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Abstract This paper reports on the analysis of dispersion in
the imaginary part of impedance often observed at low fie-
quencies in a variety of systems. The experimental data were
obtained with an electrolytic cell containing KCl aqueous so-
lution in the frequency range from 0.1 mHz to 10 MHz, where
the use of ultra-low frequencies helps clarify the analysis of
the imaginary impedance dispersion. It is shown that the low
frequency dispersion described in the literature is the tail of a
relaxation peak located at =20 mHz. This ultra-low frequen-
cy dispersion peak is analyzed with a Cole-Cole impedance
element, being associated with the electric double layer at the
metal-electrolyte interface. Quantitative information can be
extracted for the double layer, including its thickness
(~1 nm) and electrical resistivity (~50 G{2m).

Keywords Electric double layer - Metal-electrolyte interface -
Electrolytic solution - Impedance measurements - Ultra-low
frequency

1 Introduction

Many studies have been performed using broadband im-
mittance measurements in a cell containing a metal-
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electrolyte solution interface [1, 2], including the case
of a parallel plate capacitor containing a water-KCIl so-
lution [3]. For KCIl, the data above 10 kHz are explained
by the bulk solution properties, and an increase was ob-
served in both the real and imaginary parts of impedance
from 10 mHz to 10 kHz. This increase is attributed to
polarization at the metal-aqueous solution interface, the
so-called electrical double layer. In terms of modeling,
the immittance data for a KCl cell have been analyzed
with the Poisson-Nernst-Planck (PNP) model, the PNP
anomalous model and assuming an ionic adsorption/
desorption process at the surfaces or considering ohmic
or blocking electrodes [4-9].

Alternatively, the results of immittance have been treated
using equivalent circuits containing, for example, a constant
phase element (CPE) [10—12]. This allows for determining the
capacitance and resistance of the double layer, in addition to
providing information on effects from surface roughness,
electrode porosity, and geometry. Even though experimental
data have been available for many years, sophisticated models
and the applicability of phenomenological circuit models to fit
the data are still under debate. Only recently, Lenzi et al. [13]
show an analytical connection between the PNP model and
the phenomenological interpretation using CPEs in equivalent
circuits.

In this paper, measurements of electrical impedance
of KCI aqueous solutions were extended to ultra-low
frequencies, 0.1 mHz<f<10 mHz. The aim is to analyze
a broad peak at 20 mHz in the imaginary part of the
impedance, which is in contrast to results from the lit-
erature [3, 14, 15]. This ultra-low frequency peak is
fitted with a Cole-Cole impedance element, from which
quantitative, consistent information about the double
layer can be extracted, including double layer thickness,
capacitance, and resistivity.
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2 Experimental Data

The parallel plate capacitor consisted of polished gold-plated
brass electrodes 2 cm in diameter and 1.3 mm apart, mounted
inside a Plexiglass cell hermetically closed after filling with
KCI solution. The cell was held inside an aluminum Faraday
cage to minimize electric interference during impedance mea-
surements. The distance of 1.3 mm between electrodes was
not varied in the measurements. Before each measurement,
the Au electrodes and the container were cleaned with Milli-
Q water and dried by flushing nitrogen gas. All measurements
were performed at 22+0.5 °C using a temperature-controlled
bath. The KCl1 solutions with concentrations of 0.3, 0.45, and
0.6 mM were prepared using ultra-pure Milli-Q water
(18.2 MQem). KC1 was purchased from Aldrich and used as
received.

Electric impedance measurements were carried out using a
1260A Solartron analyzer and with a 1296A dielectric inter-
face in the frequency range 0.1 mHz<f<10 MHz applying an
ac voltage of 50 mV. In order to optimize data collection, the
impedance measurements were performed using different ex-
perimental conditions: (a) at 1 MHz<f<10 MHz, an imped-
ance matcher was employed with the 1260A analyzer [16],
and (b) for 0.1 mHz<f<1 MHz the 1260A analyzer and the
1296A dielectric interface were used. In the range 100 mHz<

/<1 MHz, the analyzer was set to measure the signal response
during several periods of the ac voltage (integration time of
the 1260A analyzer) to guarantee an accuracy with dispersion
smaller than 1 % and high rejection of all harmonic frequen-
cies. At the ultra-low frequency range, 0.1 mHz<f<100 mHz,
measurements were time consuming and, therefore, the signal
was integrated over one period of the ac voltage only. Al-
though measurements over just one period provides only a
reasonable rejection of all harmonic frequencies, it will be
shown that reliable impedance could still be obtained. The
real and imaginary impedance data were fitted simultaneously
using the ZView software [17].

