 1 pm, the apparent contact angle
should be well defined by a change in the effective solid
surface energy (Fig. 3).

To explain the change of dynamic contact angles,
we consider three effects: (i) Nonelectrostatic contribu-
tions [24-29], (ii) surface charge-induced changes of the
solid surface [Eq. (5)], and (iii) electrowetting due to drop
charging [Eq. (2)]. Our experiments are designed such that
the reference measurement on Teflon-gold is only influ-
enced by (i). On Teflon-quartz, the grounded drop is
influenced by (i) and (ii), and the ungrounded drop is
influenced by (i)—(iii). The initial decrease in receding
contact angle between the reference and the grounded drop
for the 1st drop was around 10° [Fig. 2(f)]. To fully explain
this with Eq. (5), the drop with a radius of 2 mm on quartz
(e, =4.5) would have to deposit a surface charge of
6 = 16 uC/m?. This value agrees magnitudewise with
our previously published measurement of 10.3 uC/m?
on the same substrate [14].

For the 100th drop (blue) shown in Figs. 2(e)-2(f), also
the advancing contact angle decreased. We attribute this to
surface charges deposited by previous drops.

Because of hydrodynamics, contact-line friction, and
adaptation (effect i), receding contact angles are lower than
advancing contact angles. Dynamic receding contact angles
are more affected by surface charge than advancing ones. In
line with this observation, Egs. (5) and (6) predict that
lower contact angles are affected more [Fig. 4(a)]. Note
that the applicability of such models becomes questionable
for contact angles of 20°-30° due to electrostatic dis-
charge [32].

The theory predicts a scaling of the effect with the size of
the charged area, that for the first drop corresponds to the
drop radius R. To confirm this, we plotted cos(6') — cos(6)
measured with grounded drops of different volumes V.
As predicted by Egs. (5) and (6), an increase with

R « V'3 was observed. For volumes > 30 pL, the simple
scaling breaks down as the Bond number Bo = pgH?/y,
(p: liquid density, g: gravitational acceleration, H: character-
istic drop radius) approaches unity [Fig. 4(b), Supplemental
Material, S11 [21] ]. Gravity becomes dominant, reflected in
higher experimental values.

The reduction of dynamic contact angles increases with
increasing salt concentration up to ~#1 mM followed by a
decrease [Figs. 4(c) and S11b in [21]]. This trend is
consistent with reported drop or surface charges [35-37].
The initial increase with salt concentration can be explained
by the Péclet number dependency of charge separation. In
the drop, there is a flow component directed upward at the
receding contact line. It drives counterions away from the
surface and extends the effective screening length.
Assuming charge regulation at the solid-liquid interface,
an extended screening length reduces the surface charge at
the receding contact line and thus the deposited surface
charge. This mechanism is only effective when convective
transport is stronger than ion diffusion. The Péclet number
Pe = UA/D (U = drop velocity, D = salt diffusivity [38])
measures convective transport, which is of minor impor-
tance up to Pe = 1 and decreases charge separation for
Pe > 1 [39]. For typical values U = 0.3 m/s and D =
1.6 x 107 m?/s, a transition between the two regimes
occurs at a salt concentration of 3 mM (2-4 mM,
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FIG. 4. Universality of the effect. (a) Theoretically expected
contact angle as a function of surface charge density for different
initial contact angles and a drop radius of 2 mm, calculated with
Egs. (5) and (6). Experimentally determined cos(6)) — cos(6,)
for the first grounded drops with (b) different drop volumes,
(c) salt concentrations, and (d) salt types on pristine Teflon-quartz
surfaces in the velocity range 0.3-0.4 m/s. 6, and 0, are the
dynamic receding contact angles without and with slide elec-
trification. Error bars represent the Gaussian error propagation of
the standard deviation between three measurements.
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Supplemental Material, S11, Table S1 [21,40]), which
explains the reduced contact angle changes at < 1 mM.
The experimental trends are in accordance with the theo-
retical scaling.

We demonstrate the universality of the effect by meas-
uring surfaces with different coatings, including 35 nm
thick polystyrene (PS) films quartz plates coated with,
molecular layers of perfluoroctyltriethoxysilane (PFOTS),
and polydimethylsiloxane (PDMS) grafted to quartz plates
(Supplemental Material, S10 [21]) and drops with different
salts (Figs. 4 and S1lain [21]). While the exact nature and
even sign of surface charge could change due to specific
adsorption of ions, different reactive surface groups,
or different points of zero charge, the contact angle
decrease described here only hinges on the surface charge
magnitude.

In addition to our own measurements, our theory helps to
explain observations from the literature. Mugele et al. [41]
reported that the contact angle of an aqueous solution on
Teflon permanently decreased by 5°-10° after the first
wetting-dewetting cycle. This was likely caused by charges
deposited onto the surface during the initial dewetting. Sun
et al. [42] experimentally demonstrated that drops move
along surface charge gradients towards higher charged
regions, even against gravity. This is easily conceivable
with Eq. (5), as the higher charged regions have an
increased free surface energy. The universality of slide
electrification and subsequent contact angle changes sheds
new light on many works dealing with contact angle
hysteresis on dielectrics substrates, where these effects
likely played a role [43-46].

To conclude, we identified two mechanisms explaining
how slide electrification can lead to a reduction in dynamic
contact angles. First, charges in the drop induce an electric
field between the drop and the subsurface electrode, which
via electrowetting causes a reduction of contact angles.
Second, charges on the solid surface effectively increase the
surface energy and thus reduce the contact angle according
to Young’s equation. This can substantially reduce the
dynamic and static contact angles, even when the drop is
grounded. The discovered effect could help to explain
contact angle hysteresis in many practical cases and
facilitate the design of functional surfaces by focusing
on the prevention of charge separation.
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