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Reversed-electrowetting based droplet electricity generator (REWOD-DEG) shows merits in high power
densities, tunable output formats, and wide adaptability to diverse mechanical energies. However, the
surface charge trapping and dielectric failure, which are also common challenges for electrowetting
system, hinders the development of reliable REWOD-DEGs for long-term running. We innovatively
introduce a slippery lubricant-infused porous surface (SLIPS) into REWOD-DEG. Benefits from the
significant inhibitory effect for surface charge trapping and ambient contamination, self-healing
characteristic given by SLIPS, and robust reversed-electrowetting based energy harvesting were
achieved. The SLIPS enhanced REWOD-DEG experienced 100 days of intermittent energy harvesting
without deterioration. In addition, the device shows robust performances when exposed to a variety of
extreme working conditions, like low temperature, pH, humidity, fouling, and even scratching. This work
may address the core application challenges of REWOD based devices, and inspire the development of

rsc.li/rsc-advances

1 Introduction

Water in nature contains tremendous kinetic energy, which is
clean, renewable, and collectible; the advancement of green
energy and micro/nano manufacturing technology has led to
a growing interest in researching the harvesting of mechanical
energy in liquid environments.™ The conversions include
triboelectric nanogenerators (TENG),>® electrokinetic effect
generator (EKEG),>*® piezoelectric nanogenerator (PENG),""*
electrical double layer capacitor (EDLC),"*** and reversed elec-
trowetting (REWOD) based electricity generator,''® etc. Among
them, reversed-electrowetting based droplet electricity gener-
ator (REWOD-DEG) shows great advantages in high power
densities (up to 10> W m™?), tunable output formats (several
volts to tens of volts), and wide adaptability to diverse
mechanical energies, such as energy harvesting from human
movement and high-power generation from mechanical vibra-
tion, which supports promising application in portable, wear-
able devices."”™**
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other robust droplet-based electricity generators.

As a solid/liquid capacitive power generation device with
bias voltage, the performance of REWOD-DEG is limited by
wetting behavior and the inherent charge trapping and dielec-
tric failures of the electrowetting system.'®*?° Up to date, oil
infused slippery surface has been introduced in variety EWOD
or droplets energy harvesting applications,”>* its unique
advantages given by the fluidic nature, such as low contact angle
hysteresis, antifouling, self-healing and liquid repellency have
been extensively studied. However, the dielectric properties of
SLIPS film as a liquid dielectric layer was rarely reported. In our
previous studies, we found the ion barrier effect of SLIPS in an
electrowetting system,* which lights up the potential to address
the crucial issue of charge trapping in reverse electrowetting
(REWOD) based devices.

This work innovatively introduced SLIPS into REWOD based
droplet electricity generator for robust mechanical energy har-
vesting. The stability in long-time running and the tolerance to
extreme operating conditions for the SLIPS enhanced REWOD-
DEG were systematically studied.

2 Results and discussion
2.1 Characterizations of SLIPS

The slippery surface was prepared by spin-coating a lubricant
onto a polytetrafluoroethylene (PTFE) film covered on an
indium tin (ITO) glass (see Fig. 1a). The lubricant with low
surface tension easily infuses into the porous PTFE (Fig. 1b) and
forms SLIPS, which is immiscible with most liquids.*® The SLIPS
film shows much higher transmittance compared to the
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Fig.1 Characterization of the slippery surface (SLIPS). (a) Schematic drawing of SLIPS fabrication process, (b) SEM image of the PTFE membrane,
(c) transmittance measurements of SLIPS film and original PTFE film, insert shows a SLIPS covered glass (inside the white dashed rectangular box)
siting on a paper with printed characters, (d) the electrowetting behavior on pre-charged PTFE and SLIPS.

original PTFE film (Fig. 1c). As shown in the insert, the text
below can be clearly seen through the SLIPS covered glass. The
lubricant liquid fills the air pockets in the porous film, reducing
light scattering at the surface/air interface,”” which can explain
the enhancement in transmittance.

