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Abstract
Electrochemical impedance spectroscopy (EIS) is a powerful
probe of the processes taking place at an electrode.
Depending on frequency, it is sensitive to the solid-liquid
interface as well as to processes taking place in the solution
further from the electrode. In principle, shrinking electrode di-
mensions allows probing these processes on the nanometer
scale. In practice, however, this represents a formidable chal-
lenge. Signals resulting from the stray capacitance of the in-
terconnects can dramatically exceed those from the electrode
itself. Furthermore, miniaturized electrodes exhibit faster dy-
namics, and thus necessitate working at higher frequencies in
order to achieve comparable performance. Here we discuss
recent advances in nanoscale impedance measurements. We
begin with a theoretical discussion of the main concepts and
inherent tradeoffs, followed by a review of recent experimental
efforts. As this field remains in its infancy, we place particular
emphasis on the conceptual and technical aspects of the ap-
proaches being developed.
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Introduction
An important trend in electrochemical measurements in
the last decades has been a drive towards miniaturized
systems. This allows efficient measurements at rela-
tively low cost and low power consumption. An essential
www.sciencedirect.com
class of measurement methods, electrochemical
impedance spectroscopy (EIS), has, however, lagged in
this development. This is in no small part because
miniaturization faces significant experimental barriers,
in particular in the form of increased interference from

stray capacitance. This is lamentable since, as we will
discuss below, nanoelectrodes allow EIS to probe phys-
ical regimes that remain inaccessible at the macro-
scopic scale.

In the last two years, several reviews have explored EIS
from different perspectives. General studies discuss EIS
common practices and methods for validating and
analysing the results [1], a tutorial on EIS theory and its
new bio-sensing applications highlighting nanogap sen-
sors [2], and an extensive tutorial that can serve as a

textbook [3]. On the other hand, numerous reviews
have gathered EIS-based studies on particular topics,
including cells and tissues focusing on in vitro imped-
ance imaging with microelectrode arrays [4], single cells
[5,6], drug resistance of cancer cells [7], lymphedema
[8], skin cancer [9], endocrine disruptors [10], malig-
nant neoplasms [11], plant roots [12], food health [13],
toxic gases [14], polymer brushes [15], organic semi-
conductors [16], molecular junction devices [17], and
fuel cells and batteries [18e20]. Another group of re-
views tended to explore EIS electrode enhancements:

EIS on biofilm electrodes [21], nanomaterials’ role in
boosting impedimetric biosensors [22], and the inte-
gration of MXene (a 2D nanomaterial) for electro-
chemical interfaces in biosensors [23].

Here we approach EIS from a different angle and discuss
the progress made toward EIS measurements at the
nanoscale. Such measurements necessarily require the use
of ’tricks’ to circumvent the experimental difficulties
inherent to the use of high frequencies. We outline the
nature of these approaches and discuss how they open new

horizons in nanoscale sensing and analysis.Manykey results
have been achieved in the last decade, and we particularly
emphasize progress over the previous two years.

Theoretical background
EIS measurements are typically interpreted in terms of
lump-element circuit models. While we believe this

approach is fully justified in most practical
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2 Colloid & Interfacial Phenomena in Electrochemical Systems
circumstances, a more fundamental description can
yield insight into the underlying processes that are
difficult to glean directly from more heuristic models. In
Section Poisson-Nernst-Planck description of a
hemispherical electrode, we first outline the response
of an electrode to an applied AC potential in terms of
the Poisson-Nernst-Planck (PNP) formalism. We then
discuss the more practical equivalent-circuit represen-

tation in Section Equivalent circuit models, point out
the particular features of nanoelectrodes in Section
Consequences for nanoelectrodes, and briefly discuss
fully numerical approaches in Section The need for
numerical modeling.

Poisson-Nernst-Planck description of a
hemispherical electrode
We consider a hemispherical electrode with radius a
shrouded by an insulating substrate, as shown in Figure 1a.
This geometry is somewhat artificial, as most electrodes
have a planar geometry. A hemisphere, however, in-
troduces spherical symmetry, rendering the underlying
formalism tractable in analytical form. Since our goal is to
highlight the qualitative features of the EIS response at

small electrodes, this represents a useful compromise.
Figure 1

(a) Geometry employed for the analytical calculation. (b) The amplitude of the E
eq (4). (c) Amplitude of the AC potential as a function of radial distance at lo
3:4× 106 rad=szu1, and u ¼ 1:0× 109 rad=s[u1, respectively). The pink
the EDL (a) and far-field (b) terms in eq (4), respectively. These illustrations a
ε0 = 8.854 × 10−12 F/m, εr ¼ 78; T ¼ 298 K, s ¼ 2emn0, m as the average o
For 1; 10;150 mM, this corresponds to lD = 9.6, 3.0, 0.78 nm and s = 0.015,
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The derivation closely follows those reported earlier for a
planar geometry byBazant,Thornton, andAjdari [24] and,
more recently, by Pittino, Selmi, and Widdershoven [25].
The added value of the hemispherical geometry
employed here is that it naturally incorporates the elec-
trode size into the calculation, a key scale when comparing
nanoelectrodes with their larger counterparts. The planar
geometry instead introduces an artificial length scale in

the form of the spacing between working and counter
electrodes. The effect of spherical geometry was also
addressed earlier in a more general (but approximate)
calculation by Dickinson and Compton [26].

It is assumed that the electrode is immersed in a
monovalent salt solution with a number density n0
[molecules/m3]. No faradaic process is allowed at the
electrode. The counter electrode resides at infinity,
representing a macroscopic electrode far from the
working electrode. A harmonic potential ~40e

iut [volts]

with angular frequency u is applied to the working
electrode, where i is the imaginary unity. We assume
that the electrode is otherwise neutral. In the absence of
the applied potential, it is at the potential of zero
charge, which is taken as zero for convenience. These
DL (a) and bulk (b) contributions to the electrical potential as predicted by
w (top), crossover, and high frequencies (u ¼ 2:0× 102rad=s≪u1, u ¼
and blue components correspond schematically to the contributions from
re for 1 mM salt concentration, a ¼ 50 nm, lD ¼ kT ε=2e2n0, ε ¼ ε0εr ,
f mK ¼ 7.62 × 10−8 m2/sV and mcl ¼ 7.91 × 10−8 m2/sV, and ~40 ¼ 1 mV.
0.15, 1.5 S/m, respectively.

www.sciencedirect.com
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Electrochemical impedance at nanoelectrodes Saghafi et al. 3
simplifications correspond to the Debye-Hückel
approximation at low frequencies and are adopted here
to keep the problem analytically tractable, as further
discussed in Section The need for numerical modeling.

