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Ions in an AC Electric Field: Strong Long-Range Repulsion
between Oppositely Charged Surfaces
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Two oppositely charged surfaces separated by a dielectric medium attract each other. In contrast we
observe a strong repulsion between two plates of a capacitor that is filled with an aqueous electrolyte upon
application of an alternating potential difference between the plates. This long-range force increases with
the ratio of diffusion coefficients of the ions in the medium and reaches a steady state after a few minutes,
which is much larger than the millisecond timescale of diffusion across the narrow gap. The repulsive force,
an order of magnitude stronger than the electrostatic attraction observed in the same setup in air, results
from the increase in osmotic pressure as a consequence of the field-induced excess of cations and anions

due to lateral transport from adjacent reservoirs.

DOI: 10.1103/PhysRevLett.125.056001

Manifold electrokinetic phenomena, such as electro-
hydrodynamic colloid manipulation [1,2], ac pumping
[3], ac electro-osmosis [4], induced-charge electro-osmosis
[5], induced-charge electrophoresis [6], and asymmetric
rectified electric field [7] have been studied experimentally
and theoretically [8,9]. To describe some of these phenom-
ena, classical models, like the Poisson-Boltzmann equa-
tion, have been modified and expanded, resulting in
additional terms to account for large voltages [10,11],
finite sizes of ions [12] and molecular crowding [13],
and allow for understanding many problems qualitatively
and quantitatively.

We present a new phenomenon that eludes all previously
developed electrokinetic descriptions—the strong, long-
ranged repulsion between surfaces upon application of an
ac voltage. Although repulsion of oppositely charged
surfaces was reported previously, all such cases were
strictly limited to unequal amounts of charges accumulated
at both surfaces [14], short-range interactions (compared
with the Debye length) [15], multivalent ions [16,17],
exhibiting forces in the range of nN [16], or ionic liquids
[18]. None of these features apply to our measurements.

We utilize a surface forces apparatus (SFA)—a technique
for precise measurement of surface interactions [19-22], in
which two back-silvered, molecularly smooth mica surfa-
ces are aligned in a crossed-cylinder geometry [20]. One of
the surfaces is mounted on a spring, which is deflected in
the presence of a normal force [Fig. 1(a)]. The separation
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between the surfaces H is measured by multiple beam
interferometry [23,24] and its changes (in the absence of a
displacement of the distal end of the spring) signals a
change in the force acting between the surfaces.

The space between the surfaces is filled with an
electrolyte and an ac square voltage V is applied at
frequencies ranging from 20 Hz to 500 kHz [Fig. 1(b)].
We typically used salt concentration of 1 mM, applied ac
voltage of 10 V, frequency of 100 kHz, and initial
separation of 300 nm. Intuitively, application of an ac
voltage, which results in oppositely charged surfaces at
every time instant, should cause surface attraction. Indeed,
in the control measurement we applied the same protocol to
the system filled with air and observed an attractive force
compatible with the predictions of the classic electrostatic
theory [see Eq. (87) [25] ]. On the contrary, for the case of
the capacitor filled with an electrolyte solution, a different
behavior was observed: immediately after the application
of the ac voltage, the surfaces were -electrostatically
attracted to each other as the result of a nonvanishing
electric field E—similar to an asymmetric rectified electric
field [7] and also observed for equilibrating electric double
layers [43,44]—and after approximately 30 seconds strong
repulsion appeared [Fig. 1(c)]. The timescale 7., [25] at
which the separation of the surfaces grew was on the order
of few minutes, which is at least five orders of magnitude
longer than diffusive charge relaxation time (with diffusion
coefficient D) at the length scale of the gap 7, = H*>/D
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(milliseconds cf. Table S1 [25]). Although ionic transport
has been shown to be the limiting factor in the response of
thin pores to a sudden change in wall voltage, resulting in
long charging times (ca. 1 s) [44], 7.y, does not follow the
prediction from the transition line theory [45-47], which
appears to be suitable in the dc scenario [44]. The final
force was up to 300 uN at 10 V applied potential difference.
After the voltage was turned off, the surfaces relaxed to the
starting position again on the timescale of minutes. This
time is significantly longer than the expected 10 ms
relaxation time of the spring-mass system [see Eq. (82)
[25]]. Thus, any previously reported electrokinetic phe-
nomena cannot be the primary reason for the observed
repulsion.

