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ABSTRACT

A charge migration model is proposed to model the impedance response of water, containing intrinsic (auto dissociated) and extrinsic ions
(from dissolved gases), measured in the frequency range 1mHz − 30MHz with stainless steel electrodes. The observed response may be broadly
classified into two frequency regions (region I: 10 kHz < f < 20 MHz and region II: 200µ Hz < f < 10 kHz). Region I may be characterized
by bulk conduction and geometric capacitance leading to a relaxation-like response and a dispersion-free conductivity. Region II may be
characterized by dispersive effects associated with space-charge layer in the vicinity of the electrodes. The proposed model is built on the
notion that the process of space charge formation is mutually exclusive from the process of ionic conduction. Accordingly, it assumes that
a fraction of the charge carriers participates in the conduction process and the remaining fraction contributes to the capacitance associated
with space charge formation. When fitted to the observed impedance response, through equivalent circuit models, the charge concentration
fraction exhibits a power law dependence on the frequency. The model is fairly general in its scope and may provide an alternate route to
understand the internal processes and prompt further investigations.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5078709

I. INTRODUCTION
Impedance spectroscopy is usually performed from ∼ 10-3 Hz
to ∼ 107 Hz.1–3 De-ionized (DI) water from Milli-Q system is taken
to be a reference for various investigations on ultrapure water as
well as on water-based samples. Milli-Q water is characterized by
a resistivity of 18.2 MΩ-cm at room temperature (25○ C).4 The finite
resistivity of ultra-pure DI water is understood to be due only to
the presence of auto-dissociated ions. Auto-dissociation is temperature driven and the intrinsic ion concentration would be finite at
any temperature of liquid water. As water samples are known to be
contaminated within a few seconds due to gas exchange reactions
under normal atmospheric conditions, the resistivity is determined
by the Milli-Q system through an independent in-line measurement
procedure5,6 that prevents any contamination due to gas-exchange
reactions involving gases present in the atmosphere.
Below ∼ 103 Hz, and all the way down to ∼ 10-3 Hz, the autodissociated ions, together with the majority of un-dissociated polar
molecules are taken to contribute to the impedance spectrum of
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water in a complex manner.2,7–9 However, the impedance response
of such a system has been difficult to obtain experimentally and
theoretically as well. The complexity is compounded by the following: (a) the dissociation into ions can be influenced by the applied
voltage,10 (b) gas-exchange reactions6 with water result in the presence of additional foreign ions and related complexes, and (c) the
dependence of ion-electrode reactions on the specific electrodes11
and their surface topography.12
There is a considerable literature on impedance spectroscopy
of DI water at room temperature with various electrodes.7,12–16
The observed response may be broadly classified into two frequency
regions (region I: 10 kHz < f < 20 MHz and region II: 1mHz
< f < 10 kHz). Region I may be characterized by bulk conduction and geometric capacitance leading to a relaxation-like response
and a dispersion-free conductivity. Region II may be characterized by dispersive effects associated with space-charge layer in the
vicinity of the electrodes. The resistivity, deduced typically from
region I impedance spectrum (Re [Z]) of DI water, is found to
be significantly and consistently lower than 18.2 MΩ-cm at room
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temperature. While it is clear that this lowered resistivity is due to
additional foreign ions resulting from dissolved gases, it has been
very difficult to identify the various ionic species present in the
sample and determine their contributions through impedance spectroscopy. Although a partial assessment can come from pH measurements that provide the H+ ion concentration, the non-trivial relation
between pH and resistivity makes it difficult to determine the ionic
contributions in an unambiguous manner.17,18
Several models converge to provide reasonably successful predictions of the response in region I. However, the variability in
the reported experimental impedance spectra for DI water, particularly for frequencies below 1 Hz in region II, continues to pose a
challenge in the interpretation and understanding of the phenomena.19–21 The low frequency dispersive response seen in region II
of the impedance spectrum may be broadly termed as due to space
charge effects but it includes ion-electrode interactions as well. Various models22,23 have been proposed to understand the processes