3 Results and Discussion

Figure 1 shows the frequency dependence for the real and
imaginary impedances in the frequency range 0.1 mHz<f<
10 MHz for various concentrations of KCl aqueous solutions.
The impedance measurements with the KCI cell did not de-
pend on the applied ac voltage up to 100 mV; larger ac am-
plitudes were not attempted. Worth to mention is that the real
and imaginary parts of impedance are consistent since they
satisfy very well the Kramer-Kronig [18] relation except at
frequencies above few megahertz. Furthermore, our data is
in good agreement with the ones published elsewhere [14,
15] considering the area, distance between electrodes, and
the KCI concentration.
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Fig. 1 a Real part and b imaginary part of the complex impedance of the
KCI solution for different values of the KCI concentration. The inset
shows the ultra-low frequency peak (linear scale) separately

The real part of the impedance decreased with frequency,
featuring a plateau for 100 Hz<f<1 MHz. The plateau and the
decrease of the real part above ~1 kHz are due to ionic con-
duction of K and CI ions in the solution bulk [3]. The pla-
teau height, a measure of the cell electric resistance, decreased
with KCI concentration since electric conduction across the
bulk is proportional to the ionic concentration, as it is con-
firmed from data in Fig. 1a. The imaginary part of the electric
impedance displays two peaks; the broad one at /=20 mHz
had never been reported to the best of our knowledge. We
assume that the imaginary impedance data for KCl cell report-
ed in the literature for />10 mHz is the tail of the peak at /=
20 mHz shown here. The peak for /=1 MHz is known to arise
from the conduction of K and CI~ ions across the solution
bulk [3].

Data in Fig. 1 were further analyzed by calculating the real
and imaginary dielectric constants as shown in Fig. 2. The real
part of the dielectric constant increased from 80 to about 10
as the frequency decreased, being almost independent of the
KCI concentration, thus indicating a strong capacitive effect.
This behavior is typical of an interfacial polarization, and
therefore consistent with the hypothesis of an electric double
layer at the metal-electrolyte interface. The imaginary part of
the dielectric constant also increased at the low frequency with
a shoulder at ~1 kHz. Here, we will assume that the aqueous
solution is a dispersive, conductive system, and in the frequen-
cy range used, dipolar and vibratory effects lead to a
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Fig.2 Dependence of dielectric constant on frequency. a Real part and b
imaginary part

frequency-independent bulk dielectric constant [19, 20]. This
hypothesis is supported by the complex dielectric data in
Fig. 2 displaying a steady increase for imaginary dielectric
constant in the frequency range from 0.1 mHz to 10 MHz.

As mentioned in Section 1, so far, the steady increase in
impedance at low frequencies has been explained using equiv-
alent circuits containing a constant phase element [10-12] and
PNP models [4, 5, 7-9]. None of these works considered an
ultra-low frequency peak at /=20 mHz in the imaginary part of
the impedance. Next, we will show that a Cole-Cole imped-
ance element satisfactorily describes the immittance data at
ultra-low frequencies and gives adequate values for thickness
and electric resistance of the electric double layer although the
circuit element is not a physical model.

The impedance curves in Fig. 1 were analyzed using the
equivalent electric circuit depicted in Fig. 3. The parallel RzCp
circuit represents the high frequency conductive response of
ions in the solution bulk, and the Cole-Cole impedance ele-
ment is used to represent the ultra-low frequency response of
the KCl cell. The Cole-Cole impedance element provides a

R Cole-Cole

-— B impedance |——e
| | element
| [Cs

Fig. 3 Equivalent circuit to represent a capacitor filled with the KCl
solution
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wide peak at ultra-low frequency necessary for the fitting. Its
expression is given by

Zom— (1)
1+ (](UC CRC)‘

where R, has the physical dimension of ohms, j = v/~1, and

w=27f, Cc is an electric capacitance and 3 is the Cole-Cole

constant (0</3<1).

