Influence of salt concentration on charge transfer when a
water front moves across a junction between a

hydrophobic dielectric and a metal electrode

L.E. Helseth

Department of Physics and Technology, Allegaten 55, 5020 Bergen, University of Bergen, Norway

Email: Lars.Helseth@ift.uib.no

ABSTRACT: An energy harvesting device based on water moving across the junction between a
hydrophobic dielectric and a metal electrode is demonstrated. The charge transfer due to contact
electrification as the junction is dipped vertically into water is investigated. Experiments combined with
finite element simulations reveal how the electrode voltage changes during the dipping process. Moreover,
the charge transfer observed for a range of salt concentrations 1s studied, and it is found that there exists
an optimal salt concentration which allows maximum charge transfer. It is suggested that these results can
be understood as due to the additional charge removal from the diffuse electrical double layer at the
hydrophobic surface. It is demonstrated that by tuning the salt concentration, one can harvest more than

three times the electrical power as compared with pure water.
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Introduction

Electrification of water occurs naturally when its surface is altered, and this phenomenon has been
investigated for more than a century [1-7]. Water droplets are known to acquire charge from the
environment, which has been related to CO, gas in the atmosphere as well as infrared radiation [8]. The
charge of water droplets can be tuned depending on such factors as the electric field [9], the chemical
composition of the liquid [10], the chemical composition of the substrate [11] or the triboelectric history
of the substrate it comes in contact with [12]. When water is contacted by hydrophobic surfaces such as
fluoropolymers, a negative charge is acquired by the solid surface [13-16], often attributed to the
preferential adsorption and/or orientation of O-H groups [17-21]. The amount of charge left behind after
the water has passed the hydrophobic substrate has recently been explained by a transfer coefficient [22].
Research has also revealed that leaching of ions may influence the surface charge significantly [23], thus

making it important to separate inert and noninert surfaces.

The charge that develops when water comes in contact with solid substrates can be utilized in various
manners. For example, water flow allows the removal of loosely bound ions in the electrical double layer
near the substrate surface, giving rise to a streaming current which can be used to harvest electrical energy
[24-27]. More recently, contact electrification due to intermittent contact between solid surfaces and water
droplets or moving wave fronts has been utilized for harvesting energy [28-45]. Self-powered sensors for
fluids, utilizing for example ion specificity [46] or coalescence [47] have attracted considerable attention.
Water-powered remote transfer of kinetic energy represents a new type of actuator that may have impact
on future small-scale devices [48]. Comprehensive reviews of water-solid triboelectric nanogenerators

can be found in Refs. [49,50].

Very recently, it has been demonstrated that a polymer-metal junction featuring a front electrode coming
in contact with water may provide increased electrical performance for wave [51] and water droplet [52]
energy harvesting. However, the influence of salt concentration on the performance of such devices has

not been studied in detail. In general, it appears that the influence of added ions on charge transfer is not



well understood for a range of energy harvesting devices. Here, the working mechanism of such a front-
electrode device is investigated, and it is explained why one obtains a significant increase in charge

transfer and electrical power when adding small amounts of salt.

Experimental setup

In this study, a double electrode device was made by attaching 0.03 mm thick aluminum tape to
approximately 50 mm tall, 20 mm wide and 2 mm thick polystyrene substrate. A few of the initial
experiments were also done without the substrate (with only aluminum sheets or films in the middle acting
as electrodes and support) and with other types of plastic substrates, obtaining the same experimental
results as with the described substrate. The substrate therefore had no other function than as support for
the thin aluminum film. Fluorinated ethylene propylene (FEP) of thickness 50 um (Dupont) was attached
with adhesive to the aluminum film, thus covering the entire metal. The adhesive used was either acrylic
adhesive or cured polydimethylsiloxane (PDMS, Sylgard 184). Small amounts of PDMS, with curing
agent to elastomer ratio 1:10 heated to 100° C for 10 min, was used to fill the openings between FEP and
metal, in order to ensure that no water could come in contact with the aluminum when the device was
dipped into water. The electrical resistivity of the PDMS seal was tested before and after use to ensure
that water did not leak through it. This metal electrode, which was covered by FEP and some minor
amount of PDMS, is hereafter denoted the back-electrode. A front-electrode made of 0.03 mm thick
aluminum was then attached to the FEP using either acrylic adhesive or PDMS. The edge of the front-
electrode was placed 15 mm above the lower edge of the back-electrode, but otherwise the two electrodes
covered similar area separated by an FEP film. A picture of the single and double-electrode device is

shown in Fig. 1 ¢), along with a picture of parts of the experimental setup.