leading to the observed response. In addition to the circuit models,1,2,24–27 there are the Poisson-Nernst-Planck diffusion model
(PNP),12,28–30 a variant of the PNP model that includes anomalous
diffusion (PNPA),11,31–33 and the fractional diffusion model.7,34,35
The PNP model recognizes that charge concentration gradients exist
leading to ionic diffusional current, in addition to ionic conduction. Recent studies based on the PNP model have highlighted the
sensitivity of the response to the amplitude of DC bias voltages.36
Numerical predictions based on the PNP model have also examined
the conditions under which one-dimensional solutions, employed
widely to interpret experimental results,37 are valid.31 However, the
PNP model has not been able to capture the observed dispersion
characteristics in water at very low frequencies. While the PNPA
model succeeds in fitting the observed spectral response through an
anomalous diffusion exponent, it does not emerge naturally from
solving the PNP equations. Phenomenological models,38,39 such
as the constant phase element24 (CPE) models, have been proposed involving a power law based frequency dependence to fit the
observed spectrum. The equivalence between the CPE based circuit
model and PNPA has been reported.40 Power law behavior thus
seems to be a crucial ingredient in all the existing models.
While models have been proposed to account for electrode
effects and their surface conditions on the low frequency response
(region II), the parameters involved are hard to be determined
through experiments.11,41 Further, due to difficulties in controlling
the purity of water, it has not been possible to separate the roles of
intrinsic ions and foreign ions in ion-electrode reactions. Efforts are
also being made to clarify the roles of ions, and of the polar water
molecule complexes in the vicinity of the electrodes, in terms of
numerical assessment of the double layer formation,39 and molecular dynamics based simulations.40 It appears that the constraints
imposed by the ions and the electrodes on the polar water molecular
configurations plays a significant role in the low frequency response
characteristics of the impedance spectrum.
The system of a polarizable fluid, particularly water, consisting
of mobile ions enclosed in a cell with blocking electrodes has been
examined experimentally and theoretically in an extensive manner.
Identification of the key mechanisms at low frequencies qualitatively
and quantitatively continues to be motivating factor behind continuing efforts to carry out experiments and propose models. As
models such as the PNP, the PNPA (PNP with anomalous diffusion),
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and the fractional diffusion model have had only partial success,
phenomenological models continue to be attractive in providing
insights.
The charge migration model presented here is a phenomenological model that attempts to provide an alternate picture of the
internal processes leading to the observed dispersion in region II.
The paper is organized as follows: Section I presents the experimental impedance spectrum and describes the key features. Section II
presents the equivalent circuit models and the charge migration
model and describes how the fit to room temperature data is carried
out. Section III presents a discussion on the results in the context of
the charge migration model and other models. Finally, conclusions
on the scope and implications of the charge migration model will be
presented.
II. EXPERIMENTS AND DATA TRENDS
The sample cell with stainless steel (SS) electrodes is designed
such that the electrode diameter and the separation between the
electrodes are 2.12cm and 0.43cm, respectively. SS electrodes have
been chosen as they are highly inert. The geometric capacitance is
determined to be 0.55 pF. The electrodes were mirror polished. The
electrodes were cleaned in the following sequence: 1% dilute H2 SO4
and H2 O2 solution; Detergent; De-ionized water and acetone. At
every step 10 min sonication was employed. Electrodes were dried by
using hot air. A SEM image of the SS electrode is shown in Figure 1.
It indicates that the electrode surface is very smooth and largely
contamination free.
The de-ionized water sample, prepared from Milli Q system,
was sandwiched between the thoroughly cleaned electrodes and the
cell is carefully transferred to the sample holder of the impedance
analyzer setup. The sample was sealed by using Teflon O-ring. To
ensure minimum contamination, the sample is directly transferred
to the cell, avoiding intermediaries (such as bottles, beakers, funnels
etc). Impedance measurements, in the range 0.2 mHz to 30MHz,
have been carried out using Solatron SI-1260 Impedance/gain phase
analyser measurement system. Figure 2 shows the schematic of the

