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ABSTRACT

We study the charge separation of drops rebounding from hydrophobic surfaces. Based on high-speed video imaging and the deflection of
drops by electric fields, we reproducibly detected the amount of charge. Here, we show that the charge separation of bouncing drops can be 2
orders of magnitude higher on hydrophobic than superhydrophobic surfaces. We observed the existence of self-generated electrostatic forces
between the drop and the surface. These forces affect the maximum rebounding height and slow down the retraction motion of drops. We
additionally calculated the electrostatic forces using an energy conservation approach. Our results indicate that electrostatic forces on hydro-
phobic surfaces can be even stronger than gravity, reducing the restitution coefficients up to 50%. This new approach becomes advantageous
compared with other methods that require more complicated setups for drop charge detection.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0130343

I. INTRODUCTION

When water drops move in contact with hydrophobic surfaces,
charge separation occurs at the moving three-phase contact line.
Examples range from drops sliding on tilted hydrophobic surfaces,1–5

drops that coalesce and then jump positively charged,6 up to drops
impacting and rebounding off of solid surfaces. Usually, water drops
charge positively and leave the surface with the opposite net charge.7–12

The charge transfer mechanism has been explained as a contribu-
tion of both ion13–16 and electron transfer17 at the liquid–solid inter-
face. The formation of an electrical double layer and its subsequent
disruption would be responsible for breaking the electroneutrality at
the solid–liquid interface. Charge separation has attracted both funda-
mental and applied interest. From a fundamental motivation, charging
can affect the dynamic wetting of surfaces.18–20 In fact, even electro-
static forces generate between a sliding drop and a hydrophobic sur-
face.21 These forces influence the speed of sliding drops, as they can
even exceed gravitational force. In terms of applications, charge sepa-
ration has been demonstrated to allow the conversion of kinetic energy
to electric energy.11,22–34

Recently, we showed that water drops acquire a positive net
charge after rebounding from superhydrophobic surfaces. The amount
of charge mainly depends on the maximum drop contact area.12 As
the drop retracts, charge separation occurs, and drops continuously

gain a positive charge while depositing the opposite net charge on the
surface. This phenomenon can be described quantitatively by a model
developed for charging of sliding drops.5 This model considers drops
as a capacitor that stores charge up to a saturation point. However, the
amount of charge coming from superhydrophobic surfaces is much
less than the hydrophobic ones. For that reason, energy-harvesting
applications have focused mainly on drops sliding on hydrophobic
coatings to improve the efficiency. Furthermore, it is difficult to find a
hydrophobic surface with sufficient repellency to produce complete
rebounds. As a result, charge separation by drop impact on these sur-
faces has not been widely studied. One suitable surface is Teflon AF,
which has been used for drop impact35 and slide electrification experi-
ments21 due to its high hydrophobicity. More insight on these surfaces
could allow us to describe charge separation under different drop
impact dynamics and wetting states.

The outcomes of drop impact on hydrophobic surfaces have
been studied before.36–41 Usually, the energy balance of bouncing
drops is described by different sources such as the surface energy, vis-
cous dissipation, gravitation, and kinetic energy.42–47 However, the
influence of charging in the drop impact dynamics has never been
considered. Here, we show that impacting water drops on Teflon AF
surfaces can also be considerably influenced by self-generated electro-
static Coulomb forces. These forces are generated by spontaneous
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drop charging, which can evidently affect the retraction motion and
the maximum rebounding height. We quantify the charge using a
homogeneous lateral electric field and high-speed video imaging.

II. MATERIALS AND METHODS
A. Sample preparation

For our drop impact experiments, we used two types of surfaces:
Teflon AF1600 as hydrophobic surface and SU-8 micropillar array as
a hydrophobic surface that behaves almost as superhydrophobic
(Cassie state of rebounding drops). We performed experiments up to
impact speeds of 1.73m/s for Teflon AF1600 and up to 0.77m/s in the
case of micropillars.

1. Teflon AF1600

Teflon AF1600 (Teflon) films were prepared by dip coating of
75� 25mm2 slides of 1mm thick SiO2 and glass slides sputter-coated
with a 30nm gold layer. Before sputtering, glass slides were pre-coated
with 5 nm chromium for adhesion improvement. Both SiO2 slides
and the gold-coated glass slides were immersed into 1wt. % Teflon
AF1600 (Sigma Aldrich) in FC-317 43 (Sigma Aldrich) with a speed of
90mm/min. After being immersed for 10 s, the substrates were with-
drawn from the solution at a constant speed of 10mm/min. Finally,
the films on the substrates were annealed at 160 �C in a vacuum