The single-electrode device functioned in this study mainly as a reference, as its working mechanism has

been elaborated in other studies [29,32,33,42]. It was made using the same procedure as the double-



electrode device, except that the front-electrode was not mounted, and the edge of the lower back-

electrode was lifted 2 cm up on the substrate such that the FEP film covered it smoothly.

At this point it should be emphasized that the idea of using a front-electrode was already promoted in
Refs. [51,52]. Here, the working mechanism of a front-electrode device is further studied, both from an

electrostatic and electrochemical perspective, and it is demonstrated how its performance can be

enhanced.
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Figure 1. Simplified schematic drawing of the electrification as the double-electrode device is dipped
into a) or withdrawn from b) water. The picture c) shows a single-electrode device and a double-
electrode device (upper) as well as the experimental setup (lower). The front-electrode comes in contact

with water, while the back-electrode does not come in contact with water.

The liquid used here was deionized water without or with added NaCl (Sigma Aldrich). As starting point
ultrapure water (18.2 MQcm, Millipore) was allowed to rest in plastic container in air, thus giving a

resistivity of the order of 1 MQcm which will here be referred to as pure water. The water, with or without



salt, was poured into a polystyrene beaker to a fixed liquid level of 70 mL. The FEP surface was
hydrophobic for both advancing and receding contact lines as the device was dipped into and pulled out
of water. On the other hand, the aluminum film was hydrophilic for both advancing and receding contact

lines. The wetting properties of both FEP and aluminum were reported in Refs. [39,53].

The single and double-electrode devices were mounted on a cantilever and dipped into water using an
electromagnetic shaker (Smart Materials GmbH), see also Ref. [39]. The amplitude and frequency of the
oscillations with which the single and double-electrode devices were dipped into water could be
controlled. To ensure consistency, a frequency f =5 Hz and an amplitude (from equilibrium) 1 cm was
selected here unless otherwise stated. The position of the transition between the front-electrode and FEP
was kept constant between experiments by adjusting the water level using a precision translation stage.

The voltage, current and charge was measured using a Keithley 6514 instrument.

Electrical characterization

In the following, the working mechanism of the double-electrode device is described in detail. The single
electrode device has been described in detail in the literature [29,32,33,42], and will therefore only be
used as a reference in this study. The basic contact electrification and electrostatic induction process is
shown in Fig. 1. The FEP surface becomes negatively charged when put in contact with water [54]. In
pure water, the negative charges are likely OH-ions. This negative charge attracts counterions forming an
electrical double layer while the FEP surface is immersed. The part of the FEP surface that is above water
does not attract countercharge from the water. However, the positive charge will be attracted by the
negative FEP-surface charge density in the back-electrode not in contact with water, thus keeping the
electrical potential of this electrode low. When the double-electrode device is lowered so much that also
the front electrode comes in contact with water, the potential of the back electrode is increased and there
is a corresponding current from the back to the front-electrode as shown in Fig. 1 a). Upon rising the front-

electrode out of the water, the current reverses as shown in Fig. 1 b).



In order to understand how the potential difference between the two electrodes changes as the double
electrode is dipped into water, electrostatic finite element modelling in COMSOL 5.4 was undertaken
assuming an FEP surface charge density -0.35 pC/m? and the front electrode grounded. This particular
surface charge density was found to provide the best fit of the numerical model to the experimental data.
Any space charges were neglected, and the electrostatic problem was solved numerically using the
Poisson equation with the boundary conditions stated above. Convergence of the numerical solutions were
ensured by gradually refining the mesh until the variations in the potential between different simulations

were below 0.1 V.
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Figure 2. Finite element electrostatic simulations when the earthed front-electrode is out
of a) or in b) pure water with FEP surface charge density -0.35 uC/m?. The water level is
represented by a thin horizontal, black line. In c), the measured (red circles) and

modelled (black squares) change in open circuit potential is displayed.



