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In the midst of an ongoing energy crisis, the search for new methods of energy harvesting
has never been more important. Here we explore, analyse and discuss principles of
ionotronic reverse-actuator devices based on the effect of double-layer charging. The
designs that we consider in this paper operate based on a common principle — using
external mechanical work, which would otherwise be wasted, to produce changes in the
contact area of electrode and electrolyte, translated into the time variation of the
double-layer capacitance. Periodic variation of capacitance, when connected to
a reference voltage source, produces alternating electric current through a load. This
concept is not new and in some forms was realised in the early works of Boland,
Krupenkin and several papers of our group. The goal of the present paper is to build
a comprehensive analytical platform for a description of operation of such devices in
terms of materials, generated power as a function of the frequency of variation of
applied force, electrical load, and other factors; the understanding of which allows us to
optimise these systems and navigate their construction. The first design, discussed in the
paper, is based on flat electrodes. It is the simplest one and, as such, helps elucidate
some key factors determining power generation. While being easy to realise
experimentally, it generates relatively low power, even when optimised. The second
design, based on microporous electrodes is more sophisticated and allows a much larger
power harvest. The results are also compared to the recently proposed capacitive rotor
device. The developed theory is set to capture the key factors that determine the
functioning of the considered reverse actuators. The structures under study are matched
to fit into the sole of a shoe and produce power from walking and running. However,
they can also be scaled-up to larger operating systems and various external loads.

Introduction

While electronics is based on the effects of the controlled motion of electrons,
ionotronics is about the motion and rearrangement of ions. A large class of
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ionotronic devices rests on the formation of the electrical double layers at electrode/
electrolyte interfaces — a classical subject of electrochemistry that is applied to
nonclassical objects. Indeed, ionic double layer electrochemistry can contribute to
the development of new materials that could deliver interesting electromechanical
effects. Such materials are often called functional materials,"* although this term
may be questioned: why at all should one be interested in materials that are not
functional? Even if they are purely structural, they have a well-defined function. So
instead of functional, the term smart materials is widely used,® presumably
emphasising that such materials can do something that others, ‘less-smart’ ones,
cannot. Ionotronic materials are among the ‘smartest’ ones. One important class of
such materials includes electroactuators and reverse actuators.

The term electroactuation stands for the change of the shape of an object under
applied voltage. Such shape changes are of interest in the first place if they can
produce useful mechanical work, and could do it inertia-free with a desired,
controllable speed (see ref. 4-6). In some soft systems, the change of shape may be
very easy, but it could not sustain any resistance and cannot do any significant
work; such systems can however find their applications in sensing. It is thus not
by chance that a renowned Elsevier journal is called “Sensors and Actuators”.

Reverse electroactuation is the conversion of mechanical motion into electricity.
Whereas in the first place, it is relevant for the development of portable
sustainable electrical energy generators, it can be, as well, used for sensing of
mechanical motion. Reverse-actuator devices (REDs) are distinguished by their
working principle. These include piezo-,”* nanotribological-,>'* and capacitive-
based''** devices.

Piezoelectric REDs operate on the principle that an applied pressure on
a piezoelectric material sandwiched between two metal electrodes causes
a distortion in the structure of the piezo-element, causing spontaneous polar-
isation, which results in a transient electric current. Releasing the strain
decreases the polarisation, consequently causing current to flow backwards.
Piezoelectric shoes were designed based on this principle, first seen in 2001, but
the design was limited to harvesting approximately 1 mW power per shoe.

The triboelectric effect’ is a well-known physical phenomenon in which
charges of opposite sign and equal magnitude are formed at the interface between
two dissimilar insulating materials in close contact, typically generated via fric-
tion due to relative motion between the surfaces. We encounter this effect regu-
larly in our day-to-day life in the form of static electricity; it is also the principle
behind classical devices such as the Van de Graff generator.'® In REDs it is utilised
to generate useful alternating currents. The formation of a dipole across the
interface produces an interfacial electric field and a voltage drop between the
interfaces. Utilisation of the generated voltage for energy harvesting was studied
by Wang et al.*®"” There, two dissimilar polymer films in contact, backed with gold
electrodes, create an interfacial potential difference, which induces current flow
between the two electrodes. All triboelectric generators based on the contact of
solid surfaces are prone to gradual degradation and failure after prolonged use.
The scalability of triboelectric generators is also greatly limited by the surface area
of contact, the number of paired contacts that can be accommodated, and the
maximum surface charge density that can be generated between the materials in
contact. Even with coupling electromagnetic induction with triboelectrification to
create triboelectric nanogenerators (TENGS), it was demonstrated that these
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devices could generate peak power in the order of 50 mW m™?, using vibration
frequencies of 5 Hz.*®

Devices constructed under the principle of reverse electrowetting have the
potential to overcome some of these limitations. Electrowetting refers to the
mechanism through which an electrolyte-containing droplet can be expanded on
a charge surface, the degree of spreading regulated by adjusting the applied
voltage. On the other hand, reverse electrowetting involves mechanistically
varying the degree of wetting, causing a variation in the system’s electrical
capacitance. To accomplish this, liquid droplets can be placed between two
electrodes under constant bias, where each droplet is either non- or partially
wetting. By squeezing the droplets between the plates, the droplet is forced to wet
the electrodes, decreasing the contact angle and increasing the contact area with
the electrodes. Charge must then flow between electrodes to respond to the new
value of capacitance.