For the sake of brevity, we only invoke key results here.
A complete derivation is given in the Appendix. The
flux in the electrolyte surrounding the electrode is

dictated by the Nernst-Planck equation, given by

jþðr; tÞ ¼ �mnþðr; tÞV4ðr; tÞ � DVnþðr; tÞ (1)

j�ðr; tÞ ¼ þmn�ðr; tÞV4ðr; tÞ � DVn�ðr; tÞ (2)
For cations and anions, respectively. Here n� are positive
and negative ions concentration [1/m3], j�ðr; tÞ are the

ion fluxes [molecules/m2s], r is the radial distance [m],

D is the diffusion coefficient [m2/s], m ¼ eD
kT is the

mobility [(m/s)/(V/m)], 4 is the electrostatic potential
[V], �e is the electron charge, and kT is the thermal
energy [J]. The system of three equations in three un-
knowns is completed by the Poisson equation,

V24ðr; tÞ ¼ �
�e
ε

�
ðnþðr; tÞ� n�ðr; tÞÞ (3)

that relates the local charge density to the electric field.
Here ε is electrical permittivity [F/m]. This results in the
well-known PNP formalism.

The AC, spatially dependent electrostatic potential
generated in solution has the form

~4ðr; tÞ ¼ ~40e
jut

h
a
�a
r

�
e�kðr�aÞ þ b

�a
r

�i
(4)

where a is the electrode radius [m], and a, b; and k are

frequency-dependent coefficients with values

a ¼ 1

al2Dk
3 þ l2Dk

2 � ka
(5)

b ¼ 1� a ¼ al2Dk
3 þ l2Dk

2 � ka � 1

al2Dk
3 þ l2Dk

2 � ka
(6)

k ¼ 1

lD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ i

uε

s

r
(7)

For ease of notation, we introduced the Debye length,

lD ¼ ðkTε =2e2n0Þ, and the solution conductivity, s ¼
2emn0. Both of these quantities are controlled by
ionic strength.

Before delving further into the consequences of these

results for impedance measurements, it is worthwhile
www.sciencedirect.com
considering the meaning of eq (4). The electrostatic po-
tential generated by applying a sinusoidal to the electrode
consists of two parts. The first component, with ampli-
tude proportional toa, decays exponentially with distance
with a decay length given by eq (7). This corresponds to
the existence of an electrical double layer (EDL) at the
surface of the electrode. Eq (7) indicates that k�1 is
simply the Debye screening length at low frequencies.

Screening gets even more short-ranged at higher fre-
quencies (vide infra), such that the EDL potential always
decays over a length lD or less. The second contribution
to the electrostatic potential, with coefficient b, decays
much more slowly with distance from the electrode (r�1

algebraic decay). This represents the penetration of the
electric field far from the electrode and into the bulk of
the solution. This is the component of interest for ex-
periments that aim at probing a complex sample beyond
the EDL. The larger the value of the coefficient b, the
larger the electric field penetrating the solution and the

more significant the influence of analytes located beyond
the Debye length on the EIS response.

Figure 1b shows the amplitude of the coefficients a and b
as a function of frequency over a broad range of fre-
quencies. Importantly, these plots indicate that the EDL’s
relative importance compared to the ’far field’ depends on
frequency, as illustrated further in Figure 1c. This
behavior is intuitively understandable. At low frequencies,
the EDL has plenty of time to form under the application
of potentials at the electrode. Cations accumulate and

anions are repelled when the electrode’s potential be-
comes negative, for example. At higher frequencies,
however, less time is available per period and higher forces
are required to form the EDL. Consequently, the ’far
field’ b term in eq (4) takes more importance.

The AC current that flows through the electrode, ~Ieiut ,
includes the migrational and diffusive transport of cations
and anions as well as the displacement current associated
with a time-varying electric field (current density �
ðv =vtÞðεV4Þ). This last contributionmay be unfamiliar to
the reader as it is often neglected in conventional de-

scriptions of EIS measurements with large electrodes.
Displacement currents occur when an electric field varies
in time, such as the AC current through a capacitor even
though no mobile charge carriers are inside the capacitor’s
dielectric. Because they depend on the rate of change of
the electric field, displacement currents become more
relevant at high frequencies. The resulting expression for
the total current is

~I ¼ 2piuεa

0
BB@1þ 1

i uε
s
þ lD

a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ i uε

s

p
1
CCA~40 (8)
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The corresponding result for the AC impedance is

Z ¼ ~40

~I
¼ 1

2piuεa

0
BB@1þ 1

i uε
s
þ lD

a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ i uε

s

p
1
CCA

�1

(9)

This expression is plotted in Figure 2 for different salt
concentrations. For the common case a[lD we can
identify three regimes in eq (8) and eq (9):

1. When u/0, eq (9) reduces to

lD 1

Zz

2piuεa2
z

iuCEDL
(10)
Figure 2

Bode plots of the amplitude (a) and phase (b) of the impedance versus
frequency for three different salt concentrations (1 mM, 10 mM, and
150 mM, the latter corresponding to physiological conditions). The
amplitude plots clearly show the two crossover frequencies u1 and u2.
The phase plots show capacitive behaviour at low and high frequencies.
The highest frequencies shown are above the dielectric cutoff u2; here,
the impedance becomes independent of salt concentration. These plots
were generated using the same parameter values as in Figure 1.
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This is simply the impedance of the Debye-Hückel
capacitance for an electrode with a thin EDL

CEDL ¼ 2pεa2
�
lD (11)

In this regime, most of the applied potential is dropped
across the EDL (az1 and bz0 in eq (4)).

2. Once the frequency reaches u1zslD=εa, the first
term in the denominator of eq (9) begins to domi-
nate. This condition corresponds to

u1z1=RsolCEDL (12)
where Rsol ¼ 1=2psa is the access resistance of the elec-

trolyte at a hemispherical electrode. Above u1 the

impedance is ZzRsol. In this regime jaj decays toward zero

as 1=u while b approaches unity. Most of the applied po-

tential thus appears as an ohmic drop in the bulk solution.

3. Above u2 ¼ s=ε[u1, the AC current again in-
creases linearly with frequency. The impedance then

has a value

Zz 1=2piuεaz1=iuCsol (13)
where Csol ¼ 2pεa is the geometric capacitance of a

hemispherical electrode in a purely dielectric medium. In

this regime, migration and diffusion of ions are no longer

relevant, and the displacement current dominates. For

this reason u2 is known as the dielectric cutoff frequency.

According to eq (7), when u > u2 the residual EDL also

changes structure. Instead of decaying with distance as a

simple exponential, it acquires an additional oscillatory

(wave-like) component. The amplitude of this oscillation

still decays exponentially with distance, but with a decay

length that is even shorter than lD. To our knowledge,

this wavelike decay has not (yet) been directly

observed experimentally.

We note that the expression for the crossover frequency
u1 can also be written as u1 ¼ 1=tc with tc ¼ alD=D.
Here tc is nothing but the spherical equivalent of the
charging time emphasized as the primary time scale for
diffuse-charge dynamics in linear electrochemical cells
by Bazant, Thornton, and Ajdari [24].