Figure 2 a) shows the electrical potential distribution when the double-electrode plate is dipped into water
such that only the FEP is in contact with water, whereas Fig. 2 b) shows the potential distribution when
also the front-electrode comes in contact with water. As explained above, the potential of the back-
electrode increases as the front-electrode is inserted into water. The red circles in Fig. 2 ¢) show the change
AV in open circuit electrical potential between the back and front-electrodes when the device is dipped
into water. Note that the front electrode is grounded, and therefore held at zero potential. The position
Ax=0 mm corresponds to the position where the front-electrode just comes into contact with water. The
potential is measured in steps from the position where the front-electrode is lifted about 4 mm out of the
water (Ax=-4 mm) until it is immersed 4 mm into the water (Ax=4mm). Between each step, the open
circuit potential is allowed to equilibrate for about 30 seconds before the potential measurement is
recorded. As long as there is a constant surface charge density on the FEP surface, the measured potential
difference remains constant. FEP is a known electret with abilities to stay charged even under humid
conditions, and there are many ways in which a relatively constant surface charge can be implemented,
including ion injection and triboelectrification. If one increases the dipping speed, tribocharging of the
FEP surface results in a larger surface charge density, and therefore also a larger voltage. In principle, any
splashing or unintended additional movement of the FEP surface in and out of water would alter the
surface charge density. It is crucial that the experiments are undertaken at controlled dipping speeds or at
quasi-static conditions in order to obtain repeatable results. In the experiments reported in Fig. 2 c) the
dipping speed was kept close to zero, and the constancy of the measured voltage during equilibration
suggested that the surface charge density did not change during the experiments. As the front electrode is
very slowly immersed into water, a steep increase in potential on the back-electrode of about 2 V can be
observed, as seen in Fig. 2 c¢). The finite element simulations of Fig. 2 ¢) are in agreement with the
experimental data, thus suggesting that the observed sharp increase in voltage is well explained by these

electrostatic simulations.



In the rest of the experimental results reported in this work, the single and double electrode devices were
vibrated back and forth into the water at a frequency =5 Hz. In the case of the single electrode device,
the vertical position was selected such that the edge of the back-electrode was leveled with the water
surface at maximum velocity (i.e. when the cantilever is horizontal). In the case of the double-electrode,
the edge of the front-electrode was leveled with the horizontal water surface when the cantilever had
maximum velocity. The cantilever oscillated with amplitude of about zo=1.0 cm, and the velocity changed
harmonically according to v=2nfzosin(2rft), which gives a maximum velocity of 2nfzo~0.3 m/s at f=5Hz.
The left trace in Fig. 3 a) shows the current generated in the single electrode device when vibrated into
pure water, whereas the right trace shows the current in 1 mM NaCl. As can be seen, the current peaks
are about 0.5 PA in pure water, but increase slightly when a small amount of salt is added. Figures 3 b)-
d) show current, voltage and absolute value of the charge of a double electrode device that is vibrated into
the liquid at the same velocity and amplitudes as for the single electrode device. In all cases the left trace
corresponds to pure water, whereas the right trace corresponds to 1 mM NaCl. A few interesting features
can be observed here. First, it is found that moving the double-electrode up and down at a frequency of f
= 5 Hz generates changes in potential of about 15 V in pure water, which is much larger than the 2 V
reported in Fig. 2. It is found that fast movement enhances the charge transfer, thus building up larger
potential differences than those reported in Fig. 2. As such, the experimental data and simulations reported
in Fig.2 only represent the quasi-static equilibrium situation, and are not very helpful when it comes to

understanding influence of dynamics or ions on charge transferred.