The use of electrolytic droplets utilises the capacitance of the electrical double
layers at the electrode/electrolyte interface. The choice of solution - the ionic
strength and dielectric properties of the solvent — will affect the interfacial capaci-
tance. Conversely, using dielectric droplets would spread the voltage drop across the
gap between the electrodes, producing a capacitance orders of magnitude smaller.

An alternative approach is to manipulate with a liquid-metal droplet. Kru-
penkin et al.® employed squeezing of a mercury or Galinstan droplet under
variable pressure between two flat electrodes, causing the spreading of the droplet
over thin insulating films that cover each electrode. This increases the capaci-
tance, which otherwise is just inversely proportional to the thickness of the gap
between the electrodes. This variable pressure was applied by either oscillating or
shearing the plates across a droplet array,*® leading to greater power densities of 1
kW m~>. Liquid-metal droplets have also been previously considered by both
Boland et al.*® and Krupenkin et al.,* where the metallic droplets slide within
a microchannel between separated electrodes. Notably, the droplets used were
limited in size between 1 pL?* and 1 nL,* where the channel size was of similar
height and width as the droplet’s diameter. Boland’s device restricted the length
of the microchannels imbedding one droplet each to twice the droplet’s diameter,
so that each droplet was able to move small distances upon shaking. A 2D array of
such channels was able to produce peak powers up to 0.3 W m~ > when oscillating
at 60 Hz; the result was also dependent on the direction of oscillation with respect
to gravity. Krupenkin’s device instead utilised a long channel with many droplets
in it. To make this system work, one must ensure that the droplets never fuse,
which is possible when the droplets do not wet the walls.

Rather than flat electrode plates, harvesters utilising both electrolytic solution
and porous electrodes have been theoretically considered by Kolomeisky and Kor-
nyshev,” followed up by ref. 13. Here, the surface area of the electrode is increased
by multiple orders of magnitude by considering many pores with micron to
submicron radius, longer than they are wide. This is achieved by selecting a sol-
vophobic electrode, by careful material choice, or simply utilising the Cassie-Baxter
condition applicable for sufficiently small pores.** This causes the ionically con-
ducting liquid to go outside the pores when no external pressure is applied. When
external pressure is applied, the liquids will enter the pore space, generating a great
change in capacitance that is consecutively translated into the generated current.
This, however, has not been experimentally confirmed yet.
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Both the Krupenkin®™ and Kolomeisky and Kornyshev* scenarios, more the
latter than the former, could suffer from contact-angle hysteresis. If the liquid is
unable to return to the original position upon releasing the external pressure, the
magnitude of the capacitance change in each cycle would decrease, decreasing
the power output. For a porous system, this issue becomes specifically chal-
lenging, though it can in principle be mitigated by engineering, through gener-
ation of the gas pressure from the other side of the porous electrode, in order to
release the liquid from the pores back to the solution.

These REDs belong to a more general category of capacitive energy harvesters,
in which applied mechanical work changes the capacitance of the device, in turn
inducing flow of the charge, ie., generating transient electric currents to re-
balance the charge on the electrodes subject to the changed capacitance. Alter-
nating the capacitance periodically results in alternating currents (AC). In the
above examples, capacitance was varied by squeezing liquid droplets to change
their contact area with electrodes. In more recent examples, capacitance was
varied instead by changing the area of submersion of the electrodes in an elec-
trolyte,** or sliding® or rotating® electrodes relative to each other. There are also
other ionotronic harvesters, which utilise different types of energy, such as
osmotic power - the so-called blue energy. Unlike the capacitive energy harvesters
discussed above, those devices most commonly rely on membrane-based tech-
nologies, such as reverse electrodialysis or pressure-retarded osmosis. There, the
osmosis of either ions or water molecules across membranes is used to create
either transient electrical currents or a flow of water that will push a turbine.?”

In this article, we present and analyse two different designs of double-layer
capacitive-based REDs. These are designated to fit into a shoe sole and produce
alternating electrical current from walking or running, but may also be scaled-up
and used to generate electrical power from external pressure fluctuations utilised
by larger nonwearable devices. It can also be scaled down for pressure related
sensor applications.

Capacitive actuation: basic equations

Consider the simplified electrical circuit, depicted in Fig. 1, in which a battery, an
electric load and a time-varying capacitor are connected in series. Using external
force to periodically vary the capacitance results in an alternating voltage differ-
ence between the terminals of the electric load, consequently producing an
alternating current across it. To save on battery life, we note that the constant use
of the battery is optional, as one can replace it with another pre-charged capacitor
characterised by a much larger and constant capacitance, as shown in ref. 26.
Such replacement will not affect the basic equations describing the operation of
this system.

This process has a simple mechanical analogy, shown in Fig. 2. The Kirchhoff
equation governing the circuit dynamics can be written as:

d Vie
Q. _9 r

4 TRCHT R (1)

where Q(t) is the charge separated in the capacitor at the time moment ¢, R is the
electrical resistance, and Vs is the applied voltage. The capacitance value, C, is
set by the product of capacitance per unit area, Cs, and the area of the capacitor, S.
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Vo™ — C(®)

Fig. 1 Schematic of the electrical circuit and the principle of the reverse capacitive
actuation. A time-varying capacitor C(t) is connected in series to a low-voltage battery, V,e¢
and an electric load, R. Varying the capacitance periodically, by using mechanical work,
creates alternating current of electrons through the circuit.