for 24 h. Teflon AF1600 films were 60nm thick with a roughness
�1nm according to scanning force microscopy measurements over
an area 0:5� 0.5 lm2 [Fig. 1(a)]. Teflon AF1600 on gold and SiO2

showed practically the same wetting properties, with contact angle
hysteresis of 13�6 3� and 12�6 3�, respectively, and a static contact
angle of 120 �6 2�. As a result, Teflon AF1600 showed sufficient
hydrophobicity to let the drops rebound completely from the surface.
Here, we refer to a “complete rebound” when drops rebound off of the
surface without leaving a part of the total liquid volume stick on the
surface [Fig. 1(b) (Multimedia view)]. On the other hand, we called
“partial rebound” when the liquid volume not attached to the surface
is the one that rebounds (Fig. S1). It should be noted, at this point, that
we had also tried to use other hydrophobic surfaces such as silicon
wafers and glass surfaces that were hydrophobized with perfluorosi-
lanes. For all these surfaces, we encountered the problem that drops
rebound partially or not fully vertical even in the absence of the electric
field. We attribute the lateral motion after a rebound to subtle differ-
ences in local contact angle or slight contact line pinning that leads to
lateral force components at the contact line during drop rebound.

2. SU-8 micropillar arrays surfaces

As substrates, we used 1mm thick, rectangular glass slides of
75� 25mm2. First, two cycles (15min) of ultrasonication with

FIG. 1. (a) AFM tapping mode images of
Teflon films on bare (left) and gold-coated
(right) SiO2 slides. (b) High-speed video
images of a 4 lL drop rebounding from
Teflon-SiO2 (impact speed, v0 ¼ 0:5 m/s).
(c) Scanning electron microscopy image
of a rectangular-shaped micropillar sur-
face. (d) High-speed video images of a
4lL drop rebounding from a SU-8 micro-
pillar surface (v0 ¼ 0:6 m/s). Scale bars
represent 1 mm. Multimedia views: https://
doi.org/10.1063/5.0130343.1; https://
doi.org/10.1063/5.0130343.2
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acetone were done to remove organic contaminants, followed by 2-
propanol (15min) which removes acetone’s contaminated residues.
Afterward, substrates were dry blown using a filtered nitrogen gun.
Then, 1ml of SU-8 was dropped on the clean glass. A two-step spin
coating process was carried out (step 1: 5 s, 500 rpm, with 200 rpm�1

acceleration, step 2: 30 s, 3000 rpm, with 200 rpms�1 acceleration). To
degass SU-8 to avoid bubble formation, the SU-8 samples were put
into a vacuum. The soft baking process was carried out on a hotplate
at 65 and 95 �C for 70min. After cooling down to room temperature,
a photomask (rectangular patterns of 10� 5 lm2, spacing 20lm [Fig.
1(c) and S2] was placed on top of the sample and it was exposed to I-
line UV light for 8 s. Finally, they were developed for 3min with the
SU-8 developer and washed with 2-propanol for 1min. The resulting
surfaces of rectangular-shaped micropillars with a spacing distance of
20 and 10mm height were hydrophobic with a static contact angle of
hs ¼ 133 �6 3� and hysteresis of 20�6 2�. Drops showed complete
rebounds for impact heights between 0.5 and 3 cm [Fig. 1(d)
(Multimedia view)]. Thus, drops remain in the Cassie Baxter state48

during the impact.

B. Experimental setup

We used the electric field method reported in our previous
work12 for drop charge detection. About 4lL drops were released
from a grounded motorized syringe pump from 1 to 15 cm height
(impact speed v0 ¼ 1;…; 1:7 m/s) onto hydrophobic sample surfaces.
The impact speed was calculated by the expression v0 ¼

ffiffiffiffiffiffiffiffiffi
2gH
p

, where
g is the gravity acceleration and H is the release height of drops. After
dispensing the drops, using two copper plates (50� 16� 4 mm3), we
simultaneously applied a lateral electric field of E ¼ U=d ¼ 50;…;
100 kV [Fig. 2(a)], where U is the applied voltage (Analogic AN-3200)
and d is the separation distance of the plates. Both copper plates were
vertically placed over a Teflon plate that works as an insulating sup-
port. We recorded the impact process by high-speed video imaging
(Photron FastCam Mini UX100) at 5000 fps, to track trajectory of the
drop mass center. The drop mass center was determined at each frame
of the videos by a MATLAB algorrithm.12 We neutralized the surface
using an ionizing air blower (Aerostat PC Ionizing Air Blower, PA) for
2min before each drop impact. This ensures the electrical neutrality of
the surface and drop (grounded syringe) prior to the impact. Here, we
only focus on the impact of single drops because multiple consecutive
drops lead to build up charge on the surface.21 Before each drop
impact, the surface charge is neutralized by the ionizing air blower and
allows us to use a “fresh” surface and a “first drop” for each experi-
ment. All the rebounding drops stayed below the upper end of the
plates, so the electric field experienced by the drops can be assumed to
be homogeneous. We shielded the syringe and drop with an alumi-
num tube to avoid polarization of drops. To calibrate the charge mea-
surements, we used an electrode (50lm thick tungsten wire) that
touches the drop when falling down and after the rebound [Figs.
2(b)–2(d) (Multimedia view)]. This electrode detects a current signal
during the contact with the drop. Integrating the current signal over
time gives the total charge of the drop to compare. Drop charge values
obtained by discharge via the electrode or deflection by the electric
field were close to each other (Fig. S3). All the experiments were
repeated four times and performed at a relative humidity of 30%–40%.
At such low values of humidity, no influence of the humidity on the
charging process is expected.49