In Fig. 3 it is seen that the current increases significantly on going from the single to the double electrode
device. Moreover, introducing a small ion concentration in the solution seems to enhance the current and

the charge transfer, as will be discussed in more detail in the next section.
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Figure 3. The current a) of a single electrode in pure water (left trace) and 1 mM NacCl (right trace). The
current b), change in voltage ¢) and charge transfer d) of a double electrode in pure water (left trace) and

1 mM NaCl (right trace).

Upon comparing Figs. 3 a) and b), it is seen that the shapes of the current traces for a double-electrode
device differ significantly from those of the single-electrode device. The single-electrode current trace is
almost symmetric and a positive pulse lasts about 40 ms. The dynamics of the charge transfer under such
circumstances has been elaborated in Refs. [39,55], and similar considerations apply here. On the other
hand, the double-electrode current trace is highly asymmetric with a large positive current pulse lasting
about 5 ms when the front-electrode meets water, followed by slower negative current that lasts near 40
ms when the front-electrode is dragged out of water, a dynamics similar to that found in Ref. [56]. It
should be mentioned that the absolute value of the charge transfer is the same in both positive and negative
current pulses. Although no simulations or detailed explanation of the time dynamics are offered in this
work, it is reasonable to assume that the larger positive current when the front-electrode meets water is

due to the accumulated charge near the hydrophobic surface as it is lowered. When the hydrophilic metal



is moved out of the water, the charge transfer is not that sudden due to the adhesion of water to the metal

surface causing a longer period for the charge transfer to occur.

Of interest in applications is the electrical power that can be extracted in an external load. Here, only the
double-electrode device is considered, since this type of device is new, provides more power and it is of
interest to characterize its performance. To get an impression of the available power from a double-
electrode device, the current I was measured with the amperemeter connected in series with an external
resistor R. The peak current I, when the front electrode meets water is shown in fig. 4 a) as red squares
when pure water was used. The black circles correspond to 1 mM NaCl. As in Fig. 3 b), it is seen that the
current increases when a small amount of salt is added. The power is found using P,=RI,?, and is given
in Fig. 4 b) for pure water (red circles) and 1 mM NaCl (black squares). Here R, is the internal resistance
of the device. In Fig. 4), the black dashed lines are nonlinear fits of I,=Vo/(R+Ri) and P,=RI,* to the
experimental data for 1 mM NaCl with Ri= (2.6 + 0.4) MQ and Vo= (43 = 2) V, whereas the red dashed
lines are fits to the experimental data for pure water with Ri= (4.5 + 0.4) MQ and Vo= (29 + 2) V. The
reasonably good agreement between fits and experimental data suggest that the energy harvesting device
can be represented by an internal impedance Ri= (2.6 = 0.4) MQ for 1 mM NaCl and Ri= (4.5 = 0.4) MQ
for pure water. Note however that while the voltage Vo=43 V fits well with that measured in Fig. 3 c) for
1 mM NacCl, the Vo=29 V found for pure water does not compare that well with the 15 V found in Fig. 3

c). The reason for this discrepancy is not known at this point.
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Figure 4. The peak current I, (a) and peak power P, (b) as a function of load resistance R for pure water

(red circles) and 1 mM NacCl (black boxes). Also shown as dashed lines are the corresponding nonlinear

fits using I,=Vo/(R+R;), and P,=RI,?, where Vy is the peak voltage and R, is the internal resistance.

Salt concentration dependence

The dependence of the charge transfer on salt concentration was studied in more detail. In Fig. 3 d) it is
seen that the maximum absolute value of the charge transferred when the double-electrode device is
dipped into water changes from about 13 nC in pure water to about 25 nC in 1 mM NaCl. This maximum
charge during dipping, corresponding to the integrated charge associated with a positive current pulse,
was recorded as a function of salt concentration. Figure 5 shows the result for the double-electrode device
(squares) and the single-electrode device (circles). The latter is included as a reference, to demonstrate