Table 1 shows the values of f1;2 ¼ u1;2=2p for typical
salt concentrations. Here the factor of 2p is for
converting the angular frequency u (in rad/s) into the
natural frequency f (in Hz). Note that the value of f2 is
independent of electrode dimensions as it only depends
on the properties of the electrolyte. f1, on the other
hand, is proportional to 1=a: the smaller the electrode,
the higher the frequency required to reach the far-field-
dominated regime. Thus, whereas a 10 mm diameter
electrode at 150 mM salt reaches the solution-
dominated regime at 81 kHz, a 10 nm electrode re-
quires 81 MHz.
www.sciencedirect.com

www.sciencedirect.com/science/journal/13590294


Electrochemical impedance at nanoelectrodes Saghafi et al. 5
Equivalent circuit models
We have seen above that AC ionic transport at a hemi-
spherical electrode exhibits at least three distinct re-
gimes as a function of frequency. These can be
represented in the appropriate limits as simple circuit
elements CEDL, Rsol and Csol. Unsurprisingly, it is
possible to draw an electrical circuit diagram in terms of
these lump elements that captures the behavior of eq
(9) for the impedance Z over the whole range of fre-
quencies. Such a circuit is shown in Figure 3a. The
impedance of this circuit is given by

Z ¼ 1

iuCEDL
þ Rsol

1þ iuRsolCsol
(14)

This expression captures all three limiting regimes u≪
u1, u1≪u≪u2 and u[u2 discussed above. However,
note that eq (10) and the corresponding circuit diagram
are only an approximate representation of eq (9). In
particular, the frequency dependence of the spatial
decay parameter k is not captured by the equivalent
circuit, which instead implicitly assumes that CEDL is
real-valued. As we argued above, however, this repre-

sents a minor error since this behaviour only emerges at
such high frequencies that CEDL has ceased to
contribute significantly to the overall impedance. For
most practical purposes, the lumped element circuit
thus represents an adequate representation. Further-
more, it is relatively straightforward to heuristically
extend the lumped circuit element to more complex
geometries such as planar electrodes, where the ionic
flux is not uniform over the surface of the electrode.
Obtaining a corresponding expression for the total
impedance within the PNP formalism would quickly

become intractable. As a result, lumped circuit element
models are largely favoured for comparison to
Table 1

Numerical values of the equivalent circuit elements under different e
given in the caption of Figure 1. For the rows in italics, the condition
numbers given here must be viewed as guidelines only; for a more
expression for the impedance, eq (9).

Salt
concentration (mM)

Electrode
radius a (nm)

EDL
capacitance
CEDL (fF)

Solut
resista
Rsol (

1 5000 11000 2.1
50 1.1 210
5 0.011 210

10 5000 36000 0.21
50 3.6 21
5 0.036 210

150 5000 140000 0.01
50 14 1.4
5 0.14 14

www.sciencedirect.com
experimental results. It is worth noting, however, that
the equivalent circuit representation is not necessarily
unique [27]; attribution of a physical meaning to the
parameters fitted from experimental data must there-
fore be informed by theory and/or physical insight, as
provided by a more microscopic calculation.

As suggested in Table 1, the dielectric cutoff f2 occurs at
frequencies approaching the GHz range under the high
ionic strength conditions employed in many electro-
chemical experiments, independent of electrode size.
Such high frequencies are not probed by most conven-
tional EIS instrumentation. Consequently, the exis-
tence of this regime is routinely ignored. Doing so is
equivalent to taking Csol/0 in Figure 3a. The remaining
simple RsolCEDL equivalent circuit suffices to describe
the impedance from inert ions in the frequency range
most commonly accessed experimentally. However, the
contribution from Csol should be re-introduced when

particularly high frequencies are probed as we have seen
that it dominates the overall response at ultra-
high frequencies.

So far, we have ignored the contributions of faradaic
reactions to the impedance. It is common in EIS ex-
periments to deliberately introduce a redox species as a
probe of the solid-liquid interface. The response of such
a system is usually characterized by the Randles
equivalent circuit model shown in Figure 3b. This cir-
cuit neglects Csol but introduces an additional resistive

element, the charge transfer resistance (Rct), to repre-
sent faradaic processes at the electrode. This resistive
element appears in the equivalent circuit in parallel
with CEDL. Similarly, mass transport of the redox species
is represented by a so-called Warburg impedance (Zw,

[28,29]) that describes linear diffusion processes. This
element is placed in series with Rct. For microscale and
xperimental conditions. The values are based on the parameters
a[lD assumed in the discussion is not fully satisfied, and the

accurate description in these cases one should revert to the full

ion
nce
MU)

Solution
capacitance
Csol (fF)

f 1 ¼ u1

2p
(MHz) f 2 ¼ u2

2p
(MHz)

22 0.0066 3.5
0.22 0.66

0 0.022 6.6
22 0.021 35
0.22 2.1
0.022 21

4 22 0.081 520
0.22 8.1
0.022 81
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Figure 3

Equivalent circuit models for the impedance response of an electrode. (a)
Equivalent circuit in the absence of redox processes. This approximately
corresponds to the PNP analysis of Section Poisson-Nernst-Planck
description of a hemispherical electrode. (b) Equivalent circuit with fara-
daic contributions. Here the solution capacitance Csol was neglected as it
only contributes at very high frequencies. (c) Nyquist plot corresponding
to the equivalent circuits without ((a), pink/red curve) and with ((b), blue
curve) faradaic processes. The arrows indicate increasing frequency. The
behavior dramatically differs at low frequencies due to the faradaic re-
actions. It also differs at high frequencies because of the inclusion of the
solution capacitance, Csol, in (a). The red semi-circle corresponds to the
regime u[u2. The parameters employed in this figure were
CEDL = 140 pF, Rsol = 510 kU, Rct = 2.5 MU, Rnl = 4.4 MU, and Csol = 22 fF,
which corresponds to a 5 mm electrode size and 150 mM salt concen-
tration. The values of Rct, Rnl, and the formalism behind Rnl are reported
by Brue et al. [28].

6 Colloid & Interfacial Phenomena in Electrochemical Systems
smaller electrodes, a diffusive steady-state current can
also be (partially) established on the time scale of the
AC oscillation; an additional resistor Rnl in parallel with

Zw represents this contribution [28,29]. The impedance
of the equivalent circuit in Figure 3b is

Z ¼ Rsol þ 1
1

Rctþ RnlZw
RnlþZw

þ iuCEDL

(15)
Current Opinion in Colloid & Interface Science 2023, 63:101654
This expression approximately represents many exper-
imental results involving redox species over a broad
range of frequencies. At frequencies u > u1, however,
the influence of the low-frequency faradaic contribution
typically becomes negligible. For example, Rct for the
FeðCNÞ3�=4�

6 redox couple with a rate constant of 0.13
cm � s�1 is w1.3 MU at a 10 mm diameter ultra-
microelectrode [28], corresponding to a crossover fre-

quency ð1 =2pRctCEDLÞ of w0.87 kHz at 150 mM KCl
concentration. This value is significantly smaller than f1,
which is 81 kHz under the same conditions. The tran-
sition is illustrated in the typical Nyquist plot in
Figure 3c, where the two semicircles at low frequency
correspond to the faradaic processes, whereas the pink
curve shows the expected impedance in their absence.
When u[u1 both curves converge towards a purely
real impedance equal to Rsol. Eventually, at even higher
frequencies such that u exceeds u2, an additional
semicircle corresponding to the purely dielectric regime

appears (red arc in Figure 3c). Because we will mostly
concentrate on the higher frequency regimes, we do not
delve further into faradaic processes here. Similarly, the
EIS response electrodes in complex media will neces-
sarily reflect the complex interplay between the con-
ductivity and dielectric properties of the constituting
components, as emphasized recently by Bounik et al. in
the context of tissue and cell imaging [30], but
modeling such complex systems is highly case depen-
dent and falls outside the scope of the present review.

