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Numerical study of the current-voltage characteristics of a weakly
conducting liquid between extended parallel electrodes
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The article presents the results of solution of the problem of direct electric current flow through a weakly
conducting liquid located between two flat metal electrodes. This solution takes into account the influence of
spatial inhomogeneity of concentration and the degree of dissociation of ion pairs on electromigration processes.
The behavior of ions and ion pairs is described using electrokinetic equations. This system of equations, combined
with boundary conditions for concentration fluxes, allows one to model the redox process at the electrodes,
during which steady-state concentration and electric potential profiles are established in the volume between the
electrodes. It is shown that the significant nonlinearity of the processes under consideration leads to topologically
different current-voltage characteristics, which continuously transform into one another as the parameters of the
problem change. From a practical standpoint, this study allows for a more in-depth analysis of the phenomena
occurring during the technological process of protonation of a lithium niobate crystal immersed in molten benzoic
acid. This process is used to create channel waveguides in photonic integrated circuits. The proposed approach to
describing electrical conductivity makes it possible to exclude abstract boundary conditions used in earlier works.

Keywords: Current-voltage characteristics, liquid dielectric, numerical simulation.

DOI: 10.61011/TP.2025.11.62226.14-25

Introduction

Currently, liquid dielectrics have many technical appli-
cations. They are used as insulators in such electrical
devices as transformers, capacitors, etc. However, liquid
dielectrics have weak conductivity, the nature of which is
very complex. The assessment of the applicability of weakly
conductive media in a particular device requires an in-depth
study of their properties, which determine the operating
range of the dielectric. In this regard, it is necessary to carry
out many tests, which becomes especially relevant when
miniaturizing devices. In addition to direct experiments, the
behavior of a dielectric in certain situations is studied by
theoretical methods, which are becoming more and more
effective with the development of computing technologies.
The solutions to the problems posed in this way make it
possible to demonstrate the behavior of liquid dielectrics
in various systems and to detect patterns that are not
recorded in experiments due to various limitations. Often,
in some cases, a very complex behavior of the dielectric
is manifested, which raises many questions due to the
inconsistency of experimental results with previously known
data.

Even a seemingly simple task in which a liquid dielectric
is placed between two electrodes on which a constant
potential difference is maintained, resulting in an orderly
movement of ions between them, is still very non-trivial
from the point of view of observed phenomena. The fact is
that a detailed study of the process of passing an electric

current through a weakly conductive medium reveals a
wide variety of physico-chemical mechanisms that affect the
passage of current even in such a simple geometry [1,2].
The difference in formulation is reflected primarily in the
chemical processes taking place both in the volume of
the dielectrics and in the area of their contact with the
electrodes. Depending on the choice of materials, the
presence of impurities, the presence of ionizing radiation,
and other factors, the interaction of a dielectric-electrode
pair in one experiment may differ greatly from another.
Thus, the passage of an electric current can be accompanied
by the dissolution of the electrodes or the electrodeposition
of dissolved substances on them [2]. Mass transfer during
the passage of current is primarily associated with diffusion
and electromigration, however, it can be complicated by
such more subtle effects as spatial inhomogeneity of the
dielectric constant of the medium, as a result of which
several additional terms arise in the ponderomotor force,
leading, under certain conditions, to electrohydrodynamic
flows [2-4]. In a number of cases, the behavior of
these flows is complicated by the presence of interfacial
surfaces [5]. In addition, it is often necessary to deal with
the non-stationarity of processes associated with a variety of
factors, including electroplating [6].

One of the most important characteristics of electrically
conductive systems is the dependence of the current in
the circuit on the applied potential difference (volt-ampere
characteristic, VAC). The generalized form of the VAC of
liquid dielectrics was proposed in Ref. [7] and consisted of
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three sections: a linear dependence of current strength on
voltage at small potential differences, reaching the limiting
current at moderate voltages, and a pre-breakdown region
characterized by a sharp increase in current strength with
a further increase in voltage. Later, carefully conducted
experimental studies revealed significant deviations from
the proposed generalized form. So, according to Ref [8],
often in the area corresponding to the limiting current,
a linear increase in current strength is observed with an
increase in the potential difference. This phenomenon
is called current exaltation. Its theoretical explanation
was proposed in Ref. [9,10], in which an increase in the
concentration of ions at the electrodes was found, which
contributes to an increase in the intensity of migration
currents. In addition, serious deviations are also observed
at low voltages. And exactly in contrast to Ref. [7], where
the linear section smoothly turns into saturation, the VAC
experiences an additional bend [1,11]. The presence of
convective transport also significantly complicates the shape
of the VAC [12].