We have developed a simplified model to describe the
measured repulsion. For this purpose, we identified four
distinct length scales present in the experiment of which
three are known prior to experiment: the radius of curvature
of the surfaces a =2 cm, the separation between the
surfaces H and the Debye length Ay = \/ekgT/(2nye?)
that depends on bulk salt concentration rn, temperature 7,
elementary charge e, dielectric constant ¢ and Boltzmann
constant k. Fourth, the distance d = /D1y, of diffusive
relaxation during the force buildup is determined during the
experiment. Since the Debye length (typically 10 nm) is
much smaller than any other dimension (1p < H < a,
Ap < d), we represent the two surfaces in contact with the
ionic reservoir as a one-dimensional capacitor of size L
[Fig. 1(d)]. We distinguish between H, which is the
experimental minimal distance between two curved mica
surfaces and L, which represents size of one-dimensional
capacitor in the theoretical model. The model capacitor has
one impenetrable electrode connected to an oscillatory
potential and a second grounded electrode permeable to ion
flux, which is in contact with the ion reservoir. Under these
conditions we use the Poisson-Nernst-Planck electrokinetic
model [25] inspired by earlier works [48-50]. Instead of
solving the equations numerically, we have pursued an
analytical solution revealing features that do not average
out in time. The most important observation is that upon the
application of the ac voltage, both cations and anions
accumulate on average in the vicinity of the solid electrode
[Fig. 1(d)] in contrast to the case of dc voltage where only
counterions accumulate at the electrode. The excess of both
ions at the surfaces is the element that causes the difference
between the ion concentration in the capacitor’s mid-plane
and in bulk reservoir surrounding the device, which creates
an osmotic driving force for transport into the capacitor [the
details of the influx need further study, see Eq. (84) [25] ].
This dynamic charged double layer has further interesting
properties. First, it decays exponentially on the Debye
length and vanishes completely at \/ApL. Second, the
magnitude of the ion excess is proportional to V? and, for a
large span of L > 1, is inversely proportional to L?
[Fig. S5(c) [25] ], which means that it is proportional to
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FIG. 1. Demonstration of the experimental system for the
observed repulsion. (a) The surface forces apparatus (SFA)
consisted of two back-silvered mica surfaces, aligned in a
crossed-cylinder geometry and mounted on a spring and piezo-
electric holder. (b) SFA capacitor. The space between the plates
(silver layers) was filled with mica and electrolyte. Application of
ac voltage of frequency between 20 Hz and 500 kHz resulted in
oppositely charged surfaces. (c) Measured surface separation
upon application of the ac voltage 10 V and 100 kHz with 1 mM
HNO;. After application of the electric field the repulsive force
appeared on a time scale of around four minutes. When the field
was turned off, the system relaxed on a comparable timescale.
The present effect was observed for every utilized electrolyte
solution. (d) The geometry of the model. Reduction of the
geometry from crossed cylinders to the 1D case with one
boundary permeable to the ion flux (also see [25]). Application
of an alternating electric field resulted in an excess of anions and
cations in the vicinity of the solid electrode.

E? = (V/L)?. Third, both cations and anions, on average,
accumulate on the oscillating electrode, but there is a larger
excess of ions of higher D (e V?). Thus, the layer has a net
charge of the more mobile ions (Fig. S6 [25]). If the
repulsion was to come from the direct nonvanishing charge-
charge interactions it would scale as V4.

We performed the measurements multiple times in the
same solution and found that the effect was reversible and
reproducible—no degeneration was observed. In agree-
ment with the model, we found that other factors being
equal, the force is proportional to the square of the applied
voltage [Fig. 2(a)]. Moreover, the forcing frequency (up to
500 kHz) in all experiments falls below the Debye
frequency D/A3 (ca. 10 MHz), which is an important
microscopic timescale (cf. Fig. S4 and Table S1 [25]). In
such conditions, the ions are able to adapt their distribution
to the changes of the electric field and there is no significant
influence of the frequency on the measurements
(Fig. S10 [25]).

We observe the field-induced repulsion for separations
from 300 to 2600 nm [Fig. 2(b)], which is more than two
orders of magnitude larger than the Debye length
(=10 nm). Previously reported “long-range” forces in ionic
solutions act over distances only few times the Debye
length [51-53]. The repulsion does not depend on the
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FIG. 2. Demonstration of the influence of the electrolyte and applied voltage. (a) The influence of different salts of 1 mM
concentration upon application of 100 kHz ac voltage. In every case, the observed repulsion scaled with the square of the applied
voltage. Dashed lines corresponds to F = AV?, where A is a fitting parameter. (b) Influence of separation distance between the mica
surfaces. The measured force was independent of the separation between the mica surfaces, which we explain by the fact that the electric
field changed only 2.7% for the range of separations (Fig. S12 [25]). (c) Comparison of the measured repulsion (normalized by V?) with
magnitude of difference of diffusion coefficients (|D, — D_|) of ions in various electrolyte solutions.

separation distance between the surfaces H and similar
forces were measured for all initial separations. Using the
model of the three-layer parallel plate capacitor (Eq. 90
[25]) for a mica-fluid-mica configuration, one can show
that the magnitude of the electric field inside the electrolyte
is nearly independent of separations, which explains the
lack of dependence on H (Fig. S12 [25]).