Consequences for nanoelectrodes
How do the properties of nanoelectrodes differ from
those of micro- or macroelectrodes?

1. In the low-frequency regime u < u1 the EDL
capacitance dominates the EIS response. So long as
a[lD remains valid; the same information is
therefore being probed regardless of the electrode
size. We have seen, however, that u1 is inversely
proportional to the lateral dimensions of the elec-
trode (u1f1=a). Hence the interfacial capacitance
can be interrogated at higher frequencies using
smaller electrodes. Conversely, higher frequencies
are needed to reach u1 when that is desirable.

2. For u > u1, the bulk solution resistance or capaci-
tance dominates the EIS response. These properties
are largely determined by a volume of solution that
extends from the electrode on the order of its radius
a. Detecting a nanoscale analyte bound to an elec-
trode’s surface but residing outside the EDL is
difficult at a microelectrode since this analyte does
not impact the solution resistance significantly, as
illustrated in Figure 4a. Conversely, when the size of
the analyte approaches that of the electrode, its
impact is maximized as it occupies a large part of the

volume that dominates the solution resistance, as
sketched in Figure 4b.
www.sciencedirect.com
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Figure 4

At high frequencies, the EIS response is most sensitive to the volume of
solution that extends a few radii from the electrode (deeper blue region).
(a) Suppose the analytes (dark blue) are much smaller than the electrode.
They then only occupy a negligible fraction of the probed volume, and
their contribution to Rsol and Csol is also small. (b) If the electrodes are
scaled down to the analyte size, analytes occupy the most sensitive
region of the probing volume, maximizing their contribution to the output
signal.
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The need for numerical modeling
While the analytical calculations and lumped element
circuits outlined above help develop a conceptual un-
derstanding of the factors at work in EIS, numerical cal-
culations are required to make quantitative predictions.

Factors that were omitted in the simple models include:

Realistic electrode geometry. Flat electrodes generally
have non-uniform flux densities over their surface. The
highest flux is localized at the edges, rendering the
problem inherently two- or three-dimensional instead of
one-dimensional. Curvature of the electrode surface also
influences the double-layer structure, especially when
the radius of curvature becomes smaller than the Debye
length [46]. In our discussions above, we focused pri-
marily on the (common) case a[lD to avoid these

additional complications.

High potentials and surface charges. These cause the
linearization of the PNP equations to become invalid.
While the assumption of small AC voltages at the
electrode is often justified in EIS, most systems also
exhibit fixed potentials and/or charges. These static
contributions are often significant (> kT=e) and cause
deviations from linearity that also impact the high-
frequency response. It is worth mentioning that sur-
face modifications such as self-assembled monolayers
www.sciencedirect.com
(SAMs), often used to functionalize the electrode sur-
face, can help mitigate these nonlinearities by accepting
a large portion of the interfacial potential drop [31].

Ultra-high salinity and high induced ion concentrations.
The dilute solution theory that serves as a starting point
for PNPmay become invalid if the local concentrations of
ions become too high. This is intrinsically linked to high

potentials, as discussed in the previous point, and starts
to occur when the surface potential exceeds only a few
times the thermal voltage kT∕e [32,33]. At 10 kT=e
(0.26 V at room temperature), PNP indicates that a
monolayer of counterions overscreens the surface charge;
at 100 kT∕e, crowding and close packing occur at higher
potentials [34]. Explicitly considering the configurational
entropy of finite-sized ions results in saturation of the ion
concentrations near the interface and increased concen-
tration further from it [35,36], modifying the form of the
EDL. This causes a decrease in the double-layer capac-

itance and charge-induced viscosity and thus influences
the effective zeta potential [37]. Similar behavior is
captured more heuristically by introducing a Stern layer
in the model [38].

Ions that are anisotropic or have unequal sizes. The
derivation of eqs (4)e(9) explicitly assumes that cations
and anions have identical physical properties. When their
diffusion coefficients are unequal, PNP predicts that AC
excitations can also cause oscillations of the total ion
density (see eq (A12)). There are also effects that PNP

does not capture because it treats ions as point particles.
Smaller ions can better screen the electrostatic field
because of their higher packing density [39,40]; conse-
quently, capacitance curves can become asymmetric
around the point of zero charge. Similarly, amphiphilic
molecules with charged heads and neutral tails can be
polarized and oriented in a way that generates inhomo-
geneous and/or anisotropic permittivity [35,41].

Electrokinetic effects. The coupling between ionic and
solvent mass transport (electrokinetically induced convec-
tion) is usually neglected but can become significant under

specific circumstances such as low ionic strength [42].

Realistic physical properties. These include complex
electrolyte compositions and more sophisticated de-
scriptions of the solid-liquid interface. For example, the
dielectric permittivity cannot always be taken as con-
stant near a surface. For the case of water, it decreases
in the proximity to an electrode and with increasing
frequency and salinity [25,43]. As another example,
faradaic and EDL charging currents are coupled in a
frequency-dependent manner, and numerical modelling

suggests that this can substantially influence imped-
ance even at high supporting electrolyte ratios [44].

These factors render the analytical modelling of EIS
very challenging. More realistic conditions can, however,
Current Opinion in Colloid & Interface Science 2023, 63:101654
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be integrated into numerical studies based on, e.g.,
finite element modelling with relative ease. Such sim-
ulations can deepen our understanding of high-
frequency phenomena at nanoelectrodes, lead to
sharper analytical tools, and inform the design of devices
and experimental protocols.

However, relatively few authors have attempted to apply

numerical modelling of EIS to the nanoscale. This is due
in part to a lack of input from experiments. The EIS
response of an electrode to, e.g., the binding of analyte
macromolecules, does not only depend on the properties
of the analyte but also on how it is arranged on the
surface. In the absence of detailed microscopic infor-
mation on the system to be modelled, there are too
many unknowns to permit simulations with predictive
power. Present efforts to downscale EIS methods to the
nanoscale may help alleviate this difficulty since they
usually deal with few (down to a single) analytes at

a time.