FIG. 1. SEM image of the SS electrodes used in the experiment. The image indicates that the electrode surface is sufficiently smooth on the scale of 500 nm and
largely free from contamination.
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FIG. 2. (a) a schematic of the experimental setup consisting
of a cell, the impedance analyzer and a PC for data collection. (b) The cell with dimensional details indicating the
electrodes (M) and Teflon (T) for support and insulation. (c)
Shows a schematic of the cell with electrodes (red) containing DI water and connected to a source. The shading
highlights the concentration gradient of mobile ions produced due to blocked electrodes. Regions marked I and II,
but not to scale, depict the bulk and interfacial response
regions respectively.

experimental setup and dimensional details of the cell used in the
experiments.
The room temperature measurements, using SS electrodes, of
the real and imaginary parts of impedance are shown in Figure 3.
The measurements have been obtained by applying an AC voltage
of 1 V peak-to-peak.
III. MODELS
As is known, DI water has a measurable conductance at room
temperature (0.055 nS) due to the ions generated through autodissociation at room temperature. The auto-dissociated ions are
taken to be H+ and OH− ions and are considered to contribute to
the ionic conductivity with different mobilities.42 Since even very
short exposures of ultra-pure water to the ambient atmosphere are
known to allow gas-exchange reactions to take place, additional ions
are almost always found in samples routinely prepared out with DI
water. In addition to ionic conduction, DI water is characterized by
a large relative permittivity, about 80 at room temperature, arising
from the complex dynamics of polar water molecules. The sample is

thus taken to be a leaky dielectric. The bulk resistive and bulk capacitive contributions contribute to the relaxation-like response around
0.5MHz in the impedance spectrum, referred to as region I.
A. Equivalent circuit model (A) for region I
In the frequency range of region I, the capacitance arises from
polar molecules as well as from bound electrons. The observed conduction is due to a combination of auto-dissociated ions and foreign
ions. As the fraction of water (polar) molecules undergoing autodissociation is negligible compared to the total number of water
molecules, the contribution of polar molecules to the capacitance is
taken to be practically unchanged. The concentration of ions is taken
to be dilute. A simple RC circuit model describes the impedance
spectrum in region I quite well and is depicted in Figure 4.
The success of this simple RC model largely justifies the
assumption that resistance and capacitance are independent. The
equivalent circuit model for the impedance response in region I,
taken to be a leaky capacitor, consists of a parallel combination of
a resistance, RB , and a capacitance, CB as there appears to be only
eq
one relaxation-like feature. The impedance, ZB , is given by
eq

ZB = RB /(1 + iωτB )

(1)

where τB = RB CB is the relaxation time. The relaxation peak is chareq
acterized by peak frequency, ωp = τB −1 and the values of Re[ZB ] and

FIG. 3. Log-log plot of the real and imaginary parts of the measured complex
impedance of DI water at room temperature as a function of frequency with SS
electrodes.
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FIG. 4. The impedance (ZB ) describing the bulk response of the system and the
corresponding equivalent circuit is shown. CB , and RB depict the contributions from
the polarizable medium and the mobile ions, respectively.
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FIG. 5. The equivalent circuits describe the total impedance
due to interfacial contributions and the bulk response. Subscripts B, and S denote the bulk and interface contributions associated with capacitance and resistance. Space
charge and ion-electrode interfacial effects are expected to
contribute to CS and RS .