that the general charge transfer behavior is not related to the application of a non-inert front-surface metal
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electrode. It is seen that for the single-electrode device the transferred charge reached a maximum of about
12 nC at 1 mM NaCl, whereas the double-electrode device reached a maximum of 26 nC at 0.1 mM NacCl.
Note that the variations in charge transfer in the double-electrode device were within the measurement
error for both 1 mM and 0.1 mM, and it is therefore only possible to say that the maximum charge was
found in the range between 0.1 and 1 mM NaCl. Similar considerations are valid also for the single-
electrode device, but here the range wherein the peak could be was broader, from 0.1 mM to 10 mM.
However, for both type of devices there is a clear indication that an optimal concentration exists, where

the maximum amount of charge is transferred.
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Figure 5. The charge Q for the double electrode cell (black squares) and the single electrode cell (blue
circles) for different concentrations of salt (c). The dashed, black line is a theoretical fit of Eq. (7) to the
data for the double electrode cell. The dash-dotted blue line is a theoretical fit of Eq. (7) to the data for

the single electrode cell.
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The results reported in Fig. 5 are in agreement with experimental results reported in the literature. For
example, in Ref. [57] it was found that upon squeezing water droplets between a dielectric layer and a
conducting substrate, the peak voltage would exhibit a maximum near 1 mM NaCl. In Ref. [58] it was
found that pressing water droplets together followed by charge measurement resulted in an increase in
charge with salt concentration up to about 0.01 mM — 0.1 mM, followed by a subsequent decrease in
observed charge. Together, these studies suggest that increasing the ion concentration by a small amount
increases the charge transfer, while too large ion concentration results in a weakened charge transfer. In
Ref. [52] it was demonstrated that the performance of a front-electrode system could be enhanced by
either injecting ions or by letting a large number of water droplets hit the surface, leading to charge
pumping into the electrical double layer. Here, as in Ref. [22], such charge pumping is not actively
promoted, and the currents and voltages reported are much smaller than that of Ref. [52]. However, it is
demonstrated in the current work that the charge transfer in such a system can also be boosted using a
small additional ion concentration in the liquid itself. It is argued that the observed enhancement in
charge transfer can be explained by transfer of ions out of the electrical double layer during flow which

subsequently are inducing additional charge in the electrodes.

In Ref. [58] it was argued that the very low ion concentration in pure water cannot fully support ion
transfer at the liquid-solid interface, and that the charge transfer during contact electrification can be
increased by facilitating this ion transfer process with more added ions. It was further argued that too
large ion concentrations would lead to screening effects, thus reducing the charge transfer. In Ref. [58],
contact electrification was attributed to electron transfer which occurred when water molecules came
close to negatively charged groups on the hydrophobic surface. If this picture is correct, then coupling
of electron transfer and ion absorption is essential for contact electrification between aqueous solutions
and hydrophobic solids. However, verifying such an assumption experimentally would require direct
measurements of electron transfer during liquid-solid contact, which is outside the scope of the current

work.
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In pure water, there is already a charge transfer Qo due to charges that are present even in absence of
any external added salt (c=0 M). Extensive previous research has related this charge to preferential
adsorption and/or orientation of O-H groups near the hydrophobic polymer surface [17-21]. However, it
should also be pointed out that recent simulations seem to indicate that negative charge can also be
accumulated due to asymmetries in the hydrogen bond network [59], thus pointing to a rather complex
picture. In the absence of additional ions, it remains clear that only combinations of hydrogen and
oxygen, including clusters thereof, can be responsible for the observed charge. It has been demonstrated
that an increased charge transferred occurs in the presence of small additions of hydroxyl ions, thus
suggesting that additional negative charge was contributed during contact electrification [56,58]. The
aim of this work is not to identify the origin of the charge transfer in pure water, which is a particularly
difficult task which can only be undertaken by a very thorough combination of ab-initio simulations
combined with experimental investigations of molecular scale arrangements. Here, the charge transfer
when dipping the device in pure water will be treated as a constant, Qo. However, it is argued that the
additional charge transfer observed when adding NaCl to the water can be explained by resorting to
electrical double layer theory, since in fact this a much-applied theory used to explain the behavior of

electrical double layers.