III. RESULTS AND DISCUSSION
A. Teflon on SiO2

1. Drop charge detection

When a drop impacts the surface, the initial kinetic energy is con-
verted gradually into surface energy until the drop reaches the maxi-
mum spreading diameter, Dmax. Then, the surface tension forces lead
to a retraction motion until the drop bounces off of the surface. After
the taking off, drops are laterally deflected by an electrostatic force
FE ¼ QE (Q is drop charge) in the same direction of the external elec-
tric field [Figs. 3(a) and 3(b) (Multimedia view)]. Even secondary
drops, that may be ejected from the top of the initial drop, so-called
the Worthington jet,50 are horizontally accelerated in the same direc-
tion. Thus, both primary and secondary drops carry a positive charge.
The sign of the charge can be explained by the tendency of a surface
coated with fluoropolymers to absorb hydroxyl ions from
water.13,14,16,51 These negative ions and the counter positive ions in
water can form a neutral electrical double layer. The contact line
motion of a drop should break the electrical equilibrium of the double
layer until drops detach from the surface with the positive charge. This
non-equilibrium process has been suggested also for sliding5 and

FIG. 2. (a) Schematic of the experimental setup of electric fields. [(b)–(d)]
Calibration measurement of a drop impacting a Teflon on SiO2 surface. Three
moments are shown: (b) drop falling down, (c) drop impacting the surface, and (d)
drop in contact with the probe after bouncing. Multimedia view: https://doi.org/
10.1063/5.0130343.3
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jumping drops6 on surfaces coated with fluoropolymer like the coating
of our substrates. Therefore, the same mechanism should be responsi-
ble for our positive rebounding drops.

Since drops after rebound move laterally with a constant acceler-
ation, we can calculate the drop charge as follows:12

Q ¼ 2qVDx
Et2

: (1)

Here, q is the density of the liquid; V is the drop volume; Dx is
the horizontal displacement of the drop mass center, from the taking
off until the second contact with the surface; and t is the time lapse
between the two contacts.

Drop charging on Teflon surfaces was only observed for impact
speeds above 1.2m/s, in the regime where a Worthington jet is gener-
ated.50 This jet is a result of the collapse of an air cavity formed at the
drop as it hits the surface.52 Since both primary and secondary drops
were deflected by the applied electric field, it is necessary to know their
volume to calculate the drop charge. We calculated the volume of the
ejected drop by its lateral and vertical diameters, assuming a spheroidal
shape (Fig. S4). Uncertainty in measuring the drop volume is �8%
(see the supplementary material, Sec. VII). Subtracting the ejected
drop volume from the initial 4lL drop, we obtain the primary drop
volume. Thus, the total charge acquired by our drops is the sum of the
charge of primary and secondary drops.

2. Influence of the Weber number

We represent the different impact speeds of our experiments in
terms of the Weber number We ¼ qv20R0=c, with R0 as the initial
drop radius, and c as the surface tension. Uncertainty inWe was up to
�0:6 (see the supplementary material, Sec. VII). Above We¼ 20, we
clearly observed the jetting. Below We¼ 40, the rebounding height
and, therefore, the length of the drop trajectory are not sufficient to
detect a significant deflection of drops. For We> 40, we observed an
evident drop charging by using our electric field method. The volumes

of secondary drops were between 0.35 and 1.55lL, and their charge
values ranged from 9 to 40 pC (Fig. S5). In addition, we observed that
the secondary drop charge tends to increase with the volume, as
expected by Eq. (1).