A change in capacitance can be achieved by varying the capacitance per unit-
area,”® or the effective surface area of the electrode/electrolyte interface. In this
paper we consider only the latter case. The solution of eqn (1) depends on the way
the capacitance varies with time between two extreme values Cp,i, and Cy,,y, and it
reads as:

o(r) = RI;e(ft) (L Y(£)di' + RC(O)) 2)
where Y(¢) is given by:
v = e | S ®)

water flowing cycle

Fig. 2 A mechanical equivalent illustrating the principle of capacitive reverse electro-
actuators. Moving one of the connected vessels above the other stimulates a flow of liquid
into the lower vessel. Swapping their positions will stimulate the liquid flow in the opposite
direction. Each flow induces rotation of the turbine clockwise or anticlockwise. Thus, the
work spent on moving the vessels up and down converts into the rotation of the turbine.
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Consequently, the current is given by:

i =2 (@

and, correspondingly, the average power over a period reads as:

w 21w 5
ZRL RA(1)d, 5)
where w is the frequency of capacitance variation.

An important point is the optimisation of the power harvested by the device as
a function of the load. There are two limiting cases here. They stem from the ratio
between the following two timescales: the time of capacitor charging and dis-
charging, RC, and the change in capacitance, » . When RCpa.x < @ ', the
charging-discharging happens instantaneously, and the current is determined
only by the latter timescale and is then independent of the resistance R. In that
regime, the power on a load, which is proportional to j°R, should approach zero
linearly with decreasing R. On the other hand, when RCpi, > w ™", the charging-
discharging of the capacitor is very slow compared to the changes in capacitance,
consequently causing the current to die out exponentially with R alongside the
power. In between those extreme regimes, there must be a maximum for the
power as a function of the resistance, since the power is a continuous function
that approaches zero for both extreme regimes of R.

Next, we consider two specific ionotronic capacitive RED designs for achieving
a periodic change in C(¢).

Results
Flat electrode design

The concept described above can be realised in its simplest form by a design
illustrated in Fig. 3.

A non-wetting ionic-liquid droplet is trapped between two electrode plates, of
which the top one is movable. When external pressure is exerted on the top plate,

[ =

£(t) I— 0
Fig. 3 The flat electrode case. A droplet of non-wetting ionic liquid is confined between
two electrodes within a channel of volume H x L x d under a voltage bias. An external
pressure, p, is applied periodically to an upper electrode, varying the electrode separation,
d, and therefore the length, ¢, of the channel which the droplet wets. The droplet shape is
approximated to be a cuboid within the channel such that H = v/Q. This approximation is
possible as we will be considering the case where the droplet will be partially squeezed at
any time, enforced by the inclusion of a latch at a height of approximately% the droplet’s
diameter.

256 | Faraday Discuss., 2023, 246, 251-273  This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00056g

Open Access Article. Published on 28 jul 2023. Downloaded on 14.3.2026. 06.10.08.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

the droplet is squeezed, and when the pressure is released, the droplet restores
back to its original form. When the droplet is squeezed, a liquid film of electrolyte
comes into contact with the electrodes. The more it is squeezed, the greater the
contact area, which results in the capacitance increase. Note that if the thickness
of the film is still large enough such that the double layers at the two electrodes do
not overlap, the overall capacitance changes only through the electrode/
electrolyte contact area. If the film thickness is smaller than this (we will not
encounter this situation), the capacitance also increases as it reaches the limit of
the capacitance of the ultra-thin film dielectric capacitor (see supplementary
information of ref. 26).

While a full dynamic analysis of an ionic-liquid droplet squeezed between two
charged plates is quite cumbersome,*® it may be avoided within the framework of
an adiabatic approximation assuming that changes in the droplet’s shape happen
much faster than the changes in periodic external pressure. For simplicity,
a cuboid droplet is considered, where the small correction on the squeezing
behaviour is accounted for in Appendix A. Within this approximation, the shape
of the droplet is given by the system’s minimum of free energy at each time
moment. Neglecting the small contribution to the capillary pressure due to the
curvature of the liquid in the menisci at the liquid-air interface, the free energy of
the system can be approximated as

Cs Vref :
4

F = 20Hy, + 2(L — O)Hy, + 2dH¥ + 2ldy, — (H+pLHd.  (6)

This expression includes various contributions from the surface tensions,
electrostatics, and the work done by the external pressure. The first four terms here
are due to four different surface tensions: (i) the electrode/droplet interfaces, v; (ii)
the electrode/air interface, v, (for a non-wetting droplet, v, > v,); (iii) the droplet/
solid interface between the front and back walls, v3; and (iv) the liquid/air inter-
face on the left and right sides of the droplet, v. p is the normal pressure exerted
onto the top electrode. Note that if the liquid spreads so widely that it touches the
left and right-side walls, we do not need to worry about the change in the side
surface tensions, as the liquid will experience hard-wall repulsion, which we will
introduce into the theory separately. Cs in the electrostatic term is the capacitance
of the electrical double layers per unit surface area, assumed to be identical for both
electrodes and independent of voltage between capacitor plates. The liquid was
considered to be practically incompressible for the pressures applied here, which
are much smaller than the bulk moduli of ionic liquids that are of the order
of GPa.”® Thus, the volume of the droplet, Q, is conserved and calculated as