A primary example of detailed simulations is the work of
Selmi and co-authors. They employed finite-element
simulation tools originally developed in the context of
semiconductor device modelling to make quantitative
predictions and comparisons to experiments based on
switched nanocapacitors (discussed further in Section
CMOS-based nanocapacitors). This approach allows
dealing with the nonlinearities of PNP (at least for static
charges and potentials), introducing many of the cor-

rections to PNP discussed in this section, as well as
taking into consideration the conductivity and dielectric
properties of simulated analytes ranging from macromo-
lecular layers [25] to microscale entities [45]. This
allowed achieving semiquantitative agreement with ex-
periments on the salt- and frequency dependence of the
impedance [45,46] and explaining several features of the
response to analyte particles, including nano-analyte’s
charge and size as well as environmental parameters such
as pH [47,48].
Experimental approaches for
nanoelectrodes at high frequencies
Downsizing the electrodes of impedimetric biosensors is
generally favorable from the technical and commercial
perspectives. Smaller electrodes decrease both power
consumption and the amounts of reagents and analytes

required to perform an assay. Consuming less material
and energy is commercially more efficient and environ-
mentally more sustainable. Smaller sample volumes also
enable additional capabilities ranging from less invasive
sampling (e.g., obtaining blood sample or fine-needle
aspiration) to single-cell analysis. Furthermore, as illus-
trated in Section Consequences for nanoelectrodes and
Figure 4, small electrodes operated at sufficiently high
frequencies may be optimally suited to detect single
analytes for a wide range of immunoassay impedimetric
Current Opinion in Colloid & Interface Science 2023, 63:101654
measurements. Potential single targets include viruses,
synthetic nanoparticles, and even individual macromol-
ecules. This section addresses the interplay between
performance, electrode size, and operating frequency,
the challenges associated with using smaller electrodes,
and how these limitations are being bypassed or over-
come in practice. The subtle interconnectedness be-
tween these objectives and challenges is summarized

schematically in Figure 5.
Probing beyond the EDL
We argued above that charge screening is more restric-
tive at nanoelectrodes than at larger electrodes. This is
because the crossover frequency u1 that separates the
EDL- and solution-dominated regimes increase with
decreasing electrode size [66]. Charge screening is not

necessarily a problem: processes at the solid-liquid
interface, for example, are often best studied at lower
frequencies as they modify the structure of the EDL
itself. But if the goal is to address receptors attached to
the electrode but residing outside the EDL, as occurs in
immunoassays, or simply to detect larger analytes that
do not fit within the EDL, screening at the electrode
can completely mask the desired signature (especially
considering that the EDL is only about 1 nm thick at
physiological salt concentration).

Several strategies have been proposed to bypass ionic
screening [70]. The first approach consists of nano-
engineering the electrode surface. This includes, for
example, nanogap electrodes [55e57] and modifying
the electrodes with mesoporous thin films such as
long polymers (e.g., polyethylene glycol, PEG)
[49e54]. The broad underlying ideas have been
summarized in the concept of Debye volumes [62]
and follow from the energy-entropy balance briefly
discussed in Section The need for numerical
modeling. For example, the curvature can increase

or decrease the volume of solution available for the
counterions when compared to a flat surface, leading
to a rearrangement of the EDL. The effect only be-
comes pronounced once the radius of curvature be-
comes comparable to the Debye length, however,
which in many practical situations corresponds to
electrodes of only a few nm.

A second, low-frequency approach relies on using a
redox mediator that leads to slow mass transport dy-
namics. This was alluded to in Section Equivalent

circuit models in the context of the Randles equiva-
lent circuit model. Since the mediator diffusion profile
extends beyond the EDL, it is also influenced by the
presence of analytes in that region. The DC limit of this
approach is current-blockade impact electrochemistry,
in which individual particles are amperometrically
detected as they obstruct the flux of mediators to a small
electrode [71,72].
www.sciencedirect.com
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Figure 5

Challenges and strategies for downsizing the electrodes of impedimetric biosensors to the nanoscale. (a) Modifying electrodes with polymer films
[49–54], using nanoconfined geometries [55–57], or working at higher frequencies are strategies for decreasing the influence of charge screening.
However, another barrier appears as stray capacitance at frequencies where the EDL no longer dominates. (b) To overcome stray capacitance, circuit-
based solutions such as heterodyne mixing [58,59] and resonant circuits [60] are being pursued. (c) An alternative solution is to employ integrated
readout circuitry to dramatically decrease the stray capacitance [61–69].
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A final strategy is to perform measurements above the

cutoff frequency u1, thus effectively outrunning the
formation of the EDL [70]. While straightforward in
principle, implementing this approach comes with
important experimental challenges.

Stray capacitance
The main difficulty in achieving high-frequency opera-
tion at a small electrode comes from stray capacitance.
Even if the working electrode is miniaturized, it must be
connected to external circuitry for readout. In most
experiments, the interconnects have macroscopic di-
mensions and can influence the measured impedance.
For example, at the sub-MHz frequencies commonly

encountered in EIS, a piece of coaxial cable effectively
acts as a capacitor with a capacitance in the pF range.
Such a cable contacting an electrode thus contributes a
parallel pathway for AC currents to flow. Moreover, an
inspection of Table 1 indicates that typical values for the
EDL capacitance of nanoelectrodes are of order fF. As
electrode dimensions are decreased to the nanoscale,
the AC current flowing through the interconnect stray
capacitance can thus quickly become larger than that
flowing through the electrode itself. At that point,
www.sciencedirect.com
measuring the electrode response against the unwanted

parasitic background becomes difficult.

Two broad strategies have been used to limit the impact
of stray capacitance, as summarized in Figure 6. The first
approach acknowledges the existence of stray capaci-
tance but exploits loopholes in AC electronics such as
mixing and resonances to obtain a readout that is pri-
marily sensitive to the behavior of the electrode and
insensitive to the background response. The second,
more direct approach is to minimize the stray capaci-
tance itself to levels comparable to those of the nano-

electrodes. In practice, this requires the integration of
the readout circuitry together with the electrode on the
same chip to limit the size (and capacitance) of
the interconnects.

Frequency mixing
Heterodyne methods are employed to read out at low
frequencies the results of a process taking place at
higher frequencies. At their simplest, they rely on the
property that when a system is excited with two sepa-
rate, nonlinearly coupled excitations at different fre-
quencies u1 and u2, the output contains components at
Current Opinion in Colloid & Interface Science 2023, 63:101654
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frequencies other than u1 and u2 as would occur in a
linear system. In particular, the output contains com-
ponents with frequencies u1 � u2 and u1 þ u2. If u1

and u2 are nearly equal, u1 � u2 is much lower than
either u1 and u2 and consequently much easier to
extract. In such a scenario, the components at u1, u2

and u1 þ u2 are simply filtered out and ignored (either
by explicit filtering or, more commonly, by the inability

of the readout circuitry to handle such high fre-
quencies). The measurement strategy is then to stim-
ulate a nonlinear system of interest with two nearly
equal high-frequency excitations and to measure the
frequency-difference response. Even if sizeable high-
frequency leakage currents are generated due to stray
capacitance, these contributions are usually linear and
do not appear in the u1 � u2 signal. The contribution
from the nonlinear system under test can thus be
isolated from the parasitic background.