We have shown in our previous work12 that the amount of
charge of drops after taking off is a function of the maximum contact
area Amax ¼ pR2

max (Rmax is the maximum contact radius, assuming a
circular pattern)

QðAmaxÞ ¼ �2pr0
Sk

2
r 1� exp

�ðAmax � A0Þ
2pk2r

 !" #
; (2)

where r0
S is the surface charge density at zero potential, reached its max-

imum spreading. kr is the radial decay length. This equation considers
that r0

S is maximum at the moment of full spreading. As the drop
retracts, charge separation occurs and the negative charge is deposited
on the surface most likely due to the deposition of hydroxyl ions. This
leads to an increasing accumulation of positive charge in the drop, while
it recoils. Then, the drop rebounds positively charged leaving a nega-
tively charged area on the surface. As the drop is assumed to behave like
a capacitor, it will store charge up to a saturation point at certain Amax.
This saturation is set by kr, which is characteristic for each surface. After
the saturation point, further spreading will not lead to an increment in
charge. Consequently, if Amax is large enough, the charge left on the sur-
face will be accumulated in an outer ring of the wetted area.

As Amax is determined by the impact speeds, it can be scaled with
We. Plotting Rmax=R0 as a function of We leads to the scaling law
Rmax / R0We0:3 [Fig. 4(a)] and, thus, Amax / pR2

0We0:6. Accordingly,
we can express the drop charge as a function ofWe as follows:

QðWeÞ ¼ �2pr0
Sk

2
r 1� exp

�pR2
0ðWe0:6 �We0:60 Þ

2pk2r

 !" #
; (3)

where We0 is the minimum Weber number at which the drop
rebounds completely from the surface. It is important to mention that,

FIG. 3. Drops rebounding from Teflon AF
films on SiO2 and deflected by an applied
electric field: (a) from right to left and (b)
from left to right. Red and blue dotted lines
represent the vertical axis at which the
drop mass center was located during
the impact and the second contact with
the surface, respectively. Multimedia view:
https://doi.org/10.1063/5.0130343.4
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by considering energy balance only between kinetic impact energy and
surface energy at the moment of maximum spreading,39,42 one obtains
Rmax / R0We1=2. This means that the initial kinetic energy of a drop
right before impact is dissipated in other forms of energy during the
spreading phase. Such sources of dissipation are suggested to be vis-
cous dissipation47 and internal fluid motion.39 Moreover, the same
power law for our Teflon surfaces was observed even for experiments
in the absence of an applied electric field (Fig. S6). Thus, we can con-
firm that the applied electric fields do not lead to additional energy dis-
sipation of our impacting drops.

Our experiments reveal that drop charge increases withWe [Fig.
4(b)]. Note that in Fig. 4(b), since we cannot measure the drop charge
for We< 40 by our electric field method, we added data points
obtained from our calibration measurements with the wire electrode
forWe< 30. At this range, the drop charge decreases when decreasing
We until reaching the lowest value from We¼ 14. The detection limit
of our calibration setup is belowWe¼ 5, where drops do not rebound.

We then choseWe0 ¼ 14 as the moment where charging is minimum.
Remarkedly, charge values on Teflon on SiO2 can be more than six
times higher than the values reported on superhydrophobic surfaces.12

As the surface chemistry of the fluorinated superhydrophobic surfaces
is not very different from that of Teflon, we attribute this much higher
charging to the difference in the true contact area. Bouncing drops on
superhydrophobic surfaces remain in the Cassie state, so the contact
area distributes between the air entrapped in the surface and the solid
surface itself. Therefore, as the hydrophobic Teflon on SiO2 is flat and
homogeneous, the true liquid–solid contact area will be larger, leading
to more efficient charge separation.

Fitting Eq. (3) to the observed drop charge values [Fig. 4(b)],
we found r0

S ¼ 8.6 lC=m2 and kr ¼ 32mm, which is in good
agreement with the values found by Li et al.21 for water drops slid-
ing on Teflon. This means that our electric field method is suitable
to obtain the independent parameters r0 and kr for surfaces with
sufficiently low wettability to allow complete rebounds, such as
hydrophobic or superhydrophobic surfaces.

3. Teflon on gold

When the Teflon film was deposited on top of a thin conductive
gold layer, no significant deflection of drops by the electric field could
be detected. We can, therefore, conclude that charging can be reduced
significantly by using conductive and high-permittivity substrates.
This is compatible with experiments of sliding drops on the same sur-
faces, where charge values were ten times lower when conductive sub-
strates were used.21 In Sec. IIIB, we will describe and explain the
implications of charging on the drop impact dynamics, specifically, in
the energy dissipation at the retraction phase and after rebound.