Q= (Hd. 7

The external pressure p(¢) can be modulated as:

p(t) = %(1 + sin(wi)), (8)

varying between 0 and the maximum gauge pressure, p,, at a rate depending
on the frequency w of walk/run. The lower end of the external pressure includes
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the consideration of a spring-based mechanism that counteracts the electrode’s
weight. Notably, the liquid will not encounter the walls of the channel until
a critical pressure, p*, is reached:

_HL

% = _ Cs Vref2 25’
=g

2(vy = 72) 4 T ©)

By substitution of eqn (8) and (7) into (6), the minimum of the free energy with
respect to the width between the plates, d, can be found, where the equilibrium
contact length, ¢, is given by

o ‘% (1 +sin(wt)L+2 7
~ ﬁ cV 2 U’(’) Sp*]
(= 2(71 _ 'Yz) _ s 4ref . (10)
L, [p(1) > p*]

Here, we have explicitly considered the incompressibility of the liquid in the
regime of p(¢f) > p* The hard-core repulsion from the side walls upon full
spreading of the droplet, will never allow ¢ to go above L. For the details on how
incompressibility was modelled and included into the free energy, please refer to
Appendix B.

There are two critical conditions for this system to operate. First, the droplet
should restore its shape after spreading, which occurs only under the condition
that its free energy decreases with a decrease in the droplet/electrode contact
area. The free energy of an ionic-liquid droplet trapped between two electrode
plates, given by eqn (6), shows that this condition is satisfied if the surface
tension at the electrode/droplet interface (v,) is larger than the surface tension
at the electrode/air interface (v,). This is true for non-wetting droplets with
wetting angles greater than 90°. Thus, the wetting angle must be larger than 90°
in order for the droplet to restore its shape after spreading. This condition
greatly limits the possibilities for the materials one can use to realise such
a design experimentally. Going into the specific details of possible materials is
critical for the practicality of the design and is often overlooked in many papers
presenting such designs. We chose to use TiO, electrodes and a P13TFSI ionic
liquid doped with 60% Li" ions to get a contact angle of f,, =131.18°.%° The
corresponding values for the surface tension of such a doped ionic liquid were
not measured, however we can approximate that these will not be very different
from those measured for a pure ionic liquid.** Due to the small volume of each
droplet (not larger than ~1 mm?®), multiple channels can be considered, each
containing a single droplet. Additionally, for a cuboid approximation to be
valid, the plates distance should not go higher than some critical value in which
the roundness of the droplet becomes significant. We chose the maximum
separation between the plates to never exceed 0.75 of the original diameter of
the unperturbed droplet. This can be achieved by adding a latch to the system.
The value of the minimum length of spreading is determined by the values of
Vief, ¥, and the contact angle of the fluid on the electrode, as described in eqn
(10). Notably, this severely restricts the voltage window one can apply on the
droplet for the system to function.
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— w=4ns"

Fig.4 Capacitance variation between C,,.x and C,,;, over time for a flat electrode design.
Plotted for two different frequencies, walking (27t s™) and running (4m s~ and for 2
different gauge pressures, (a) po = p* and (b) po = 10° Pa. Parameters: ¥ = 3.44 x 1072 N
M2 v —y,=227%x102Nm 2 Ci=01Fm 2 Q=10°"m%L=01m, V. =1Vand
H =10"3m. As the pressure increases above p*, the rate the liquid hits the side walls of the
channel increases: you press harder, you spread faster.

Looking at eqn (10), one may ask the question whether it is beneficial to have
an external pressure with an amplitude p, much larger than p*, such as in the case
of human weight, or whether it is better to have the magnitude of the external
pressure equal to that critical value, ie., p = p*. We investigate this question
below.

The capacitance as a function of time is shown in Fig. 4 for different operation
frequencies, and is calculated based on the ratio of droplet spreading, and
maximum possible capacitance across the electrode, Cyax, as

Do . -
Con | © ?(1 +sin(wt)) L+ 2y
) — |= 7 p() =p+]
C(t) = Cmax@ = L H 2(,),1 _ 72) _ CS ZrEf ? . (11)
Caxs [p(1) > p]

For an ionic-liquid setup with TiO, electrodes, a conservative estimate for
. . C i
double-layer capacitance density was made such that %N 5 uF cm™ per

channel, and the pressure exerted by a human on the shoe as ~10° Pa.

P [mW] (a) P (mW] (b)

— po=p+Pa

— po=10°Pa

A R0
4 0.00 R [Q]
200 100000 200000, 300000 400000 100000 200000 300000 400060

Fig. 5 Average power profile against the electric load for a flat electrode design. Curves
are plotted for 2 stride frequencies and gauge pressures for the flat electrode case, (a) w =
21 s tand (b) w = 41 st each at gauge pressures po = p* and po = 10° Pa. Parameters:
Viee=1V, 7 =344 x102Nm 2 y1 — 12 =227 x 102Nm2 C,=01Fm2 Q=10"°
m’ L=01m,and H=10"m.
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Fig. 6 Temporal profile of the electric current for a flat electrode design. Curves are

plotted for two gauge pressures and two stride frequencies, each at 3 different loads. For

a gauge pressure of po = 10° Pa, the frequencies used are (a) w = 2t s *and (b) w = 4w s~

for a gauge pressure of po = p*, the frequencies used are (c) w =2 s *and (d) w = 4w s ..