The desire to obtain a correct explanation of the de-
viations of the VAC from the initial linear law led to
the writing of quite a large number of theoretical papers.
If we are talking about a liquid dielectric in mechanical
equilibrium, then in the framework of weak electric fields,
ionic conductivity is described using the transport equations
and the equations of electrostatics. Various methods of
analytical solution of the specified system of equations
were implemented in Ref. [1,2,11,13] and the dependences
of current strength on voltage were obtained. These
dependencies are superimposed with good accuracy on
some experimental curves, the shape of which is close to
that proposed in Ref. [7]. Nevertheless, obtaining such
analytical dependencies involves a significant simplification
of the system of equations describing the flow of current.
The presence of more complex forms of VAC suggests
that these approaches are insufficient for a comprehensive
understanding of the electrical conductivity process. In this
regard, numerical modeling is increasingly used to solve the
problem of electrical conductivity in various systems. At
the moment, there are several approaches for the numerical
solution of the problem of the passage of an electric
current through a weakly conductive liquid. In one of
the approaches used, [14-16], the region of relatively large
electric field strengths is always considered, which makes
it possible to greatly simplify the boundary value problem,
namely, to lower the order of the transport equations by
eliminating diffusion terms. Despite the widespread use of
this approach to describe electroconvective flows, it cannot
be used in the case when not only the electromigration
current plays a significant role in expressing the ion flux
density, but also the diffusion current, i.e. in the area of low
VAC voltages.

The conservation of the diffusion term in the transfer
equations is associated with great computational difficul-
ties. To simplify the numerical model, in some cases,

among other things, it is proposed to use model bound-
ary conditions for the flow of matter [17-19], including
the coefficients of ion generation and destruction on the
electrodes. This approach makes it possible to model
the complex competition of diffusion and electromigration
fluxes, and even gives results from which it is possible to
construct a VAC [18], which is qualitatively consistent with
some experiments. Despite this, these results are essentially
very abstract, since it is difficult to directly compare the
phenomenological coefficients under boundary conditions
with the parameters of a real experiment.

A similar [17-19] system of equations, including diffusion
and electromigration fluxes, as well as the effects of
volumetric dissociation and recombination, is solved by
simulating the passage of electric current through membrane
systems [20-22]. The peculiarity of the boundary value
problem formulated in such cases is that the membranes
are brought into contact with the electrolyte, which is a
source of ions. Due to the high concentration of ions at the
entrance to the membrane, in such tasks it is acceptable to
use boundary conditions of the first kind for concentration.
This approach makes it possible to obtain VAC that are very
consistent with experiments and have a large number of
inflection points [23,24], the interpretation of which is based
on the complexity of the membrane system. In a number
of cases, mathematical modeling of the effect of convective
flows on the VAC of membranes is carried out, which gives
stochastic deviations from linear sections [25,26].

Nevertheless, despite all the richness and diversity of the
results obtained so far, there is still no complete under-
standing of all aspects of the electrical conductivity of liquid
dielectrics. Thus, many questions arise about the correctness
of the description of the mechanisms of recombination and
dissociation [27,28]. If, to describe recombination, a term
is introduced in the transport equations that is proportional
to ion concentrations and corresponds to their ,flow” in
volume, which is very logical in the first approximation, then
the description of dissociation, as a rule, boils down to the
appearance in the same equations of a volumetric ,,source®
ions, in no way related to the local the concentration of
ion pairs [14]. In this regard, the question arises about
the completeness of the mathematical description of the
electrical conductivity of liquid dielectrics in cases where
the distribution of ion pairs is heterogeneous for various
reasons.