In conventional EIS measurements, the only input var-
iable that can be modulated is the electrode potential.
This does not lend itself naturally to frequency mixing
approaches, which rely on having two independent
inputs. An alternative system that is more amenable to
heterodyne methods is to use the gate of an ion-
sensitive field-effect transistor (ISFET) as an
Figure 6

Main approaches for performing high-frequency EIS at nanoelectrodes: (a) H
(adapted with permission from [58], copyright 2012, American Chemical Soci
permission from [60], copyright 2021, John Wiley and Sons). (c) CMOS-base
2015, Nature Publishing Group). The capacitance-time traces in (c) illustrate h
Debye length not exceeding 10 nm, thanks to operation at u>u1.
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electrode. When suitably biased, the current DISDðtÞ
resulting from a small excitation voltage applied sym-
metrically between the source and drain terminals,
DVSDðtÞ, has the form DISDðtÞ ¼ gm½VGðtÞ�DVSDðtÞ.
Here VGðtÞ is the liquid gate voltage, i.e., the potential
difference between the working and reference elec-
trodes. The function gm½VG� represents the so-called
transconductance and depends on the ionic environ-

ment in the vicinity of the gate. If we apply as inputs the
voltages VSDðtÞ ¼ 41 cosðu1tÞ and VGðtÞ ¼
V 0
G þ 42 cosðu2tÞ, the output current contains a

contribution DIðtÞ ¼ 1
24142g

0
m½V 0

GðtÞ�cos ððu1�u2ÞtÞ as
well as high-frequency components that are ignored.

Here g0m½VG� ¼ dgm½VG;u1�=dVG evaluated at frequency

u1. The output DISDðtÞ measured at an angular fre-
quency u1 � u2 thus carries information about the

dielectric and ionic response of the EDL (via g0m½V 0
GðtÞ;

u1�) taking place at a much higher frequency u1. This
response could include contributions from, among
others, the binding of a target analyte to receptors near
the electrode.

Kulkarni, Zhong and collaborators [58,59] explored this
approach using a single-walled carbon nanotube field-
effect-transistor (SWNT-FET) as an electrode
(Figure 6a). Potentials were applied to both (i) the
eterodyne detection based on a single-wall carbon-nanotube ISFET
ety). (b) Radio-frequency local capacitance measurement (adapted with
d switched nanocapacitors (adapted with permission from [75], copyright
ow electrodes located ~1 mm away can detect a microsphere despite the

www.sciencedirect.com

www.sciencedirect.com/science/journal/13590294


Electrochemical impedance at nanoelectrodes Saghafi et al. 11
solution (gate terminal), thus modulating the channel
conductance, and (ii) the source-drain potential to
drive an AC current through the nanotube. Both of
these potentials were modulated at the same frequency

(u1� u2 ¼ 0), hence changes in g0m½V 0
GðtÞ;u1�

appeared as variations in the DC current DISD flowing
between source and drain. In practice, the two exci-
tations were more efficiently achieved by applying a
potential solely to the source terminal, resulting in a
simultaneous modulation of the source-drain and
source-gate potentials at the same frequency. The
experiment could be operated up to frequencies of
30 MHz. As a proof of concept, the method was
employed to detect the binding of nanometer-size
streptavidin to biotin receptors immobilized on the
nanotube. At high ionic strength (100 mM NaCl), the

detection was only possible for frequencies exceeding
1 MHz, which was attributed to shielding from the
EDL at lower concentrations. Both the noncovalent
binding of biotin to the CNT and the adsorption of
streptavidin to biotin sites could be independently
verified via conventional ISFEToperation (as potential
shifts in the Isd-Vg characteristics).

Unfortunately, this approach was not explored further in
the context of EIS, being instead applied more exten-
sively for gas sensing [59,73,74]. It was suggested that

the method is not well suited to detect apolar molecules
because of the lack of fluctuating molecular dipole
moments [73]. We are more optimistic, as we do not
believe that intrinsic dipoles are a necessity. The sig-
nificant difference in dielectric constants between
macromolecules (both polar and apolar) and water is, in
principle, sufficient to cause modulation of the ISFET
transconductance upon binding and remains detectable
in the mixed signal so long as the device exhibits
nonlinearity. We, therefore, anticipate further de-
velopments of high-frequency EIS based on heterodyne

coupling methods in the future.

RF local capacitance sensing
Recently, a powerful and versatile approach for high-
frequency measurements at nanoelectrodes has been
introduced that takes advantage of state-of-the-art radio
frequency (RF) instrumentation [60]. In this first
demonstration, the tip of an electrochemical scanning
tunneling microscope (STM) plays the role of nano-
electrode, but the same principles could be applied to
other types of nanoelectrodes as well. An RF excitation
voltage is applied to the working electrode via an
impedance-matched circuit, as shown in Figure 6b.
Suppose that the impedance of the tip or of the asso-

ciated interconnects differs from the characteristic
impedance of the RF circuit. In this case, part of the
applied power is reflected to the emitting circuit. Here
it is separated from the outgoing probe signal using a
directional coupler, after which it is absorbed and
www.sciencedirect.com
quantified by a vector network analyser (VNA) instru-
ment as the so-called S11 reflection coefficient. The
reflected signal also contains significant contributions
from the stray capacitance, if present. In practice,
however, the stray currents are constant throughout an
experiment and can be suppressed via a combination of
RF interferometry and heterodyne methods (as can slow
fluctuations resulting from STM scanning).

The first demonstration used the method to spatially
distinguish between two different molecular organiza-
tions of a thiol-based redox-active self-assembled
monolayer (SAM) on a gold surface [60]. Topographic
sweeps of the surface in 10 mM salt solution were
performed using the DC component of the current as a
feedback signal to control the vertical position of the tip.
The local capacitance was simultaneously measured
using a 2 GHz applied potential with an amplitude of
50e120 mV. The estimated absolute sensitivity was

estimated at 2 aF. Two domains were observed, which
differed by about 20 aF in the observed RF signal. The
bulk of this signal was attributed to the pseudo-
capacitance of the (ferrocene-functionalized) SAM.
The highest resolution with which the device could
separate regions with different molecular organizations
was around 80 nm, comparable to the size of the tip
exposed to solution.

In our view, this demonstration is a critical development
with the potential to completely redefine the role of EIS

as a characterization tool from a largely empirical bulk
technique to a more quantitative and local nanoprobe. A
drawback is that the technology relies in its present
early stage of development on costly, specialized RF
instrumentation that is largely unavailable in the ma-
jority of electrochemistry laboratories. Should the
method gain broad acceptance, however, broader
accessibility might be achieved in the future through
more focused, dedicated instrumentation.

CMOS-based nanocapacitors
Integrated circuit (IC) technology provides an alternate
route to achieving high-frequency EIS measurements at
nanoelectrodes by integrating the readout circuitry
together with the electrodes on the same active silicon
chip. With proper design, this degree of miniaturization

allows decreasing the stray capacitance of the in-
terconnects by orders of magnitude and down to the fF
level. Compared to Table 1, this is as low as the EDL
capacitance of a 100 nm nanoelectrode and thus permits
probing impedance of a nanoelectrode without addi-
tional methods to suppress background signals.