Previous studies showed that many electrokinetic phe-
nomena arise from differences in ionic diffusion coeffi-
cients [15,54-56]. Thus, we tested 10 electrolytes with ions
having even up to tenfold differences in D (Table S1 [25])
and report results for the force in Fig. 2(c). The measured
repulsion increased for larger differences of diffusion
coefficient and among tested salts the force varied at most
by a factor of nine. In Fig. 3(a) we present the relation
between the force measured for different salts and the
theoretical prediction of the 1D model of the excess ions at
the impenetrable surface, i.e., F/V?> = Bn,, (see Eq. 83
[25]). The only free parameter is the size of the 1D model,
L =2 pm, which we choose by minimizing the fitting error
for B; all other parameters correspond to experimental
values. For all the salts a good correspondence with the
theoretical prediction is obtained.

The differences in D for different salts influence only
weakly the timescale at which the repulsion is estab-
lished. In Fig. 3(b) we show time constants of repulsion
for various electrolytes (red bars), which are all around
3.9 £ 0.8 minutes. Experiments performed for a longer
time confirmed that the measured repulsion reaches a
steady value (Fig. S13 [25]). This salt-independent, long,
characteristic time suggests that the dynamic process
is governed by solvent properties. The timescale of
minutes is much longer than milliseconds of diffusive
relaxation time at the length scale of the gap 7, = H>/D
[Fig. 3(c)]. During the 7., the solute and water
(D =2.6 x 107 m?/s [57]) diffuse over the length d ~
800 um similar to \/aH over which the narrow gap
changes significantly. Over this distance the osmotic
pressure builds up the repulsive force.
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FIG. 3. Comparison of experiment and theory. (a) Comparison of
theoretically predicted excess of ions (n.,.) in the gap and exper-
imentally measured force for 1 mM solution upon application of
10 V and 100 kHz ac voltage. The dashed line represents
F/V? = Bn,,.. The correlation supports the idea that a strong
repulsive force originates from the accumulation of ions, i.e., an
increase of the osmotic pressure in the system. (b) Characteristic
timescales for experiments with various electrolytes [see Fig. S2;
Eq. (2) [25] ]. Experimental characteristic times of the process 7,
(red bars) were similar and independent of the solution. Obtained
times were much longer than average diffusive relaxation time across
the narrow gap 7 (red-blue bar, cf. Table S1 [25]). (c) Schematic of
important timescales in the SFA system. During the 7., the solute
and water diffuse over the horizontal dimension of the gap indicated
as d. (d) Measured repulsive force for different concentrations of
aqueous solution of NaNO; upon application of ac voltage of 10 V
and 100 kHz. Theory [Bn.,. where B is derived from panel (a)]
predicts an increase of the force with increasing concentration of
ions. The model does not include the finite sizes of ions, therefore
does not capture the experimental trends at higher concentrations.
The only free parameter in the 1D model is its size L = 2 ym, which
represents half the distance between the electrodes.
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With the proportionality constant B obtained in Fig. 3(a),
we compare the theoretical predictions and the experimen-
tal measurements for different NaNOj; salt concentrations
[Fig. 3(d)]. For low to moderate concentrations, the 1D
model predictions agree reasonably well with the observed
experimental results. According to our model, increasing n,
has a twofold effect: it decreases the Debye length as Ay «
ny 12 [Fig. S5(c) [25]] and increases the Debye frequency
wp X /1,32 [Fig. S5(d) [25]]. These features, when com-
bined together, result in an increase of the excess ion
concentration. We performed control measurements in
deionized water, where n, was in the range of 0.2 uM
and the measured force was negligible [Fig. S8 [25] ]. For
very high bulk concentration we expect electrostatic effects
to be screened out and the Poisson-Nernst-Planck descrip-
tion is no longer valid. As result there should be no
difference in concentrations between the bulk and the
center of the SFA, i.e., the field-induced osmotic force
will vanish. Indeed beyond 10 mM adding salt reduces the
repulsion [Fig. 3(d)].

In summary, we have found the emergence of a strong
long-range repulsion between curved mica surfaces con-
taining an electrolyte solution upon application of an ac
voltage. The strength, range and time scale of the effect
exceed by orders of magnitude the values typical of any
previous experimental or theoretical work regarding
electrolyte solutions. We proved with theoretical analysis
that this effect is of osmotic origin, caused by the
accumulation of ions on both electrodes, which triggers
the influx of water and ions from a bulk reservoir towards
the center of the capacitor. Recently the existence of a
similar effect was reported for ionic liquids [18]. The model
presented here can be extended to describe some of these
results, and in particular the emergence of an ac-field
induced long-range attractive force described in that work.
The ability of an ac field to induce long range and time
persistent ion distributions may provide another explan-
ation to the interactions between colloids [1]. Ultimately,
the reported phenomenon can potentially open new paths
of utilization of the electric field in such applications as
macroscopic separation of charges, artificial ionic
pumps, desalination of water, permselective channels,
low friction bearings, ionic valves, actuators, and tunable
capacitors.
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