eq

−Im[ZB ] at the peak frequency (= 12 RB ). From the experimental
eq
eq
data, the peak frequency and the value of either Re[ZB ] or −Im[ZB ]
could be used to determine RB and CB . RB and CB have been
obtained making use of the non-dispersive region of the real part
of impedance and the relaxation feature exhibited by the real and
imaginary parts of the impedance in the frequency range 0.01 MHz –
10 MHz. It may be noted that these values implicitly involve the
geometrical parameters - electrode area and electrode separation.
It may be worth noting that in the high frequency limit, ωτB ≫ 1,
the impedance of the PNP model resembles the equivalent circuit
shown in Figure 4 with R and C parameters expressed in terms of
ionic conductivity and dielectric permittivity of the medium.
B. Equivalent circuit model (B) for region II
As can be seen from Figure 3, there is no indication of any other
mechanism contributing to the observed responses in region I till
about 1 kHz coming from the high frequency side. If the medium
does not have any other mechanism, the Re[Z] would continue at the
same value, and –Im[Z] would continue going down with the same
slope, all the way to the DC limit. Below 1 kHz, however, both Re[Z]
and -Im[Z] begins to indicate strong dispersion. The dispersion is
considered to arise from ions piling up near the electrodes leading
to the formation of leaky capacitive layers. A simple RC model is
commonly used to see if the observed response can be modelled
successfully. The implication of using the simple RC model is that
even in region II, the resistance and capacitance are independent.
In terms of an equivalent circuit model, the impedance response,
eq
ZS , in region II, can be modelled by considering another parallel
combination of a resistance RS , and capacitance CS , as
eq

ZS = RS /(1 + iωτS )

(2)

where τS = RS CS is the relaxation time. The total impedance response
in the equivalent circuit model depicted in Figure 5 is given by,

eq

eq

(3)
Zeq = ZB + ZS
The impedance response from the equivalent circuit shown in
Figure 5 is compared with measurements in Figure 6.
Since there is no explicit relaxation peak in –Im[Z] and the concomitant emergence of a plateau-like feature in Re[Z] in region II as
in region I, there is some ambiguity in choosing the values of RS and
CS . The value of RS is largely dictated by the features in the observed
behaviour of Re[Z] and the value of CS is largely determined by the
features in the observed behaviour of –Im[Z]. These have been chosen to represent the impedance response seen in region II as closely
as is possible. It can be seen from Figure 6 that the circuit model
involving RS and CS is a poor fit to the observed response. While
the impedance of the PNP model follows the measured trends fully
in region I and partly in region II, it deviates significantly as the
frequency is lowered.
C. Charge migration model (C) for region II
The ions and dipoles (polar water molecules) play different
roles in the bulk and interfacial layers. These roles are influenced
by the frequency and amplitude of the external field and the nature
of the electrodes. Ions not only contribute to conduction, but to diffusion processes and to the structure of the space charge interfacial
layer. Likewise, the polar water molecules not only contribute to the
bulk permittivity but also determine the structure of the space charge
interfacial layer. Existing models have attempted to capture some of
these aspects and have had limited success, in describing particularly the low frequency response of the impedance response of DI
water.
The charge migration model is introduced as an alternate
model recognizing the fact that ions contribute to both resistivity and the capacitance (space charge layer) in a correlated fashion that is still unclear. The model proposes to deal with this
correlated role of the ions by factoring them explicitly in terms of a

FIG. 6. Comparison between the measured and modelled complex impedance
response as a function of frequency.
Model used is the equivalent circuit
(A+B). The parameters used for the
equivalent circuit are RB , CB , RS , CS with
values 30 kΩ, 60 pF, 4.04 MΩ, 100 µF,
respectively.
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then the medium would be a pure dielectric with infinite resistance.
However, these limiting cases are not encountered in the observed
impedance response of water. Explicitly, the impedance in region II
is given by,
Z(x) = (RB /x)/(1 + iω(RB /x)(1 − x)CE )
FIG. 7. The equivalent circuit for the impedance associated with the charge migration model is depicted. It consists of the mobile ion-concentration dependent
impedance and the impedance associated with the bulk medium. C(x) and R(x)
represent the mobile ion-concentration dependent capacitive and resistive elements of the equivalent circuit arising out of the correlated role played by the ions.
x denotes the fraction of mobile ion concentration involved in conduction process
and is expected to be frequency dependent in the model. As x → 0, Z(x) tends
to be capacitive with infinite resistance. As x → 1, Z(x) tends to be resistive with
vanishing capacitance.