B. Effects of electrostatic forces on drop kinetics

1. Retardation of the retraction motion

To elucidate the influence of charging on the drop impact
dynamics, we measured the average spreading speed �Vs ¼ Rmax=ts
and the average retraction speed �Vr ¼ Rmax=tr of our drops on
Teflon. Here, ts is the spreading time, i.e., the time lapse from the ini-
tial touching of the surface on the surface until the drop reaches Rmax.
tr is the duration of the entire retraction phase until the drop rebounds.
Both �Vret and �Vs increase with We for our Teflon surfaces. However,
�Vs is practically identical for both Teflon surfaces [Fig. 5(a)], whereas
�Vr is higher for Teflon on gold than for Teflon on SiO2, for We> 10
[Fig. 5(b)]. This suggests that charge separation occurs during the
retraction phase as proposed in our previous work.12 The observed
retardation of the retraction motion is then caused by the self-
generated electrostatic forces between the charged drop and the charge
deposited on the surface. This means that below We¼ 10, charging is
not sufficient to affect the drop retraction dynamics.

The full process of charging and retardation would be the follow-
ing: As the drop spreads on the surface, an electrical double layer
forms [Fig. 5(c)]. The formation of the double layer is estimated to be
in 6 ls, which is much faster than the spreading of our drops
(<3ms).5 When drops start to recede, part of the negative surface
charges stay on the surface. The positive counter charges of the diffuse
double layer remain in the drop. As a result, the drop is positively
charged during the retraction and deposits the negative charge on the

FIG. 4. (a) Spreading factor Rmax=R0 vs Weber number for Teflon SiO2. The red
dashed line represents the fit of We0:3. (b) Drop charge vs Weber number for
Teflon on SiO2. Red shaded region encloses the data measured by the calibration
method, whereas the blue one by the electric field method. The green dashed line
represents the theoretical prediction in terms of the Weber number. The data
include the charge of the primary and secondary drop for each Weber number.
Error bars represent the standard deviation of four measurements.
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surface. This negative charge will attract the positive drop rim, slowing
down its retraction [Fig. 5(d)]. Therefore, the retardation of the retrac-
tion motion is our first indicator that electrostatic forces affect the
drop dynamics.

2. Reduction of the maximum rebounding height

If self-generated electrostatic forces affect the retraction phase,
they should also influence the drop motion after rebound. For this rea-
son, we compared the maximum rebounding height hmax of drops at
different We on the two different Teflon substrates. Here, hmax is the
maximum vertical position of the drop mass center, which was mea-
sured from the surface at y¼ 0. From the measurements of hmax, we
observed that drops rebound higher for Teflon on gold than on SiO2

[Fig. 6(a)], with a difference of up to a 45%. This means that no metal-
lic substrates dissipate more energy as shown in the values of restitu-
tion coefficient e ¼ jv0=v1j, where v1 is the velocity at the moment of
rebound [Fig. 6(b)]. Indeed, values of e are reduced up to 50% for
Teflon on SiO2 compared to Teflon on gold.

One possible source of energy dissipation after taking off is vis-
cous damping, which is difficult to estimate precisely.53 If viscous dissi-
pation in air were the dominant source of energy loss, then drops
rebounding from both Teflon substrates should reach similar hmax.
However, this is not what we see experimentally. This suggests that
electrostatic forces induced by charging are the main responsible for
the variation of hmax. Hence, the reduction in hmax is our second indi-
cator of electrostatic forces influencing the drop motion.

In this case, the reduction of hmax is due to the negative charges
left on the surface once the drop rebounds positively charged from
Teflon on SiO2. These charges will lead to an electrostatic force, which
retards the drop [Fig. 6(c)]. Accordingly, the rebounding drop will be
decelerated by both electrostatic force and gravity.

C. Calculation of the electrostatic force

So far, we have shown the influence of electrostatic forces in the
drop motion, specifically, during drop retraction and after rebound. In
this section, we will calculate the electrostatic forces in both phases,
based on an energy conservation approach.

1. Retraction motion

We first start with drops rebounding from Teflon-on-gold, that
is, with no significant electrostatic component. The kinetic energy of
drops before impact is given by

ET ¼ mgh0 ¼
1
2
mv20; (4)

where m is the drop mass and h0 is the falling height. At the moment
of taking off, the energy is

ER ¼
1
2
mpv

2
1p þ

1
2
msv

2
1s þmpgh1p þmsgh1s: (5)

Here, the index “p” and “s” refer to the primary and secondary
drops, respectively. This equation basically combines the kinetic and

FIG. 5. (a) Average spreading speed vs Weber number of drops rebounding from Teflon on SiO2. (b) Average retraction speed vs Weber number. (c) Schematic of the drop
reaching the maximum spreading radius. (d) Schematic of the electrostatic forces acting on a positive retracting drop.
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potential energy of all the drops deflected by the electric field. h1 and
v1 represent the height and speed after taking off, respectively. The ver-
tical speed of drops was determined by the derivative of the vertical
position of the drop mass center (dycmdt ). For drops rebounding from
Teflon on SiO2, we should add in Eq. (5) the electric energy acquired
by drops due to charging