A harsh charge trapping test of SLIPS and PTFE was con-
ducted using the electrowetting-assistant surface charging
method.”®* The surface of samples was charged under a 400 V
bias applied between sample electrode and the aqueous solu-
tion (ESI: Fig. S17). As widely agreed, the trapped charges on the
surface will directly cause the electrowetting curve deviation
from the theoretical prediction by the Young-Lipmann
equation.*** The data in Fig. 1d shows a linear and reversible
electrowetting behavior on SLIPS, while a significant decline in
droplet manipulation performance occurs on PTFE. The
obvious symmetry differences of electrowetting curves (Fig. S27)
also indicates the introduction of SLIPS blocks surface charge
trapping, which can be explained by the extra insulation effect
given by the perfect oil-infusion to the pores inside PTFE.

2.2 SLIPS based REWOD-DEG performance

The REWOD-DEG comprises a conducting liquid and a parallel
conducting electrode substrate covered with a dielectric layer. A
droplet is placed between two electrodes, and the distance
between them is altered through mechanical modulation in the
form of sinusoidal vibrations, achieved by vertically vibrating
the bottom plate (Fig. 2a). The electrodes are linked to an
external power source and the output of the system is tested by
measuring the voltage drop across the load resistor Ry.. It should

31660 | RSC Adv, 2023, 13, 31659-31666

be noted that the wetting characteristics of the two conductive
plates differ entirely. Specifically, the upper plate is covered with
SLIPS, while the lower plate consists of a purely conductive ITO.
Therefore, in this experiment, the upper plate is hydrophobic
and the lower plate is hydrophilic. The circuit of the system is
represented by an equivalent variable capacitor and a resistor
connected in series, while an applied bias power supply is
present (Fig. 2b). In terms of charge transfer, the process works
as follows: initially, the lower electrode plate is positively
charged due to the positive power supply. At the interface, the
droplet and the lower electrode plate are electrostatically
induced and negatively charged, forming a double-layer
capacitance. The lower electrode plate and the droplet also
form another double-layer capacitance to maintain system
balance. As the lower plate vibrates, it increases the contact area
with the droplet, attracting more positive charge from the power
source. This movement of charge creates a current. Conversely,
as the contact area decreases, the charge flows back and
a reverse current is formed (Fig. 2¢ and d).

In REWOD-DEG, the electrical energy generated per unit
area at the interface of the liquid-thin film dielectric-solid is
directly proportional to the interface capacitance.'® Therefore,
the AC current generation in REWOD-DEG dependents on
various parameters, including droplet concentration, vibration
frequency and amplitude, applied voltage, and load resistance.
The capacitance in the dielectric material is directly or indi-
rectly affected by these parameters, which in turn affects the
output of the energy collector. The REWOD-DEG process can be
optimized by choosing the right conductive liquid and polymer
coating to reduce the effects of contact angle hysteresis and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of the experiment and circuit model. (a) Experimental setup, (b) circuit model of REWOD-DEG (inset: video image of

water bridge), (c) when the droplet start to contact the plate and (d) at

charge trapping.***” Common ionic liquids such as ultrapure
water and NaCl solution (0.5 mol L™, 1 mol L") were used in
this experiment.

As expected, higher concentrations resulted in slight
increase in Vs (the root mean square value of the voltage

(b)

the very moment when the two plates are approaching each other.

distributed on the load resistance V;) compared to pure water
(Fig. 3a). This can be attributed to the increase in mobile ion
density, resulting in higher capacitance. Based on the essence
of a variable capacitor for REWOD-DEG, high concentration
solutions with high conductivity are preferred for pursuing high
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Fig. 3 The energy output performance of REWOD-DEG under various working conditions. (a) The effects of vibration frequency and solution

differentiation on the output Vs, R =10 MQ, L =12 mm, V=20 V.

(b) Energy generated per vibration cycle as a function of bias voltage at

different vibration amplitude, R, = 10 MQ, f =5 Hz. (c) Load resistance and vibration frequency effect on V,,s, V=20V, L = 1.2 mm. (d) Load
resistance effect on power and current outputs. f =20 Hz, V=20V, L = 1.2 mm. For all graphs, the droplet volume is 10 pL.
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power output.’*” Therefore, in all subsequent experiments,
unless otherwise specified, the high concentration NaCl solu-
tion of 1 mol L™" was applied as the liquid choice. We studied
the influence of driving waveform applied to vibrator on the
energy output of REWOD-DEG. By comparing square wave, sine
wave, and triangular wave, we found that sine waves give more
stable and higher energy outputs, especially at a frequency of
5 Hz perform best (Fig. S37). It is obvious that regardless of the
type of droplets, the output voltage increases with the frequency
increases (Fig. 3a). Limited by the hydrodynamic response,* the
vibration frequencies used in our experiments did not exceed
20 Hz which are common movement frequency in daily life.
The energy generated per vibration cycle as a function of bias
voltage at different vibration amplitude is presented in Fig. 3b.
As we discussed, to a REWOD-DEG, the appliable output energy
is highly correlated to the energy changes in the equivalent