The loads were chosen based on the load at optimal power shown in Fig. 5, where two
additional loads above and below the optimal value were also considered. Parameters:
Viee=1V,7 =344 x102Nm2 y1 — 12 =227x102Nm 2 C,=01Fm=2 Q=10"°
m3 L=01m,and H=10"°m.

The steady-state power profile as a function of the electric load is presented in
Fig. 5, where different gauge pressures and stride frequencies are considered.
This was computed according to eqn (4) (see Appendix C for details). It can be
seen that an optimal power of 0.08 mW can be harvested from a single channel in
the case of optimal load R = 25000 Q. Creating some 50-channel system with 1
mm? droplets would therefore produce an optimal power of 4 mW at an optimal
load R = 500 Q while still fitting within the sole of a shoe. Additionally, the
currents for two different gauge pressures and two different frequencies are
considered in Fig. 6. The optimal load varies for different frequencies and pres-
sures, as seen in Fig. 5, and so different values of the load are considered in each
profile, chosen about the optimal load.

Fig. 6 shows how a gauge pressure much greater than p* leads to a rapid
generation of current followed by a large period of inactivity. This highlights
a large amount of power being wasted due to the incompressibility of the liquid.
However, the power generated from this rapid current generation is several times
larger than a system where p, = p*. This is caused by the average current profile
being overall greater, leading to a greater final average power at a lower optimal
load.

Note that a similar principle of the electrolytic droplet between two flat elec-
trodes, but in a slightly different design (insulated electrodes, additional hydro-
phobic layers) has been considered in an experimental work reported in ref. 32.
With a single 40 pL droplet they were able to generate currents up to 70 pA. There
was, however, no detailed theoretical analysis of the operation of the current
generation in that system.

A more complex alternative system was considered by Janssen et al** also
based on the principle of capacitive actuation. The system they considered was
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based on a wetting yet spontaneously non spreading droplet between different flat
electrodes connected to a time-varying bias voltage. Our system, while simpler,
allows for analytical solutions and is useful for elucidating the interplay of
pressure variation and the load in the generation of AC current.

Similarly, the formalism that we described here could be applied to a liquid-
metal droplet squeezed between two electrodes, each coated with a thin insu-
lating film. The difference is in how the capacitance is formed. When a metallic
droplet is squeezed, the potential drop is confined to only be across the insulating
areas, delivering a higher capacitance as compared to the case when the droplet is
not spread. Indeed, in the latter case the major part of the capacitance will be
determined by the gap between the electrodes. Since the system is not electrolytic,
one may hope to be able to apply higher voltages (without onset of Faradaic
processes) to boost the absolute values of the current. This option is limited,
however, by a possible electrical breakdown of the coating layers; these should be
thick enough to prevent electron-tunnelling between the electrodes and the
liquid-metal droplet. For 10 nm-thick low-polarity insulating layers, the maximal
capacitance can be easily several hundred times smaller than for electrolytic
droplets. To compensate this, the applied voltage should be made at least 20
times larger.

Compressed state

'

Free state

-
-

Pressure

i | § |
Tl

an
e B T

Fig. 7 A sketch of the current-generating porous electrode. V., denotes the bias
voltage between the counter and working electrodes. The applied pressure forces the
electrolyte inside the pores and increases the contact area between the electrode and
electrolyte, with the corresponding formation of double layers, depicted in dark blue
colour. Moving the piston up and down will change the double-layer capacitance and
trigger the current into and from the electrode. Pores can be of any shape, e.g. slit or
cylindrical, but with smooth surfaces not causing the hysteresis in the forward and
backward motion of the liquid. The spring must be stiff enough not to delay the
response to the external pressure.
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Porous electrode design

The performance of capacitive REDs is enhanced by the amplitude of the forced
variation of capacitance and the absolute value of capacitance at its maximum.
One of the measures to increase the capacitance is to create a dramatic increase
in the surface area between electrode and electrolyte. Ref. 23 suggested
a porous electrode system but did not analyse it for a finite load and optimal
power production, nor was it explored in terms of possible materials. Here we
consider a slightly different design based on the same idea of pores, as depicted

in Fig. 7.
The liquid-electrode surface area as a function of time can be described as:
2L(t
S(t):ST((l—e)—l—e#)7 (12)
p

where Sp = 20 cm? is the flat surface of a heel, ¢ is the porosity, 7, is the average
pore radius, and L(¢) is the length of liquid penetration inside the pores at a given
time. The first contribution in the parentheses of eqn (12) is from the residual
area between the pores and the second additive is the pore/liquid interface.