The curves that fit the experimental data for a KCI concen-
tration of 0.3 mM is shown in Fig. 4, with the corresponding
parameters of the equivalent circuit being given in Table 1. It
is worth mentioning that our fitting covers a broad frequency
range that varies over 11 orders of magnitude, 0.1 mHz<f<
10 MHz. Data fitting for the concentrations of 0.45 and
0.6 mM leads to results similar to those in Fig. 4 and were
therefore omitted. Table 1 shows R decreasing proportionally
with KCI concentration as expected, while C, R¢, Cc, and
are nearly independent of the KCl concentration. The value of
Cc is the main parameter to determine the position of the ultra-
low frequency peak. The accuracy with which C¢ can be
determined from the fittings is ca. 10 %, while for Cp, R,
and [, the accuracy is within a few percent. The insets in
Fig. 1b show that the ultra-low frequency peak is asymmetric,
being wider on the low frequency side (/<102 Hz) in a region
where fitting is poorer. This behavior cannot be exactly
accounted with the Cole-Cole impedance element since it pro-
vides a symmetric peak in contrast to our data. Attempts to fit

(a) 0.30 mMol/L
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Fig. 4 Experimental data for the complex impedance (circles) and the
fitting curves (solid lines) employing Eq. (1). The inset on the right figure
shows separately the ultra-low frequency peak (linear scale)



Braz J Phys (2016) 46:50-55

53

Table 1  Values of the circuit parameters obtained from fitting the
experimental curves. Rg, Cs, Rc, Cc, and [3 are the parameters given in
Eq. (1)

Concentration Rp Cp Re Ce 16]
mM ()] (pF) (k) (uF)

0.30 788 194 317 19.4 0.69
0.45 567 179 302 13.7 0.70
0.60 437 172 328 14.4 0.73

the data with a Cole-Davidson impedance element (where the
denominator of Eq. (1) is replaced by (1+jwr)®) systematical-
ly gave a poorer fitting than the Cole-Cole circuit element,
since the Cole-Davidson expression predicts a wider peak at
its right side. Also, the peak at ~1 MHz is not so well fitted for
f>5 MHz because the Cole-Cole peak has a tail at high
frequencies, in addition to the lack of accuracy in the
measurements with the 1260A analyzer. The effects
mentioned above lead to a rather low precision for the
fittings, i.e., x* is approximately 0.1.

The impedance spectra for 100 Hz<f<10 MHz are deter-
mined by the movement of K" and CI” ions through the solu-
tion bulk [3], represented by the RzCp parallel circuit in Fig. 3.
Thus, Rz and Cp obtained from the fitting allow the bulk
properties of the KCl solution to be determined. For example,
the ion mobility, p, can be determined using Rg=L/Ao=
L/2Agnyi, where n is the ionic concentration, 4=3.14 cm? is
the electrode area, L is the electrode separation, and o is the
electrical conductivity (K" and CI™ ions are assumed to have
the same mobility). Table 2 shows that the mobility is almost
independent of concentration. Its mean value (8.1£0.8)x
10 cm?/Vs calculated over the three KCI concentrations
agrees with the known mobility for K™ (7.6x10™® cm?/Vs)
and CI” (7.9x10® cm?/Vs) ions in water at 22 °C. The RzC-
g parallel circuit is frequently used to account for the high
frequency response of electrolytic cells, which is also in agree-
ment with the theoretical model by Becchi et al. [3].

As shown in Fig. 4, the impedance spectra in the ultra-low
frequency range can be fitted reasonably using the Cole-Cole
impedance element in Eq. (1). Although there is a deviation on

Table 2 Values for mobility, , double layer capacitance, Cp, double-
layer resistance, Rp, obtained from the fitting. Ly is the double-layer
thickness

Concentration Concentration 1078 Rp Cp Lp
of KCl1 of KClI m*Vs) (k) (uF)  (nm)
(mM) (10”2 m™)

0.30 1.8 8.5 158 38 0.7
0.45 2.7 7.9 151 27 1.0
0.60 3.6 8.0 164 29 1.0

the left side of the peak for the reason mentioned before, we
propose a phenomenological description of the electric double
layer on the electrode interface. For instance, we assume that
R and Cc are a measure of the electric resistance and the
capacitance of the electric double layer. One should recall that
two electric double layers exist in the cell, one at each elec-
trode; thus, the capacitance of one double layer is Cp=2C¢
and its resistance is Rp=R /2.