ER ¼
1
2
mpv

2
1p þ

1
2
msv

2
1s þmpgh1p þ

Q2
p

4pe0h1p
þmsgh1s

þ Q2
s

4pe0h1s
þ

QpQs

4pe0ðh1p � h1sÞ
; (6)

where e0 is the vacuum permittivity. The fourth and sixth terms are
the electric energy of a primary (EQ1p) and secondary drop (EQ1s),
respectively, at the moment of rebound. Note that, here, we assume
that the net charge deposited on the surface is equivalent to the drop
charge. The electric energy due to the electrostatic interaction between
the primary and secondary drops (last term) is mostly in the order of

10�9 J, considering the small charge of secondary drops. This is two
orders of magnitude smaller than the values of the kinetic energy of
drops after rebound so that its contribution is not significant. The dif-
ference between ET and ER is the energy dissipated by hydrodynamic
viscous dissipation, EV, and by contact line friction, EF, plus the work
done by the electrostatic force required to retract the contact line
against electrostatic forces, Eef :

ET � ER ¼ EV þ EF þ Eef : (7)

Here, EF ¼ pcðcos hr � cos haÞR2
max ,

47 with hr and ha as the
dynamic receding and advancing contact angles, respectively. In par-
ticular, for Teflon on SiO2, hr ¼ 120�6 2� and ha ¼ 128�6 2�.
These angles were obtained from drops sliding down on the Teflon
surface at different velocities. We used the same method of high-speed
video processing reported by our group54 to determine the dynamic
contact angles.

EV comes from the energy loss due to the motion of drops against
viscous forces and occurs in a shear thin boundary layer at the

FIG. 6. (a) Drops reaching the maximum
rebounding height for a Teflon on gold and
SiO2 (We¼ 82). Red points represent the
position of the drop mass center when the
drop reaches the maximum rebounding
height. Blue points represent the position
of the surface. (b) Restitution coefficient
vs Weber number for Teflon surfaces. (c)
Schematic of the electrostatic force acting
on a rebounding drop.
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solid–liquid interface.55,56 This means that EV will depend on the
velocity of the boundary flow. Considering the impact speed v0 as the
characteristic velocity of the boundary flow, EV of an impacting drop
can be approximated to the expression47

EV ¼ EV�S þ EV�R �
lBv20ssR

2
max

LV
þ lBV2

0 srR
2
max

LV
; (8)

where the energy loss in the spreading and retraction phase is repre-
sented by EV�S and EV�R, respectively. l is the viscosity of the liquid,
Lv is the characteristic dissipation length scale, and B is another con-
stant. Using the definition of the average spreading speed and the aver-
age retraction speed, Eq. (8) yields

EV ¼ EV�S þ EV�R � aðs3s �V2
s þ s3r �V2

r Þ (9)

with a ¼ lBv20=Lv . As both Teflon substrates exhibited for We> 40
practically the same values of �Vs and ts [Fig. S7(a)], their values of
EV�S should be equivalent at this range. Furthermore, tr for Teflon on
SiO2 is up to a 18% higher than the retraction time for Teflon on gold
at the sameWe [Fig. S7(b)], while �Vr is up to 20% lower. This leads to
a maximum difference of �5% in EV�R between the different Teflon
substrates. As a result, for both types of surfaces, we can safely assume
the same EV. Since we do not know the values of Lv and B for our
range ofWe, we can only calculate directly EV using the energy balance
for Teflon on gold. As this surface shows negligible charging effects,
then EV ¼ ET � ER � EF. Thus, we have all the necessary contribu-
tions of energy to calculate Eef for Teflon on SiO2 by energy balance.

Our calculations indicate that EV increases with We and domi-
nates over the other sources of energy dissipation [Fig. 7(a)], as sug-
gested recently by Wang et al.47 For instance, EV can be up to 80% of
the initial impact energy (at We¼ 82, ET � 6� 10�6 J). EF remains
constant asWe increases. In fact, the variation of Rmax at differentWe
is less than �0:9 mm. This is a quite low value to make a significant
change in EF. Similarly, the increase inWe does not affect importantly
Eef. Although the contribution of Eef is one order of magnitude lower
than EV, it is not negligible, but comparable to EF. This implies that
the influence of electrostatic forces in the retraction motion, indeed,
exists. The work exerted by these forces on a fully retracted contact
line is then

Eef ¼ 2Fef Rmax; (10)

where Fef is the average electrostatic force experienced on the drop
rim. Our results reveal that varying We does not influence consider-
ably Fef [Fig. 7(b)]. At the first moments of retraction, the surface
charge density is close to its highest value. With further retraction,
more charge is deposited on the surface. This should increase the elec-
trostatic force pulling the drop rim outward. However, the increase in
charge is compensated with a larger retracted contact area. Therefore,
the magnitude of the generated electrostatic forces appears indepen-
dent of the further charge deposition on the surface induced by the
increasingWe.