fraction x of ions that contributes to the ionic conduction and the
remaining fraction (1 − x) of ions that contributes to the capacitance near the electrode. In terms of an equivalent circuit then, the
charge migration model consists of a parallel combination of a resistance, R(x), and a capacitance, C(x) with the impedance Z(x) given
by
Z(x) = R(x)/(1 + iωR(x)C(x))

(4)

In contrast to the impedance of a simple RC circuit model that
depends on R and C as independent parameters, the impedance of
the charge migration model relies on a correlated set of parameters,
R(x) and C(x).
The ionic conductivity, σB , in the bulk is given by σB = n0 eµ,
where n0 is the total charge density, and µ the total mobility of
both positive and negative ions. Monovalent ions are assumed in
all the discussions. Since only xn0 of the charges is considered to
be involved in the conduction process, the resistance in region II
is defined by R(x) = RB /x. The remaining fraction of charges contribute to the capacitance defined by (1 − x)CE , where CE is the
capacitance at the lowest frequency. Given that x lies in the range
0 < x < 1 by construction, the model leads to the following limiting cases: As x → 1, R(x) → RB and C(x) → 0 reflecting the
expectation that if none of the charges contribute to the capacitance, the resistance would be that in the bulk with no interfacial
capacitance. As x → 0, R(x) → ∞, and C(x) → CE reflecting the
expectation that if all the charges contribute to the capacitance,

(5)

The total impedance of the equivalent circuit model is given by,
eq
Zeq = ZB + Z(x). Figure 7 shows the equivalent circuit for the charge
migration model.
The real and imaginary parts of the model impedance are fitted to the experimental data in the least squared sense to obtain
the unknown constant, CE , along with the frequency-dependent
fraction, x.
Keeping in mind that the circuit model based on RB and CB
(model A) does not predict the inflection observed in the measured
data in the vicinity of ∼ 100 Hz, and knowing the roles played by RS
and CS (model B) in region II, the value of CE in model C has been
chosen to provide a good fit for frequencies from ∼100Hz till about
∼ 1Hz. The value for CE in model C was found through the fit to
be 100µF. We note that the resistance in model C, denoted by RE , is
completely determined by RB and x and is not a free parameter as in
model B.
Figure 8 shows the real and imaginary parts of the impedance
response.
Fig. 8 shows that the charge migration model (model C) in
combination with simple RC circuit model (A) is capable of following closely the measured impedance response over the entire range
of frequencies in region I and II up to 200 µHz. In particular, the
observed dispersion in region II is well represented by the correlated set, R(x) and C(x). Since there is dispersion, the correlation,
represented through x, is a function of the frequency.
Figure 9 shows the frequency dependence of the charge fraction in model C that provides the best fit to the measured impedance
response in region II.
The trend is seen to be well represented by the Hill function,
x( f) = x0

( f/f0 )γ
1 + ( f/f0 )γ

(6)

The values of the parameters, obtained for the fit in Figure 8
are, x0 = 0.9, f 0 = 0.31 Hz and γ = 0.68. The Hill function, as
parametrized here, has the following features: As f /f 0 ≫ 1, x(f ) → x0
the concentration contributing to the bulk conduction process. For

FIG. 8. Comparison between the measured and modelled complex impedance
response as a function of frequency.
Model used is the equivalent circuit
(A+C). The values used for RB , CB
remain the same as before.
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in a parametric manner, the model opens up the possibilities of gaining an understanding of the role played by the mobile ions in different experiments designed to probe deeper into the challenges posed
by the electrodes on the one hand and by ion-dipole complexes on
the other.
As the amplitude of the applied voltage is known to influence
the response, the values for the lumped elements in any equivalent
circuit model, extracted empirically from experimental data, would
exhibit a dependence on the applied voltage.
It would also be interesting to examine the connections between
the fractional exponent γ of the present model and the fractional
exponents in the anomalous diffusion models4 and constant phase
element (CPE) models.43
V. CONCLUSIONS
FIG. 9. The charge fraction, x, as a function of frequency, extracted from the
impedance response fit to experimental data.