The charge near the solid surface is governed by a socalled Stern layer of adsorbed and immobile ions,
followed by a diffuse and more mobile outer layer which in equilibrium often is assumed to be governed
by Boltzmann statistics. If z is the ion valence number, the potential ¢ is found from the Poisson-

Boltzmann equation for a one-dimensional system is [60]

2
o _ P 2% (ﬂ) ’ (1)
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which has a solution

tanh (:E:’T) = tanh (%) e , (2)

where the inverse Debye length (Ap) is given by

1 2nqyz2e?
K=— = P . 3)
)LD SSOkBT

Here the no is the density of ions, e the electronic charge, €o the permittivity of vacuum, € the relative
permittivity, kg is Boltzmann’s constant and T the temperature. The inner surface of the diffuse charge
layer is assumed to have a fixed potential ¢p. Clearly, this assumption can be debated, but is here used to
obtain a minimalistic theory that can aid further understanding of the data. Assuming =80 and room
temperature (T=300 K), the inverse Debye length can be expressed in terms of the concentration ¢ (moles
per litre) as k = 3.3v/c (nm™) [60]. For small potentials (zeg/ksT<<1I) or large potentials (ze@/ksT>>1)

one can express Eq. (2) as

¢~ Be™ )

with B = ¢, in the former and B = 41;’2 ’ tanh (Zid);) in the latter case. The charge density in the diffuse
B

charge layer is found using the Poisson-equation as

p=—eg— = —Br?e7Fx | (5)
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When the fluid flows past the polymer surface, only a certain amount of the charge is dragged along by
the stress. The coupled hydrodynamic flow and charge mobility is a complex problem, where the mobility
of the charge and the slip length are key parameters that play out differently for hydrophilic and
hydrophobic surfaces [61-63]. The contribution of the stagnant layer to the charge dynamics near a
hydrophobic surface has to the knowledge of the author not been reported in the literature for systems
similar to that under study. However, it is reasonable to assume that a certain amount of charge is left
behind [22,64], which means that an immobile charge layer plays a role also in the charge transfer reported
in this study. The charge left behind on a polymer surface has been explained by assuming a stagnant
layer leaving a certain amount of the diffuse charge [64]. To explain the experimental observations in the
current study, it is assumed that the stagnant layer ends at some distance x=xs, and that only space charge
beyond that region is transported towards the electrode. As these charges are removed by fluid flow, there
is a corresponding triboelectrification that induces charge AQ in the electrodes that is proportional to the
amount of charge AQ; removed. The additional charge AQ; per area transported due to the added salt is

found by integrating the charge density from x; to infinity, i.e.
— (*® —_(® a’¢ — —KX
AQ, = fxs p(x)dx = fxs —&oe — dx = —Begexe ™ , (6)

where AQ=AAQ: and A is the hitherto unknown constant proportional to the area over which the charge
is gathered by the electrode. The horizontal width of the electrode is w, and a corresponding vertical stripe
of unknown effective height L is assumed to participate in charge collection, thus giving A=wL. Since
the Stern layer is assumed to be negatively charge, one has B<0, such that there are positive counterions
in the diffuse layer contributing with AQ>0. Under the assumption of €=80 and room temperature (T=300

K), the expression for the total charge can be given as

Q = Qo+ AQ ~ Q, — 2.3AB\ce33Vexs : (7
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with xs given in nanometers. The theory suggests that there are three regions of charge transfer. First,
when the salt concentration is very small (c<<0.1 mM) the charge transfer is governed by the contact
electrification with water alone as described by Qo discussed above. Increasing the salt concentration
decreases the Debye length and increases the charge available to be transported away until the maximum
charge transfer occurs when cmax=1/(3.3%s)*. Experimentally, this occurs in the region 0.1-1.0 mM. As the
salt concentration is increased even further, the electrical double layer eventually contract so much that
no additional ions can be transported and the charge is once again dominated by Qo. In Fig. 5 the dashed,
black line shows a fit of Eq. 7 to the experimental data for the double-electrode device with Qo=12 nC,
AB=-13-10°% Vm? and x~20 nm. If one assumes that B=-0.1 V (as it would be for large ion
concentrations), the area calculated is A=1.3-10 m?. Since w=1.0-10 m, one gets L=1.3-10" m for the
vertical length over which charge is collected, which appears reasonable given the thickness 0.1 mm of
the front aluminum electrode and the geometry of the system. The obtained thickness for the stagnant
layer, x=20 nm, is in the range of the typical diffuse electrical double layer thicknesses at low
concentrations, and is therefore reasonable. In Fig. 5 the dash-dotted blue line shows a fit of Eq. 7 to the
experimental data for the single-electrode device with Qo=5.5 nC, AB=-0.3-10° Vm? and x,=10 nm. The
charge Qo for the double-electrode is approximately two times that of the single-electrode, which is most
likely due to charge pumping back into the electrical double layer, although the exact origin cannot be
determined from the available data. The effective area A is also smaller if one assumes that B remains the
same, which might be due to a larger separation between the adsorbed charge and the back-mounted
electrode, such that the electrostatic interaction is weaker and a smaller effective height L participates in
the charge collection. Finally, the thickness of the stagnation layer is smaller for a single-electrode than
for a double-electrode, but they are still within the same order of magnitude. It is not clear at this point