2. After rebound

We calculated the average electrostatic force experienced by the
primary drop from the taking off until the drop reaches hmax. For the
calculation, we used conservation of energy for drop motion. When

the drop bounces off, the total amount of energy, ET, is equivalent
to the contribution of the kinetic energy, Ek; potential energy, Ep1 ;
and the electric energy of the drop EQ1p. At this point, the total
energy should be equivalent to the potential energy Ep2 at the max-
imum rebounding height hmax, plus the contribution of the electric
energy EQ2p and the absolute value of the work done by the electro-
static force, EFE

ET ¼ Ek þ Ep1 þ EQ1p ¼ Ep2 þ EQ2p þ jEFE j; (11)

ET ¼
1
2
mv21p þmgh1p þ

Q2
p

4pe0h1p
¼ mghmax þ

Q2
p

4pe0hmax
þ jEFE j ;

(12)

where g¼ 9.8 m=s2 is the gravity acceleration. Furthermore, the drag
force and damping forces due to the oscillations after rebound do not
contribute to the energy dissipation. The drag force can be calculated
by the equation: FD ¼ 1

2CDqaU
2A, where qa is the density of the air,

CD is the drag coefficient (�0.52), U is the speed of the drop, and A is

FIG. 7. (a) Sources of energy dissipation during the retraction motion: Viscous dis-
sipation (EV), energy dissipated by friction forces (EF), and electrostatic forces (Ef)
as a function of Weber number. (b) Average electrostatic force during the retraction
motion as a function of a Weber number.
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its cross-sectional area. At We¼ 82, FD ¼ 0:3 lN, which is 2 orders of
magnitude smaller than the gravity force. The contribution of viscous
dissipation in air should not be significant in comparison with the dis-
sipation due to electrostatic forces, as explained previously.

An average electrostatic force FE will exert a work on the primary
drop of jEFEj ¼ FEðhmax � h1pÞ. Therefore, FE can be written as

FE ¼
mv21p

2ðhmax � h1pÞ
�mg þ

Q2
p

4pe0h1phmax
: (13)

The calculations of FE from Eq. (13) reveal that it is independent
ofWe [Fig. 8(a)]. This result can be explained by how the drop charge
and hmax vary withWe. The electrostatic forces become weaker as lon-
ger is the distance between the drop and the surface. Then, these forces
reach the maximum values at the first moments of rebound and the
minimum at hmax. As We increases, there is an increment of both
drop/surface charge and hmax. This should increase the average elec-
trostatic force FE mostly immediately after the rebound, which is com-
pensated by the excess in hmax. As a result, FE does not change

significantly withWe. Note that the magnitude of FE is in good quanti-
tative agreement with the values of electrostatic forces for sliding drops
on the same surfaces.21 The electrostatic forces are, in fact, significant
and can be even higher than the gravitational force (40lN) especially
shortly after the rebound when the distance between drop and surfaces
is smallest. Hence, the electrostatic forces are sufficient to decrease the
maximum rebounding height.

Assuming net charges of equal magnitude and opposite sign on
the surface and in the drop mass center after the rebound, the average
electrostatic force can be represented by the Coulomb’s law

FE ¼
kQ2

r2
: (14)

Here, k is the Coulomb constant and Q is the drop and surface
charge. As we obtained the average electrostatic force from the work
done on the drop, we considered r ¼ hmax � h1p. This means that EFE
can be rewritten as kQ2=r, which is the average electric energy of a
drop rebounding a distance r from the surface. Notably, our energy
approach is also suitable to determine the charge of the rebounding
drops. Replacing Eq. (14) with Eq. (13) leads to

Ek þ Ep1 � Ep2 ¼
Q2

4pe0
b; (15)

with

b ¼ 1
4pe0

1
ðhmax � h1pÞ

þ 1
hmax

þ 1
h1p

� �
: (16)

The drop charge Q is then

Q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b�1

1
2
mv21p �mgðhmax � h1pÞ

� �s
: (17)

This new approach for determining drop charge calculation from
the change in rebounding height gives comparable values as those
measured by the electric field method [Fig. 8(b)]. Thus, the charge of
drops rebounding from hydrophobic surfaces can be estimated by
high-speed video imaging, without external electric fields or electronic
devices for drop charge detection, if one can use a reference surface
that does not lead to charging.