To obtain L(¢) one can use a dynamic model for a flow through pores, such as
the Washburn equation:

dL
L(0) G = Ap(), (13)
rp4 + 4krp3 . . . .
where A = W is the Washburn constant, & is the slip length and 7 is the
P 2

r
dynamic viscosity. Usually r, > 4k, so that A= SL' The total pressure p(t) has
n

several contributions:

p(t) = pext(t) + pet Pus. t Pew.s (14)

namely the time-varying external, capillary, hydrostatic, and electrowetting
pressures, respectively. Here we neglect the last two contributions. The
hydrostatic pressure is neglected due to short length pores (~mm), and the
electrowetting pressure was neglected for simplicity in the first approxima-
tion, as it can always be taken into account as an added effective surface
tension.*®

In order for the liquid to leave the pores after the external pressure is released,
assuming the pore walls are perfectly smooth to avoid pinning, we must have p. =
—Do, Where p, is the amplitude of periodic external pressure and p. is the capillary
pressure given by:

Pe = 2—7005 Oy, (15)
p

where v is the surface tension at the liquid-air interface, and 6,, is the wetting
angle of the liquid with the electrode. Thus, an important condition for this
design to operate is that p, will be controlled in such a way that it cancels out p.
exactly.

A spring-based mechanism, shown in Fig. 7, enforces the condition of p, = p..

A
The identical springs have a rest length of [, = 2¢, /ﬂ . The use of this spring
w
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Fig. 8 Capacitance generated over time at the frequency of 2w s~ (black) and 47 st
(blue) for a porous electrode. The pore size r is 107> m for (a) and 10~/ m for (b).
Parameters used are: C=5 x 102 Fm~2;, St =0.002 m?; ¢ = 0.5; 6,, = 131.18°; Vier=15V;
n=63x102Pas 5 andy=227x10*Nm™

complex takes away the excessive pressure exerted on the system and ensures all
of the liquid exits from the pore when the external press is released.
Under this condition, the solution of eqn (13) can be given by:**

L(1) = ,/zi”%/l “sin(wr) (16)

where w is the frequency of the external pressure. Once more, just like with the flat
electrode design, we will need a non-wetting ionic liquid in order for p. to be

i iTA]
0.02
BN N ] YQF\ NN \P-Tﬁ P N
: i : 'l : ¥ | t M5 0 725 780 '
-0.02 | N \
‘ | |
-0.04
-0.05
-0.06
i — R=10"°Q
-0.08
R=2500Q —
{ -0.10 ‘ R=10%Q
<010} — R=5000 R=2000
_0.12 (a) (b) R=4000
A A
e J=—== {[se
705 710 e [sec] 5 {fsec]
- -1
-2 -2
-3
. e — R=100
R=50Q -4
= R=100Q Ressa
5 - R=70Q
| () (d)

Fig.9 Temporal profile of the electrical current for a porous electrode. For a pore size of
ro=107>m, the frequency used is (a) w = 2 s " and (b) w = 47 s™*; for a pore size of r, =
1077 m, the frequency used is (c) w = 21 s~ and (d) w = 47 s~*. For each plot, 3 different
loads were chosen on the basis of: (1) near-zero value, which shows a temporal profile
consistent with the literature with consideration of no/negligible load;?* (2) resistance at
which the power reaches maximum; and (3) resistance larger than that corresponding to
the maximum power. Other parameters used are: Vies =15V, C =5 x 1072 F m™2; St =
0.002m? e=0.5; 6, =131.18% n =63 x 1072 Pas % and y =227 x 1002 N m~%.
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Fig. 10 Average power profile against the electric load for a porous electrode. Plotted for
different stride frequencies at w = 21 s~* where the pore radius rpis (a) 10> mand (b) 10~/
m. Other parameters used are: Cs =5 x 1072 F m~2; St = 0.002 m?; ¢ = 0.5; 6,, = 131.18°;
7=63x102Pas}y=227x102Nm™L

negative. To that end we chose to use the same type of electrodes and ionic liquid
mixture as in the flat electrode design, namely, TiO, electrodes and a P13TFSI
ionic liquid doped with 60% Li' ions. And, again, we note that the electrodes must
be smooth enough to enable free motion without pinning effects.

The capacitance as a function of time,

Clt) = CuSp(1 — ¢) + 2651€ 24P =G, (17)
r w

is shown in Fig. 8 for different operating frequencies and pore radii. The
current was calculated using eqn (3) (for details see Appendix C) and was
plotted in Fig. 9 as a function of time for different loads and operating
frequencies. The average power was calculated using eqn (12) and was plotted
in Fig. 10 and 11 as a function of load for different voltages and operating
frequencies.

As shown in Fig. 8, the maximum capacitance profile decreases as the
frequency of the external pressure increases. This is because the maximum
capacitance is inversely proportional to the square root of the frequency. As the
pore radius r, decreases from 10° m to 10~’ m, the maximum capacitance,
inversely proportional to the square root of the pore radius.

W) PIW]

(a) (b)

0.030F

£
0.025F
f — w=2rs"
0.020F
F —_ w=4rs’
0.015F

f = -1
0010‘[ —_— w=61TSs

0.005]

L : L Ri0] P T S T, ri —_ R
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Fig. 11 Average power profile against the electric load for a porous electrode. Plotted for
different external pressure frequencies at Ve = 1.5 V where the pore radius r,, is (a) 107°m
and (b) 1077 m. Other parameters used are: C =5 x 1072Fm2 S1=0.002m? ¢=0.5; 6,,
=13118% n=63x102Pas Ly =227x102NmL
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To check our results, in Appendix D, we plot the current, j(¢), for very small
R (=107 Q): the results coincide with those of the previous paper,” in which the
load was neglected.