Table 2 shows that R and Cp, are both practically indepen-
dent of the KCI concentration. The capacitance of the double
layer Cp is ~31 uF, i.e., ~10 uF/cm?, in agreement with values
published elsewhere [21]. From the electric double layer ca-
pacitance, we determined the double-layer thickness Lp=
1 nm, independent of the KCI concentration (see Table 2),
assuming a dielectric constant of 10 for water trapped between
the double-charged layers [6]. This thickness corresponds to
two layers of water molecules, being consistent with the
Helmholtz model for the electric double layer. Since Lp=
1 nm and Rp=160 kS, the electric resistivity of the double
layer is estimated to be ~5x10'" Qm, which is very high as
expected.

The success of the Cole-Cole phenomenological interpre-
tation is not surprising in view of the many efforts [22-24] to
account for the increase in impedance of aqueous electrolytic
solutions at low frequencies using a CPE impedance element.
As shown by Lenzi et al. [13], there are analytical connections
between the Poisson-Nernst-Planck model and equivalent cir-
cuits containing constant phase elements. In our case, for
/>~0.03 Hz, the modulus of (jwCcRc)” becomes larger than
one, and for the frequency range above this limit, the Cole-
Cole Eq. (1) reduces to its imaginary part ~(jw§#c) A that is,
the Cole-Cole circuit becomes a CPE element circuit. As
Table 1 shows a value of 3=0.7 is in agreement with the slope
found in the imaginary impedance (in the range of frequency
from kHz to 0.01 Hz) for electrodes of platinum and gold [15].

We also made a few experiments employing mixtures of
ethanol and Milli-Q water (results not shown here). With
ethanol-water mixtures in the cell, a similar behavior to the
KCl solution was found. The high frequency peak appeared at
=100 kHz, while the ultra-low frequency peak was observed
at /=2 mHz (lower than for KCl), independently of the water
content. Such results show that the ultra-low frequency peak
depends on the liquid also confirming that the ultra-low
frequency peak is not an experimental artifact.

4 Conclusions

We have investigated the ultra-low frequency impedance re-
sponse of a cell filled with ions of KCl dissolved in water. The
cell volume is responsible for the high frequency spectra of the
impedance, represented here by a parallel RC circuit. This is
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plausible since it is equivalent to a Debye conductive relaxa-
tion process [25] or to the physical model given by Becchi
et al. [3]. We found that the mobility of ions, circa of 8x
10~ m?/Vs, is practically independent of the KCI concentra-
tion and in good agreement with known values for K" and CI".

The broad peak at the ultra-low frequency around
20 mHz in the imaginary part of the impedance is at-
tributed to the formation of the Helmholtz electric dou-
ble layer at the metal interface. In spite of the simplic-
ity of the Cole-Cole circuit, it is possible to establish a
simple relationship between the circuit model and phys-
ical parameters. The thickness Lp=1 nm for the double
layer is in good agreement with the Helmholtz double
layer and values measured experimentally [26]. The De-

bye length (;’f—é) 1/2 (symbols have the usual meaning) found

from our data decreases from 6.5 to 4.5 nm when the
concentration varied from 0.3 to 0.6 mM indicating that
the outside Helmholtz plane of the double layer is with-
in the Debye layer. The Cole-Cole constant 3=0.7 indi-
cated a dispersive electric conduction, with the distribu-
tion of relaxation processes being ascribed to a distribu-
tion of double layer capacitances which depend on pa-
rameters such as the surface roughness of the electrodes
[13].

Further insights into the ultra-low frequency peak will re-
quire detailed measurements where systematic changes are
used for cell geometry; area of electrodes, their roughness,
and different electrolytes are employed. For example, we sug-
gest that the ultra-low frequency peak can be shifted to higher
frequencies by decreasing the double layer capacitance Cp
(e.g., decreasing the electrode area). This is important from a
practical point of view to save time in the measurements and
get more details of the left side of the peak.

Also relevant is to identify physical models that can
explain the impedance data, for instance by using
Poisson-Nernst-Planck continuum equations of charge
motion in liquids of an electrochemical cell, as exten-
sively discussed in literature [14, 27, 28]. One candidate
to explain the low frequency peak is to consider ohmic
electrodes [14] that show two alike peaks in the imagi-
nary impedance spectra. Other possibilities for physical
interpretation are the model considering diffusion pro-
posed by Macdonald [27] and the model by Lenzi
et al. [29] based on fractional diffusion with special
boundary conditions with ohmic electrodes.

With regard to equivalent circuit elements, further analysis
and work are necessary to improve fitting of the data, which
will probably require addition of new elements to the circuit.
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