IV. DROP CHARGING ON SU-8 MICROPILLAR ARRAYS

We performed additional drop impact experiments on SU-
8 micropillars surfaces because their effective contact area is well
defined. This allows to show further evidence of the role of the effec-
tive contact area in the charge separation process. SU-8 micropillar
surfaces are hydrophobic according to their wetting properties, but
they behave like superhydrophobic surfaces since rebounding drops
can remain in the Cassie–Baxter state. Although drops can also
rebound after impacting on micropillar surfaces, the range of Weber
numbers is restricted to 5 <We < 15. Above this range, drops impale
into the surface and cannot rebound completely. This means that
drops penetrate into the space between the pillars, leading to the
Cassie–Wenzel transition.48 Here, part of the initial drop volume is left
on the surface and secondary drops are ejected upon impact.

We observed positively charged drops deflected by electric fields
upon impact on the micropillars [Fig. 9(a) (Multimedia view)].

FIG. 8. (a) Average electrostatic force after the rebound acting on a primary drop
vs Weber number. (b) Drop charge vs Weber number for the electric field method
and the prediction using the energy approach for a primary drop.
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Experiments at different We showed that drop charge on micropillars
saturates quickly atWe¼ 8 [Fig. 9(b) (Multimedia view)], with charge
values in the same order of magnitude as for superhydrophobic surfa-
ces.12 However, one would expect a more pronounced charging from
a hydrophobic surface. We explain the charging on micropillars by the
values of the effective liquid–solid contact area. In particular, we can
calculate the area fraction of micropillars in contact with liquid by
the equation f ¼ Apillar=ALS ¼ 1=3, where Apillar is the area of the
micropillar (50 lm2) and ALS is the projected liquid–solid contact area
(150 lm2). At We¼ 15, drops cover an apparent contact area of
Amax � 7 mm2. This leads to an effective area of �2.3mm2, which is
comparable with the area fraction covered by a drop impacting a super-
hydrophobic surface.12 Hence, the similarly reduced charge values of
micropillars and superhydrophobic surfaces compared to hydrophobic
surfaces are a consequence of their similar effective contact areas.

As micropillars exhibit the same scaling law between Rmax and
We (Fig. S8), we can fit Eq. (3) in Fig. 8. This leads to the fitting

parameters r0 ¼ 21lC/m2 and kr ¼ 0.49mm for micropillars. The
value of kr is quite similar to the value for superhydrophobic surfaces
kr¼ 0.6mm,12 which is related to the fact that they exhibit similar sat-
uration points. Since the magnitude of charge for micropillars is signif-
icantly smaller compared to Teflon on SiO2, electrostatic force effects
on the drop impact dynamics are strongly reduced as well and, there-
fore, hard to notice. The same applies for superhydrophobic surfaces.

V. CONCLUSIONS

We have shown that drops can rebound positively charged from
hydrophobic surfaces. The amount of charge depends predominantly
on the maximum spreading area covered by a drop. The charging can
be up to two orders of magnitude higher than for superhydrophobic
surfaces. Charging on micropillar surfaces leads to much lower charge
when drops remain in the Cassie state. The decrease in charge is pro-
portional to the decrease in the true liquid–solid contact area and leads
to similar charge values as for other superhydrophobic surfaces.

Our experiments show that charge transfer can be suppressed by
hydrophobic, high-permittivity surfaces. We observed that electro-
static forces influence drop impact dynamics in two ways. First, drop
retraction motion. Charges deposited on the surface during retraction
generate attractive forces between the rim of the positively charged
drop and the charges left on the surface, reducing its retraction speed.
Moreover, the unaltered drop spreading speed confirms that charge
separation occurs in the retraction phase. Second, electrostatic forces
reduce the maximum rebounding height that a drop can reach. When
a drop rebounds, attractive electrostatic forces from the negatively
charged surface decelerate the drop. Using conservation of energy, we
calculated the average electrostatic force for both situations. These
average forces depend only weakly on We. The increment in charge
with We is compensated by the increasing spreading radius at the
retraction phase and by the increasing maximum rebounding height
after the rebound. The calculated average electrostatic forces can even
surpass those due to gravity and are in good agreement with the ones
resulting from the slide electrification phenomenon. The energy
approach allows us to estimate the drop charge for a rebounding drop
from a Teflon surface, by just recording its trajectory, without the need
of external electric fields.

Charging of bouncing drops on hydrophobic surfaces arises as a
new alternative for energy-harvesting applications based mainly on
sliding drops. In addition, suppressing the drop charging with high-
conductivity surfaces may be helpful in the fabrication of surfaces with
better self-cleaning properties. It may also help prevent or enhance the
sticking of drops on surfaces, which is crucial in applications such as
printing or heat exchangers. Our findings are important for the
description and analysis of drop impact by considering electrostatic
forces as a new additional energy dissipation source.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details of the experi-
mental methods, uncertainties, and additional data.
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