Fig. 9 shows the temporal profile of the porous electrode system with various
changing frequencies of external pressure and pore sizes for different resistances.
When the resistance of the system is non-zero, the temporal current profiles
become asymmetric. This feature stems from the asymmetric capacitance profile
over time, which is a result of the Washburn equation. The Washburn equation is

. . . drL . Lo .
nonlinear in L and as L vanishes, ——— , i.e., as the liquid is getting pushed out
dt

of the pore, the speed at which it is moving to the exit accelerates until it has
exited the pore fully and it slows down in the process of filling the pore.

As discussed previously, there is a power maximum as a function of resistance.
This argument is further supported by Fig. 10 and 11. Fig. 10 shows how the
power profile varies as Vs changes, while Fig. 11 shows how it varies as the
frequency changes. All figures exhibit one maximum within the range of 0 to 1 kQ.
While as V,.¢ increases, the value of the maximum power increases, the resistance
of the maximum power also increases. On the other hand, the resistance for
maximum power decreases as w increases; as the frequency further increases, the
maximum penetration length decreases (see eqn (16)).

Discussion

Here we presented and analysed two different designs of ionotronic RED. The first
design, ‘the flat electrode’, was the simplest realisation of how one can vary the
surface of the double layer using external pressure. In line with its simple setup,
this device only produced menial power, of the order of 1 W m™> when 50
channels of 1 mm® droplets are used. A more sophisticated design of a porous
electrode, which rests on the same basic idea was analysed and was calculated to
produce power from 5 W m™ > when using a multiple-channel flat electrode design
to 500 W m~2 with a porous electrode.

The porous electrode design has, however, a few challenging bottlenecks,
some of them in the regime of material engineering.

(1) The Washburn coefficient, which determines the flow through the pores as
a response to external pressure, directly depends on the viscosity. The IL mixture
we considered here is highly viscous, and it remains a challenge in materials
science to reduce the viscosity while maintaining a contact angle larger than 90°.

(2) The capillary pressure, which determines the maximum external pressure
we may use for our device, should be as high as the magnitude of the full external
pressure. It remains a challenge to produce an ionic liquid with a large enough
surface tension, or, alternatively, the ability to create smooth enough pore walls of
the electrodes with small pore radii. (The smaller pore radii have advantages in
increasing the overall electrode/electrolyte contact area, as well as causing higher
capillary pressure.)

(3) Rearrangement of the liquid will need to be accompanied by instantaneous
or minimal delay in the formation of the corresponding double layers, the time
for which is limited by ion transport needed for the corresponding recharging of
the electrical double layers. It remains a theoretical challenge to include and
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integrate the ‘transmission time’ for ion rearrangement to take place, and see by
how much it affects the possible performance.™

Once again, one of the most challenging issues in the designs we presented,
is the pinning effect. One can avoid it using smooth enough surfaces, other-
wise hysteresis would emerge. A hysteresis-free capacitive rotor harvester was
recently reported.*® While it has the obvious advantage of a hysteresis-free
mechanism, the possible power output of the rotor device was of the order
of deciwatts, and thus can produce less power than the porous electrode
design.

None of the two devices discussed above has yet been built, but the devel-
oped theory will navigate its construction. Many things can be done purely
experimentally following established generic laws. But there is a lot of room at
the bottom: investigation of which electrolytes, ionic liquids or solvent in salt
would be the best for building best performing devices - generally the search in
progress since long ago.** This extends to maximising the capacitance,
reducing viscosity, facilitating the ionic transport, going from meso-gaps to
nano-gaps (to boost the double-layer surface area or compactness of devices),
exploring atomistic aspects of minimising nanoscale friction, etc. All these can
comprise a broad multidisciplinary area of research, lying at the ‘triple-phase
boundary’ of molecular electrochemistry, and chemical and electrical
engineering.

Appendix A: Consideration of a droplet with
curved meniscus within the Flat Shoe design

In the main text we considered, for simplicity, a cuboid shape for the droplet.
Here we go beyond this assumption and consider a curved meniscus, assumed to
have a cylindrical surface of radius R. The meniscus is well defined by the
curvature radius, R, and the contact angle, 6,,, and as we considered a nonwetting

ssEENEg,
® ",

Q! Y g

Fig. 12 Sketch of a droplet between two plates of separation d with consideration of

a curved meniscus of curvature radius R. The wetting angle, 6,, is related to the angle that
1

subtends the arc, 26, by: 6, = 8 + g: Eﬂarc + g The shaded region is a wedge trapped

between the meniscus arc and the chord PQ.
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Fig. 13 The gauge pressure p as a function of the plate separation d. Plotted for a cuboid
droplet as considered in the main text (Blue) and for a droplet with a curved meniscus
(Red). The material of the front and back walls are considered to be PTFE,® where the

value of the plate separation when no gauge is applied can be seen to increase when the

meniscus of the droplet is considered. Parameters: Vies =12V, ¥ = 3.44 x 102N m~2, v,

— =227 x1072Nm™2 y3=2.00 x 102N m™2 ¢,,=131.18°, C.=01Fm2, @ =10""°
m3 L=01mand H=10"3m.

droplet, the meniscus curve is convex. The geometric sketch of such a droplet
squeezed between the two plates is depicted in Fig. 12.

As assumed in the main text, the contact area of the droplet is determined by
the free energy minimum. Therefore, in order to take the effect of meniscus
curvature into account we introduced it into the free energy expression before
minimisation.