f /f 0 = 1, x(f ) = x0 /2. For f /f 0 ≪ 1, x(f ) → x0 (f /f 0 )γ = Af γ , where A
is a constant involving the three parameters, x0 , f 0 , and γ.
IV. DISCUSSION
Region I is fairly well described by a simple RC lumped circuit model as well as by the microscopic PNP model. The PNP
model determines the impedance by considering explicitly the
physical processes of polarization current, ionic conduction current and ionic diffusion current. The convergence between the
two very different models (RC lumped circuit and PNP) arises
because the microscopic ionic conduction is captured through the
bulk resistance and the microscopic polarization current is captured through the bulk capacitance quite successfully. The PNP
model predicts an impedance response that captures the region I
features very well and also captures the dispersion effects in region
II reasonably well up to a certain frequency. Below this frequency,
it is found to lead to deviations with respect to the measured
response.7
The PNPA model attempts to go beyond the PNP model by
proposing one parameter to account for anomalous ionic diffusion
in the vicinity of the electrode and introducing rate constants as
additional parameters to describe adsorption and reaction processes
at the electrodes. The model is very similar to PNP in dealing with
the response seen in region I and has been fairly successful in matching the observed trends in region II through a nonlinear least square
fitting process.4 Despite its scope, the multi-parameter model has
not been widely employed, due, perhaps to the difficulty in obtaining a physical insight into the underlying mechanisms in terms of
the various model parameters.
The charge migration model employs a simple RC circuit
model to deal with the ‘bulk’ relaxation in region I caused by the
interplay of conduction current and polarization current and captures the dispersion effects in region II by subsuming the diffusion
process through a correlated reduction in conduction and associated increase in the interfacial capacitance. The success of the model
in capturing the very low frequencies stems from integrating the
three processes, namely conduction, diffusion and space charge. By
allowing x to be determined through a fit to the measured response
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A charge migration model is proposed which considers ionic
conduction and space charge processes as mutually exclusive. The
impedance response deduced from an equivalent circuit model
based on this charge migration model when combined with the bulk
response appears to represent measurements with inert SS electrodes
reasonably well at low frequencies.
It is known that charge concentration gradients exist near the
electrodes and it is likely that ionic transport through the space
charge layers in the vicinity of the electrodes is governed by a
combination of processes involving electrodes and ion-dipole complexes. Investigations with other electrodes are underway to deduce,
with the help of the parametric form, the role of the ion concentration under various conditions. The Hill function, used to
express the frequency dependence of the ion concentration fraction, may provide a means to describe the ion-electrode reactions as
well.
A simple circuit model has been used in the present instance
to incorporate the central or key feature of charge migration model,
namely, the mutual exclusivity of the role of ions in various processes. While the circuit model may have limitations, the key feature
is believed to have a larger scope. Further work is planned to consider incorporating this key feature into other models and extend
their scope of applicability and lead to improvement in the description of the underlying mechanisms on the one hand and represent
measured trends better on the other.
Recent investigations based on PNP model have predicted that
the impedance response would be sensitive to the amplitude of a DC
bias.36 As it is known that auto-dissociation and ion-electrode interactions are likely to be influenced by the external voltages, further
experiments need to be carried out to determine the response on the
applied AC voltage and DC bias voltage as well. Since the proposed
charge migration model permits a study of the crucial role of ions in
the medium, it would be very interesting to use it for the study on the
dependence of the impedance response on applied voltage. Further
work on the charge migration model are underway to understand
the role of different electrodes, distinguish between the roles played
by external ions and auto-dissociated ions and delineate the role of
the polar molecules in water.
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