The relevance of this question is very significant, since
often a seemingly insignificant deviation in the parameters
of a liquid dielectric entails serious changes in a particular
technological process. An example is the technology
of creating optical waveguides using a proton exchange
reaction. To carry out this reaction, a lithium niobate crystal
is brought into contact with a benzoic acid melt [29,30].
Under certain conditions, acid molecules that directly come
into contact with the crystal dissociate. The hydrogen ions
released during this dissociation penetrate deep into the
crystal and replace lithium ions. The latter penetrate into
the melt and, together with benzoate ions remaining from
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benzoic acid molecules, form an ionic boundary layer in
it [31-33]. Experiments show that the water content in
the benzoic acid melt has a significant effect on how many
protons will penetrate into the crystal [34] and, accordingly,
on the final characteristics of the waveguide. The use
of not only X crystal sections as a substrate, but also
Zsections, actually means that proton exchange will be
carried out in the presence of a strong electric field [35]
and may be accompanied by an electric current. It should
be noted that pre-dried benzoic acid is often used in proton
exchange [36], and the potential flow of current in the melt
will be complicated by a small number of ion pairs capable
of dissociation. Therefore, a physico-mathematical model
is proposed in this paper that allows for a multiparametric
analysis of the VAC of a weakly conductive liquid between
extended electrodes when a limited number of ion pairs are
contained in the volume.

1. Problem statement

We study the behavior of a weakly conductive liquid
when a direct electric current is passed through it, taking
into account the influence of spatial heterogeneity of the
concentration of ion pairs on electromigration processes
and, accordingly, taking into account the degree of their
dissociation. Let us consider an infinite layer of a weakly
conductive liquid enclosed between two flat metal elec-
trodes at room temperature. The problem is isothermal, the
liquid is in a state of mechanical equilibrium. The electrical
conductivity of the liquid is ensured by the presence of
neutral ion pairs in it. In the mathematical description of
the processes of electrical conductivity, a model is proposed
in which conduction ions appear due to the volumetric
dissociation of ion pairs. The further disappearance of
ions is due to two mechanisms: recombination in volume
and neutralization on electrodes charged opposite to ions.
We assume that in both cases, either immediately after
recombination or after intermediate chemical reactions near
the electrode surface, the initial ion pairs appear in the
volume. Electrode processes are not explicitly considered
in the model. Ion concentrations are considered to be
significantly lower than the concentration of benzoic acid
molecules. In this regard, the recombination of ions with a
high probability does not lead to the formation of more
complex molecules than the initial ion pair. From the
results of solving the problem, it will be seen that the
superimposed potential differences and, as a result, the
resulting current densities are significantly less than those
necessary to activate Kolbe processes, and therefore they do
not appear in the model. In addition, we assume that the
overvoltage of electrode reactions tends to zero, adsorption
can be neglected, and the products of electrochemical
reactions do not change the concentration profile in the
electrode space.

As an example, we will investigate the behavior of a
model liquid mixture similar in properties to a benzoic acid
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melt with a low water content. Ion pairs of the 1:1 type
in such a mixture are present in the form of complexes of
benzoic acid and water molecules [36]. After dissociation,
negative benzoate ions and positive hydroxonium ions
appear in the melt volume. Their transfer can be related
to both the concentration gradient and the presence of an
external electric field. In this regard, the ion flux densities
are given by the following relations:

j+ =—DiVni FkiniVo, (1)
where @, ny are fields of electric potential, as well as
positive and negative ions, D4 and k4 are coefficients of
diffusion and mobility of the corresponding ions.

Thus, in the one-dimensional case, the transfer equations
of the components involved in the redox process take the
following form [14]:

0
% =Dyn'l +kyi(n' @ +ni@") —kgnin_
1
12k 1, @
P 1
g = Dong + kRn+n, - 2kD ﬁ no, (3)
z

where ng is the ion pair concentration field, I;(z) is
a modified Bessel function of the first kind. In turn,
ion concentrations are inextricably linked to the electric
field in the interelectrode space through the equation of
electrostatics:

goe” =e(n. —n_). 4)

In equations (2)—(4), the parameters e, €, & are the
electron charge, the dielectric constant of the carrier fluid,
and the electrical constant. The diffusion coefficient of
ion pairs, as well as the coefficients of recombination and
dissociation, are denoted, respectively, Dy, kg, and kp. To
account for the effect of the electric field on the dissociation
processes [14], a correction factor is introduced in the
term responsible for the influx of ions, depending on the
dimensionless value z = L, /L,:

[ L = c
"7 dmegekT’ ¢\ Amegele!|’

Here £ is the Boltzmann constant, and 7 is the temperature.
The value z is determined by two characteristic scales.
The Bjerrum length L, is determined by the distance at
which the energy of the electrostatic interaction between
ions is comparable to their thermal energy. In turn,
on the L, scale, the force of the electrostatic interaction
between ions is comparable to the force applied to ions
from the external field. As will be seen later from the
results of solving equations (2)—(4), the electric field in
the interelectrode space will not be homogeneous. In this
regard, taking into account the importance of the intensity of
mutual transformations of ions and ion pairs in the present
formulation, the term responsible for dissociation is adjusted
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using the Bessel function. This correction was proposed
in Ref [37], and shows an increase in the intensity of
dissociation with an increase in the value of the electric
field strength.