Conservation of the droplet’s volume relates the spreading length of the
droplet ¢ with the separation between the plates d:

Q 1 2 2 1 .
T Ed cse(B) (ﬂ - zsm(Zﬂ))

= 7

(A1)

. d N . .
given that R(d) = 2sin g Substituting eqn (A1) into the free energy expression

eqn (6) introduces the curved meniscus consideration.

% - %aacsc(ﬂ)2 (,6 - %sin(Zﬁ))
F=dHLp +dHy +2Hy,{ L — y
CHV, <% - %dzcsc(ﬁ)2 (5 - %sin(2ﬂ)>)
4d
Q 1 1.
2Hy, (H - 5alzcsc(ﬁ)2 (5 - zsm(zﬁ)))
+
d
Q 1, 2 1.
+ 274 (ﬁ — id csc(B) (ﬁ — §s1n(2ﬁ))> (A2)

Minimising the free energy expression in terms of d gives a relationship
between the gauge pressure p and the equilibrium plate separation:
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Which can be plotted in Fig. 13.

When the gauge pressure reaches 0, the plate separation distance reaches
a maximum. This will define the minimum contact area, which in turn deter-
mines the value of the minimum capacitance. This directly affects the variation
the system can generate in capacitance and therefore the overall power output. As
shown in Fig. (13), when p = 0, the droplet with a curved meniscus has a larger
plate separation compared to the cuboid shaped droplet considered in the main
text. This shows that a larger capacitive variation can be induced from the curved
droplet, as the effect of the meniscus translates to an effectively more nonwetting
droplet. Additionally, this would allow a larger range of voltages to be applied on
the droplet, which would increase the value of the power by a square law.

Appendix B: modelling incompressibility as a hard-
wall repulsion for the flat-electrode case

When external pressure is applied to the flat electrode system, the droplet starts to
spread. When the droplet has spread over the entire length of the channel, L, it
gets to the point in which a further decrease in the distance between electrodes
would cause compression. Since the liquid is practically incompressible, one
needs to introduce a short-range repulsive pressure that will kick-in when the
contact length of the liquid with the electrode, ¢, reaches, within a molecular
distance, to L. To that end, we added a contribution to the free energy of the
system, approximated as:

exp - 1]
2
IL -4
A

A (B1)

where A = 3 A, and A = 1] is a pre-factor with dimensions of energy whose exact
value is not very significant given the short-range nature of this repulsive term.

Appendix C: the analytical solutions for the
capacitor charge

Here we show, for the various structures presented in the paper, the analytical
solutions pertaining to Y(¢) as defined in eqn (3), from which the charge on the
capacitor electrodes may be numerically calculated by an integral.

(1) For the flat electrode structure, plugging the time-varying capacitance
described in eqn (11) into eqn (3), we have:

cr?
S - 2(71—72)—T
Q

(I+ sin(wt’))%L +2%

In Y(t :J dr’ C1
( ) ORCmax ( )

which can be rewritten as:
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HL? cr?
n ¥ \/72(71 - 7)) — 4 (v 1 d
1) = - C2
n ¥ (1) @R Cpax JO a+b sin(x) Y (€2)
L
where the substitution x = wt was made, and we defined a = p%+ 2%, and

p— Dok

No%e that this solution is valid so long that the droplet doesn't spread to
the extent it touches the walls, which is satisfied when p < p* as described
in eqn (11).

The solution for the integral in eqn (C2) is well-known and is associated with
the incomplete elliptic integral functions of the first kind, F(¢,k). The final
outcome is:

cr?
In Y(1) = e b (F( : ,r) - F(a(z),r)) (C3)
w max ﬁ (a + )
| 2b
where r= PR and,
Floor | 0.5+ t—‘*’] 1 —si / 1
a=(-1) { "l aresin w —m Floor [5 (0.5 + %)} The

‘Floor’ function gives the largest integer equal to- or smaller than- the argument of
the function.
(2) For the porous electrode structure, eqn (3) reads as:

I dx
mhYlt)= = ——— 4
n ¥ RJO B+ Gcos x (c4)

2eCsSt |24 . .
where x = wt', B = CSt(1 — ¢), and G = %T\/ﬂ. The solution for this
. . 3
integral is well-known, and the final outcome {s:

iAl
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— R=1073Q
t[sec]
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Fig. 14 The current profile for the case of negligible load. Parameters used are: Cs =5 x
1072F M2, 5:=0.002m?% e=0.5,0, =05 Vier=15V; =63 x 10 2 Pas % y =227
Nm™

270 | Faraday Discuss., 2023, 246, 251-273  This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00056g

Open Access Article. Published on 28 jul 2023. Downloaded on 14.3.2026. 06.10.08.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Faraday Discussions
2 2G? wt
In Y(t) = ————| arctan 1 — —-tan <—>
0 RwvB? —2G? B2 2

BZ
— arctan G ’ [sin(w0)] + arctan i -
1 4+ cos[tw] | sin(wt) 2G?
+ 2arctan iz — 1 | Floor [ﬁ} (C5)
2G? 2l |

Appendix D: the limit of small resistance in the
case of porous electrode

In Fig. 14 we plotted the current for negligible load, R < L, for the porous
electrode case. ©/Cmax

This result coincides with the curve plotted in Kolomeisky-Kornyshev*’ in
which the case of negligible load was considered.
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