how the presence of the metal alters the stagnation layer thickness.
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It should also be pointed out that Eq. 7 has several shortcomings. For example, it is seen in Fig. 5 that
while the Eq. 7 provides a good fit to the experimental data up to 1 mM NaCl, it falls of much quicker
than the experimental data at higher concentrations. The reason for this could be that at higher
concentrations the simple electrical double layer model presented becomes inaccurate. According to the
model leading to Eq. 7, additivity of the two terms Qo and AQ is assumed, which means that the total
charge transferred should become Qo for sufficiently high salt concentrations. However, it is observed
that for concentrations of 1 M NaCl and above, the transferred charge becomes smaller than that for pure
water. The origin of this reduction is not known, but it is possible that only in larger salt concentrations
ions contribute to efficient screening of the surface charge sites that provide the charge transfer Qo in pure
water. In such a picture will not only the electrical double layer be so thin that no ions are removed from
the diffuse double layer by flow, they will also swarm the surface charge sites formed by contact with
water and screen them out. The author has also found that it is possible to obtain a much better fit of Eq.
7 to the experimental data at high salt concentrations by letting xs vary between a few nanometers to
several hundred nanometers for different high concentrations. However, the author is not aware of any
experimental data or simulations that justify such a large span in the stagnant layer, thus making such
variations unlikely. A more elaborate model taking into account the interaction between charged species
as well as reasonable variations in the stagnant layer in order to provide a better fit to the experimental

data is needed to understand the charge transfer at high salt concentrations.

Despite the lack of quantitative agreement with experimental data at large concentrations, the proposed
theoretical explanation of the experimental data is sufficiently simple and successful to suggest that the
enhanced charge transfer is indeed governed by ions in the double layer. That is, the origin of the charge
enhancement can be explained by a ‘streaming effect’ whereby the ions in the diffuse part of the electrical
double layer contribute to the facilitation of contact electrification as long as the ion concentration is low.
At higher concentrations, the double layer may contract more than the stagnant layer, such that fewer ions

are removed resulting in smaller charge transfer due to triboelectrification. The arguments presented in
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the current work should also be applicable to the data presented in Refs. [56-58], where it is likely that
the charge enhancement is facilitated by ions in the double layer, and that the reduction in charge at larger
ion concentrations is due to double layer screening. It should be mentioned that this work only studied the
charge enhancement and reduction due to additional salt ions, and that the mechanism for the underlying

contact electrification for pure water has not been identified.

Conclusion

In this study, it has been found that a new type of double-electrode device with one electrode exposed to
water can be used to harvest energy by dipping it into water. When a small amount of salt is added to the
water solution to obtain a concentration of 0.1-1 mM, the charge, current and electrical power transferred
to an external load is found to increase significantly. A simple model to explain this behavior is suggested
based on removal of charge from the diffuse electrical double layer of the hydrophobic surface, and found
to fit well with experimental data at small salt concentrations. At larger concentrations exceeding 1 mM
the simple model suggests a too strong screening compared to the experimental data, and it is likely that
one has to account for the interactions and screening between different charged species to be able to

explain the observed charge transfer decay.
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