The strokes indicate the derivative of the coordinate x.
The coordinate axis is directed along the normal to the
electrodes in such a way that the anode is located at the
origin of the coordinates, and the cathode is located at a
distance of  from it. A potential difference ¢q is maintained
on the electrodes. The electrodes in the considered model
process are not subjected to dissolution or deposition of
additional chemical reaction products on them, including
for the reason that the action of an electric field may take
a limited time. The problem simulates a redox reaction
in which the left and right boundaries are impervious to
positive and negative ions, respectively. At the same time,
ions of opposite signs are neutralized at these boundaries.
This process is included in the physico-mathematical model
in the form of ion runoff when they reach oppositely
charged electrodes. The flux density associated with ion
neutralization is defined as o¢’/e, where o is the electrical
conductivity of a liquid dielectric. In turn, the outflow of
ions, due to their neutralization at the boundaries, must be
compensated by the influx of reduced ion pairs in order
to fulfill the conservation law in the redox process. Thus,
the boundary conditions for all values introduced into the
problem are presented in the following form:

x=0: —D+n/+ — k+n+g0/ = 0,

!/ /

o o
~D_n_+kon_o¢' =72, Do = 2(£ ®=@o, (5)
o’
x=h: —D+n/+—k+n+(plz— e N
/
—D_n" +k_n_¢'"=0, Dony= —62(5 , =0. (6)

We assume that ion pairs and negative ions are similar
in their kinetics. In this regard, the value of the diffusion
coefficient of ion pairs was considered close to the value of
the diffusion coefficient of negative ions: Doy = D_.

The initial conditions for the system of equations (2)—(4)
were
ne(t=0)=0, no(t=0)=ng, @=0)= @0(1 - %)

The specific current strength for the construction of the
VAC was calculated as the sum of the contributions of all
ions to the total current density based on the ratios (1):

h
[ = /(j+ —j-)dx.
0

The physical and mathematical model (2)—(4) is based
on equations containing spatial derivatives, temporal deriva-
tives, and nonlinear terms with unknown functions them-
selves (n, n_, and ng). These concentrations are always un-
ambiguously determined. Unambiguity at each subsequent

moment of time follows from the imposition of certain initial
conditions on these concentrations, which are set, among
other things, at the boundaries. Thus, despite the use of
the Neumann conditions (5), (6), at all subsequent points
in time, the distributions of the components are described
by a single solution.

Boundary value problem (2)—(6) was solved in dimen-
sionless variables. The units of measurement for distance,
time, concentration, and electric potential were h, h?/D,
no, and g, respectively. After the transformation to a
dimensionless form, the system of equations, boundary and
initial conditions take the following form:

] 1
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) (7)
1
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—p
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b
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2. Solution method

Obtaining a numerical solution to the boundary value
problem (7)—(12) is associated with certain computational
difficulties. Thus, the presence in equations (7) and (8)
of the term responsible for dissociation, together with the
initial conditions (12), leads to a rapid increase in the
concentration of ions in the volume at the initial time points,
which requires a very small time step. However, in this case,
the calculation until the establishment of stationary profiles
will be unreasonably long due to the significantly slower
diffusion process. Moreover, the formation of boundary
layers near the electrodes, the thickness of which, as will be
found later, will in some cases be ~ 0.0001 of the size of the
calculated area, imposes serious restrictions on the choice of
the coordinate step. Thus, in order to save machine time, a
gradual increase in the time step and a significant thickening
of the grid in the near-electrode regions are required.