. . . 1 .
capacitor, which can be written as EACVZ. Therefore, a higher

bias voltage or a larger change in solid/liquid contacts lead to
higher amount of energy generated per vibration cycle. The
trend of V,,s outputs changing with load resistance was pre-
sented in Fig. 3c, in which the Vs outputs shows monotonic
increase with vibration frequency and load resistance. By care-
fully choosing the working conditions, particularly the load
condition, we got the maximum peak power of 143 nW (Fig. 3d).
The REWOD-DEG shows potential application by lighting up
LED lights based on droplet array approach (Fig. S4t).
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2.3 Robust energy harvesting

The accumulative trapped charges in the dielectric layer will
decline the stability of the current generation of the REWOD-
DEG system.* As shown in Fig. 4a, the SLIPS based REWOD-
DEG shows very stable electricity output V;, withstanding 100
000 vibration cycles. In the meanwhile, the electricity genera-
tion on the PTFE based REWOD-DEG presents obvious deteri-
oration with the time, in particular at high bias voltages. The
contrasting results improve the effective ion-blocking effect of
the SLIPS, which supports the long-term running stability of the
system.

To prove the self-healing potential coming from SLIPS, the
DEG performances before and after physical scratching were
studied. In its original state, the lubricant with ultra-low surface
energy wets and fills the porosity, and further forms a defect-
free complete film (Fig. 4b). Thanks to the fluidic nature of
the SLIPS, once encountering physical damage, the wound can
be self-healed by nearby lubricant through capillary wicking
effect and high mobility. In our experiments, the light scratches
on the surface repaired themselves within 1 second. After 20
minutes, the SLIPS was completely self-healed (Movie S1}). The
power generation performance of the DEG before and after
scratching (Fig. 4c) is comparable, which demonstrates the
immunity of SLIPS covered DEG to physical damage.*® To
further investigate the stability of power generation of SLIPS,
intermittent REWOD-DEG energy harvesting tests were per-
formed over a period of 100 days, and no weakening of the
output voltage was observed (Fig. 4d).
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Fig. 4 The stability of power generation for SLIPS based REWO-DEG. (a) Long-term operating stability with one hundred thousand vibrations
under different bias voltages. (b) The scratching damage of SLIPS can be restored within 20 minutes. (c) The output V| of the SLIPS based
REWOD-DEG shows no decline after scratching test. (d) Long-term running performance for 100 days. R, =10 MQ, L = 1.2 mm, f = 5 Hz.
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Fig. 5 Extreme condition test. (a) SLIPS based REWOD-DEG performed (upper set of data) more stable under low temperature compares to
PTFE based device. (b) SLIPS shows antiicing merit at low temperatures, and the impinging droplet slides off in a timely manner. In contrast,
a droplet impinging on PTFE was easily pinned because of the formation of ice layer. The release height was 30 cm and the flow rate was 5
mL min~L. (c) Stable power generation under high humidity conditions. (d) pH tolerance test. For all graphs the droplet volume is 10 pL, bias

voltage =20V, R . =10 MQ, L =12 mm, f = 5 Hz.