Integrating nanoelectrodes with circuitry on the same
chip represents a significant shift from conventional
electrochemical instrumentation. Present implementa-
tions are based on complementary metal-oxide-
Current Opinion in Colloid & Interface Science 2023, 63:101654
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semiconductor (CMOS) technology, the workhorse of
the semiconductors industry. Electrode structures, their
interconnects and the associated electronics can be
collocated on the same chip using (mostly) standard
CMOS manufacturing processes. The following main
challenge is to interface circuit elements buried below
the chip’s surface with high-quality electrodes exposed
on the surface. Different routes that require some

degree of postprocessing of the original foundry-made
chips using non-standard processes have been
explored. In such devices, the highest achievable fre-
quencies are largely set by the IC technology employed
and by the degree to which high-frequency signals must
be transferred between the chip and external circuitry.
As a guideline, present realizations attain w100 MHz,
and operation in the low GHz range is anticipated [62].
The radius of the electrodes can vary from w100 nm to
the micrometer scale.

An additional strength of CMOS technology is that it
greatly facilitates the integration of independent func-
tional units on the same chip. In the context of EIS, this
means that the surface of a single mm-scale chip can
incorporate large numbers of separately addressable
miniaturized electrodes (order 105 at present) as well as
other detection modalities. While parallelization is not
necessary for conventional measurements, it offers new
possibilities that do not have equivalents in conventional
EIS. These include, for example monitoring for rare
single-entity events using massive numbers of channels

operating in parallel, multiplexing measurements with
electrodes exhibiting different surface modifications, or
creating two-dimensional impedance maps of a surface
in a manner reminiscent of CMOS cameras.

Despite the relatively high degree of technical
commitment necessary, several independent imple-
mentations of high-frequency impedancemeasurements
have been reported in the literature in recent years.
These rely on applying a square-wave-like modulation of
the electrode potential between two constant values and
measuring the charge transferred over multiple cycles.

This so-called switched capacitor approach is particularly
well suited for implementation in CMOS and facilitates
the creation of high-density arrays of electrodes. Strictly
speaking, however, it does not represent a full realization
of EIS since only the magnitude of the AC current is
measured and the phase information is lost.

Widdershoven and collaborators introduced the first
full-fledged implementation of this approach [64,65].
They developed a 256 � 256 array of nanoelectrodes
arranged on a sub-micron grid operated at up to 70 MHz

(300 MHz with an external clock generator [67]) with
sub-aF sensitivity. It was shown that the array could be
used to image in real-time entities ranging from micro-
scale particles to living cells [66,75], as illustrated in
Figure 6c, as well as detect nanoparticles landing at
Current Opinion in Colloid & Interface Science 2023, 63:101654
individual electrodes [67]. A recent illustration is a
study of oil microemulsions in which individual droplets
could be detected via their dielectric permittivity,
allowing observing their sedimentation and wetting
dynamics, discriminating at the single-droplet level
between different oils, and estimating the contact angle
of individual droplets [68].

Hu, Rosenstein, and collaborators [61e63] designed,
fabricated, and demonstrated the use of a closely related
CMOS-based nanocapacitor array. They achieved
100 MHz switching frequency and 0.7 aF sensitivity in a
512� 256 array of 10 mm� 10 mm electrodes. They have
very recently reported on methods to improve the
spatial resolution for impedance-based imaging to below
the electrode spacing by measuring the mutual imped-
ance between electrode pairs [63].

Chen and Lu also introduced an alternative design in

which large 30 mm � 30 mm insulated floating-gate
electrodes are exposed to the solution and actuated at
up to 15 MHz frequency [69]. In an early demonstration
of selective detection, they studied the dependence of
the change in impedance as a function of ionic strength
and frequency upon hybridization of complementary
DNA to receptor strands attached to the gate electrodes.

CMOS-based nanocapacitors exhibit both disadvantages
and strengths that render them complementary to other
approaches. They sacrifice phase sensitivity and the ability

to easily control the composition and geometry of the
electrode. Perhaps more restrictive from a realization point
of view, they require substantial expertise and investment
for their design and subsequent fabrication at a dedicated
foundry facility. In return, they provide a direct solution to
the stray capacitance problem and allow new capabilities
based on massive parallelization. If widely deployed (as
consumables in analytical applications, for example), the
cost per chip would be dramatically reduced.

Conclusion and outlook
In the first part of this article, we reviewed the theo-
retical expectations within the Poisson-Nernst-Planck
formalism for the impedance response of an electrode
over a broad range of frequencies. According to this
calculation, the qualitative behaviour of electrodes of
different sizes does not, in principle, depend on the
absolute size of the electrode. For example, eq 9 for the
AC current at a hemispherical electrode applies for
electrodes of any radius a. Thus, so long as no faradaic

process takes place, we expect to observe the same
three regimes of response (EDL dominated, solution-
resistance dominated, solution-capacitance dominated)
as the frequency is increased. However, the frequencies
at which these crossovers take place depend on the
system properties. In particular, the crossover from an
EDL-dominated response to a solution-dominated
response (the frequency f1) increases with decreasing
www.sciencedirect.com
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a. This has direct, qualitative repercussions for experi-
mental studies at different length scales.

In traditional EIS at macro-and micro-electrodes, the
main emphasis is often on the f1 crossover, which usually
takes place below 100 kHz. Also of interest are faradaic
processes, which occur on relatively long time scales and
thus tend to dominate at the lowest frequencies. The

existence of the dielectric cutoff is routinely ignored, on
the other hand, as it occurs at frequencies higher than
those routinely accessed in experiments. A notable
exception is macro-scale materials characterization,
where it finds numerous practical applications, for
example, in cell dielectric spectroscopy [76] as a label-
free alternative to flow cytometry [77].

Measurements at nanoelectrodes differ qualitatively in
three main ways. First, the f1 transition occurs at
significantly higher frequencies. This means that the

EIS response remains dominated by the EDL over a
much broader range of frequencies into the MHz
regime. While we are unaware of any study taking
explicit advantage of this capability, it could address
relaxation processes in the EDL on the sub-ms time
scale that are essentially inaccessible at larger elec-
trodes. Second, reaching f1 at nanoelectrodes requires
the ability to measure at frequencies that already
approach the dielectric cutoff frequency, f2. This raises
the possibility of also measuring above f2 and probing
the dielectric properties independently of ion migration

and diffusion, and opens new capabilities for detecting
and characterizing micro- and nanoscale analytes. Two
early examples of measurements above f2 discussed in
Section Experimental approaches for nanoelectrodes at
high frequencies are radio-frequency local capacitance
probing [60] and nanocapacitor-based imaging of
microemulsions [68]. The third necessary consequence
of using nanosized electrodes is that the main volume
that is probed at frequencies above f1 becomes compa-
rable to that of nanoscale analytes such as virus particles
or even large macromolecules (Figure 4). This size
matching is expected to boost the relative sensitivity of

nanoelectrodes for these microscopic analytes.