SLIPS in extreme environments such as low temperature,
high humidity, and acid-base conditions, lubricant injection
still allows for excellent stability.***> At room temperature (23 °©
C), SLIPS produces a slightly higher V;, than PTFE (Fig. 5a),
which is consistent with our conclusion above that SLIPS has
a lower charge trapping rate. The two samples were then placed
on a cooling platform at —4 °C and tilted 45°. Droplets were
released directly over the samples with an injection pump, and
ice coverage was recorded every 20 minutes with a camera.
Remarkably, during the 80 minute test, the surface of SLIPS
became less transparent only due to the condensation of water
vapor in the air, and due to the ultra-smooth nature of the
surface, no ice formed that would have resulted from the release
of droplets. PTFE, on the other hand, exhibited many small
condensation droplets and a layer of ice after 20 minutes, and
the ice formation became more evident as the test duration
progressed (Fig. 5b and Movie S21). We immediately REWOD-
DEG the two samples tested at low temperature and found
that PTFE performance decreased significantly because the ice
layer prevented effective charge transfer on the surface. After
that, samples are thawed at room temperature for 1 hour before
REWOD-DEG. SLIPS still maintain stable output and have good
low temperature resistance. However, the adhesion between
PTFE and ITO substrate is obviously weakened after this
process, the energy harvesting effect is affected by the failure to
maintain steady contact with the droplet during vibration.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Similarly, when considering practical applications such as
energy harvesting during the rainy season, the lifetime of the
superhydrophobic surface is susceptible to
humidity.*~* Therefore, we mimicked the conditions for energy
harvesting at normal humidity (55%) and humidity during the
rainy season (80%) at room temperature (23 °C) (Fig. 5¢). The
results demonstrate that SLIPS maintain stable output even in
high humidity environments, without experiencing attenuation
phenomena. Benefit from the excellent chemical inertness,
liquid repellency and “slippery” properties, the SLIPS based
REWOD-DEG can work with droplets over a wide range of pH
(Fig. 5d). In addition, it also shows anti-fouling properties,
which can realize self-cleaning (Fig. S5T) and repelling complex
liquids (Fig. S6T). The above results clearly demonstrated that
the introduction of SLIPS effectively improves the stability of
REWOD-DEG.

excessive

3 Conclusion

In this paper, a lubricant-infused porous surface (SLIPS) is
introduced in the reversed-electrowetting based droplet elec-
tricity generator (REWOD-DEG), which has low contact angle
hysteresis and low charge trapping characteristics and is
capable of stable power generation for a long time at high bias
voltage. Based on vibrating plate type REWOD-DEG, adjusting
the conductive droplet concentration, vibration frequency and
vibration amplitude to regulate the output power, the best

RSC Adv, 2023, 13, 31659-31666 | 31663
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matching load of the system was obtained, and the maximum
output power of the generator was 143 nW. The SLIPS enhanced
REWOD-DEG experienced 100 days of intermittent energy har-
vesting with no degradation in performance. In addition, when
exposed to a variety of extreme operating conditions, such as
low temperature, pH, humidity, fouling, and even scratching,
the device shows robust performance.

4 Methods
4.1 Preparation of SLIPS

A clean indium tin oxide (ITO) electrode is prepared, anhydrous
ethanol drops are added to the plate, and then a porous poly-
tetrafluoroethylene (PTFE) film is covered. With the evaporation
of anhydrous ethanol, PTFE adhered closely to the electrode by
capillary force, which showed strong mechanical stability in the
experiment. Krytox fluorinated oil was spin-coated on PTFE film
at 1500 rpm, and the lubricant spontaneously infiltrated into
the film to form a smooth oil film. With an average pore
diameter of 200 nm, a thickness of 20 pm, and a solid phase
ratio of 0.16. A perfluorinated liquid (DuPont Krytox GPL103,
surface tension y = 16-20 mN m ™~ ') was chosen as the lubricant.

4.2 Surface charging test

The SLIPS and PTFE samples were immersed in an aqueous
solution at a uniform speed using a dip-lift coater. A voltage of
400 V was applied between the sample electrodes and the
solution. At this time, no degradation has occurred in the
sample, allowing charging by electrowetting assisted charge
injection. After charging, the sample was subjected to an elec-
trowetting curve test to determine the amount of trapped
charge.

4.3 REWOD-DEG experimental apparatus and measurement
methods

As shown in Fig. S7,T the experimental setup for REWOD-DEG
based vibration energy harvesting was mainly composed of
a standard shaking table (KSI-758ST50, KingSci, Inc.) with
adjustable vibration amplitude and frequency, a power supply
unit (waveform generator, DG-1032, Rigol, Inc. and signal
amplifier ATA-2161, Agitek, Inc.) and signal measurement &
display unit (Oscilloscope MSO7054B, Agilent, Inc. and phase-
locked amplifier OE1022, Sine Scientific, Inc.). The voltage
distributed on the load resistance Vi was timely acquisited. Vi
is the root mean square value of V;. A high-speed camera was
used to capture the vibration amplitude L through image and
the calculation software. The gap between the conductive
droplet and the upper plate was controlled by a lifting platform.
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