Developing methods for addressing nanoelectrodes in
solution at high frequencies continues to be challenging.
This is in no small part due to stray capacitance, which
dominates at high frequencies unless specialized tech-
niques are employed. As a result, progress has been
slower than other nanoelectrochemistry methods such
as amperometry or voltammetry. Several developing
approaches, as reviewed in Section 3, however, promise
to unlock new regimes of high-frequency electro-

chemical probing. We are therefore cautiously optimistic
that EIS at nanoelectrodes will grow into a new,
powerful, and versatile toolkit for the quantitative
detection and analysis of nanosized entities.
www.sciencedirect.com
Contributions
All authors contributed to preparing the manuscript.
Declaration of competing interest
The authors declare the following financial interests/
personal relationships which may be considered as po-
tential competing interests. Serge Lemay reports

financial support was provided by European Union Ho-
rizon 2020. Serge Lemay reports financial support was
provided by Top Consortium for Knowledge and Inno-
vation, High-Tech Systems and Materials.
Data availability
No data was used for the research described in
the article.

Acknowledgments
We acknowledge financial support from the European Union’s Horizon
2020 research and innovation program under the Marie Skłodowska-Curie
grant agreement no 812398 and from the Top Consortium for Knowledge
and Innovation (TKI) High-Tech Systems and Materials (HTSM) under
project no 30971308.
Appendix.
Here we provide the derivation of eq (4) to eq (8)
including the intermediate steps omitted in the main
text. The geometry and system composition are as per
Section Theoretical background. The ionic fluxes are
dictated by the Nernst-Planck equation,

vn�
vt

¼ �V$jþðr; tÞ
¼ �V$½�mnþðr; tÞV4ðr; tÞ�DVnþðr; tÞ � (A1)

vn�
vt

¼ �V$j�ðr; tÞ

¼ �V$½þmn�ðr; tÞV4ðr; tÞ�DVn�ðr; tÞ � (A2)

for cations and anions, respectively. Here n� are positive
and negative ions concentration [1/m3], j�ðr; tÞ are the

ion fluxes [molecules/m2s], r is the radial distance [m], t
is time [s], D is the diffusion coefficient [m2/s],
m ¼ eD=kT is the mobility [(m/s)/(V/m)], 4 is the
electrostatic potential [V], �e is the electron charge,

and kT is the thermal energy [J].

The system of three equations in three unknowns is
completed by the Poisson equation,

V24ðr; tÞ ¼ � ðe = εÞðnþðr; tÞ� n�ðr; tÞÞ (A3)

that relates the local charge density to the electric field
driving ion migration. ε is the electrical permittivity [F/
m]. It is convenient to introduce new variables repre-
senting the total ion density (N) and the net charge (d),
Current Opinion in Colloid & Interface Science 2023, 63:101654
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Nðr; tÞ ¼ nþðr; tÞ þ n�ðr; tÞ (A4)
dðr; tÞ ¼ nþðr; tÞ � n�ðr; tÞ (A5)

Rewriting (A1) e (A3) in terms of these new variables
yields a new set of three differential equations,

vNðr; tÞ
vt

¼ mVdðr; tÞ$V4ðr; tÞ þ mdðr; tÞV24ðr; tÞ
þ DV2Nðr; tÞ (A6)

vdðr; tÞ
vt

¼ mVNðr; tÞ$V4ðr; tÞ þ mNðr; tÞV24ðr; tÞ
þ DV2dðr; tÞ (A7)

V24ðr; tÞ ¼ � e

ε

dðr; tÞ (A8)
We solve (A6) e (A8) in the harmonic approximation,

dðr; tÞ ¼ d0ðrÞþ ~dðrÞeiut ¼ ~dðrÞeiut (A9)

Nðr; tÞ ¼ N0ðrÞþ ~NðrÞeiut ¼ 2n0 þ ~NðrÞeiut (A10)

4ðr; tÞ ¼ 40ðrÞþ ~4ðrÞeiut ¼ ~4ðrÞeiut (A11)

where the tilda symbol represents AC amplitudes and n0 is
the number density [molecules/m3] of monovalent elec-

trolyte. Substituting (A9) e (A11) into (A6) e (A8) and

retaining only terms of frequency u yields again a new set

of equations, this time for the AC amplitudes:

iu ~NðrÞ ¼ DV2 ~NðrÞ (A12)

and

iu~dðrÞ ¼ DV2~dðrÞ (A13)

V2~4ðrÞ ¼ � e

ε

~dðrÞ (A14)

Eq (A12) describes ion density oscillations, ~NðrÞ, and is
independent of ~dðrÞ or ~4ðrÞ. Because our system e as
defined by the choice of boundary conditions below e
does not excite this mode, we do not consider it
further here.

Eq (A13) and eq (A14) are coupled and describe the
joint behaviour of ~dðrÞ and ~4ðrÞ. They can be combined
to yield a single equation for the potential,
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V2

�
εD

e
V2~4ðrÞ� iuε

e
~4ðrÞ� 2mn0~4ðrÞ

�
¼ 0 (A15)

The general solution to this fourth-order differential
equation has the form

~4ðrÞ ¼ ~40

h
a
�a
r

�
e�kðr�aÞ þg

�a
r

�
eþkðr�aÞ þ b

�a
r

�
þ h

i
(A16)

where a is the electrode radius [m], a, b, g; and h are

constants that depend on the boundary conditions, and the

complex decay constant has a value of

k ¼ 1

lD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ i

uε

s

r
(A17)

Here lD ¼ ðkTε =2e2n0Þ is the Debye length and

s ¼ 2emn0 is the solution conductivity.

As boundary conditions, we take

~dðr/NÞ ¼ 0 (A18)

~4ðr/NÞ ¼ 0 (A19)

~4ðaÞ ¼ ~40 (A20)

jþðaÞ ¼ j�ðaÞ ¼ 0 (A21)

Applying these to (A16) yields the coefficients

a ¼ 1

al2Dk
3 þ l2Dk

2 � ka
(A22)

b ¼ 1� a ¼ al2Dk
3 þ l2Dk

2 � ka � 1

al2Dk
3 þ l2Dk

2 � ka
(A23)

g ¼ 0 (A24)

h ¼ 0 (A25)

The total electrical current is

I ¼ 2pr2
�
ejþðrÞþ ej�ðrÞ� ε

v

vt

v

vr
~4ðrÞ

�
(A26)

where the last term represents the displacement current

associated with a time-varying electric field. Because there

is no flux of ions through the electrode surface, as
www.sciencedirect.com

www.sciencedirect.com/science/journal/13590294
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stipulated by (A21), a simple way to obtain the current is to

evaluate (A26) at r ¼ a, where only the displacement

term contributes, to obtain

~I ¼ 2piuεa

0
BB@1þ 1

i uε
s
þ lD

a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ i uε2s

p
1
CCA~40 (A27)

This is eq (11) in the main text.
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