To overcome all the numerical difficulties that accompa-
nied the task and obtain a solution, the authors selected
the mathematical package Comsol Multiphysics 6.1. The
formulated equations (7) and (8) are new in the sense that
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they are absent from the pre-defined physical models in
this mathematical package. A standard partial differential
equation solver was used to integrate them, in which all
equations and boundary conditions were manually written.
The boundary value problem was solved using the MUMPS
algorithm (MUltifrontal Massively Parallel sparse direct
Solver). In the course of the solution, an uneven computa-
tional grid was generated, symmetrical relative to the center
of the area under consideration, the elements of which were
condensed near the borders. The convergence of the results
was analyzed. In contrast to studies [18,19], in order to
resolve the boundary layers, it was necessary to increase the
density of the grid by several orders of magnitude due to
spatial inhomogeneities in ion concentrations. The number
of elements into which the calculated area was divided was
increased to 200,000. It was found that 150,000 elements
are sufficient to resolve the formed near-electrode boundary
layers and convergence. In the algorithm used, the time
step was set automatically for reasons of maximum saving
of computing resources.

There are many parameters in this task, the values of
which have not changed in the calculations.:

ky =0.5-107"m?/(s- V), k_ =10 m?/(s- V),

D, =0.5-10"%m?/s, D_ =0.5-10""m?/s,
kg =10""m?/s, kp =3-10°s7!, & =10,
o =10"12S/m, T =300K.

The mobilities, diffusion coefficients, and permittivity were
estimated by analogy with Ref [33,38]. 1In turn, the
relations for calculating the coefficients of recombination
and dissociation were borrowed from Ref. [14]. It should
be noted that the value of the electrical conductivity
coefficient is noticeably less than the value obtained in the
experiment with real benzoic acid [36], which makes the
liquid dielectric in question a model one and allows us
to qualitatively transfer the results obtained to many other
substances. The dimensionless parameters of the problem
assumed the following characteristic values:

A, =1, A_=0.1,

B,=10"'...10* B_=2-10"'...2-10°
C=2...2-10, D=6-10°...6- 108,
E=2-10"°...2-10°, =10"%...0.1.

3. Numerical simulation results

Calculations show that at the initial time points in
the interelectrode space, an active rearrangement of the
concentration and electric potential profiles is observed. As
a result of the dissociation of ion pairs, ions appear in the
carrier liquid, which, under the influence of an electric field,
begin to migrate towards electrodes with an opposite charge.
This process is counteracted by diffusion, which, as profiles
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are established, makes an increasing contribution to the
density of flows due to increasing concentration gradients.
Eventually, the system comes to a stationary state, which
is characterized by a balance of four mechanisms: electro-
migration, diffusion, recombination and dissociation. With
the growth of ¢g, the initial stages of current generation
become more violent and require more time to establish
(Fig. 1). The parameters used in the calculations assumed
values such that all profiles in dimensional units become
stationary after a time ~ 1 — 100s. The following figures
demonstrate the profiles corresponding to the stationary
state of the system.

By the time the ion concentration profiles are established,
they have common features. Under the action of an
electric field, positive ions accumulate near the cathode,
and negative ions accumulate near the anode. On the
other hand, for the same reason, depleted regions of
ions of the same signs are formed near the electrodes.
Thus, concentration ionic boundary layers appear at the
boundaries of the dielectric. At small values g, the
difference in ion concentrations in the dielectric volume
tends to zero, and the profiles have a linear dependence
on the coordinate (Fig. 2,a).

Due to the reduction of ions on the electrodes and
their recombination in volume, the concentration profiles
of ion pairs have a more complex nonmonotonic shape
(Fig. 2,b). A consequence of the conditions at the bound-
aries (10), (11) is a strong increase in ion concentration
as it approaches the electrodes. From the concentration
profiles obtained in Fig. 2, it can be concluded that the
selected value 77y corresponds to the dissociation of almost
all ion pairs, ie., after establishment, the dimensionless ion
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Figure 2. Concentration profiles of positive (solid line) and negative (dots) ions (a), ion pairs (b) and electric potential (c) at A = 0.001 m,

@ =0.01V, 7 = 10" m™3.

concentration is close to unity, and the concentration of ion
pairs tends to zero, which demonstrates a high degree of
ionization of the mixture.

A characteristic view of the electric potential profile is
shown in Fig. 2,c. It follows that the intensity vector of the
field formed in the dielectric is directed along the axis x.
While maintaining a relatively small potential difference at
the electrodes, these monotonic profiles also follow a linear
law in the center of the computational domain. In the
vicinity of the electrodes, the slope of the profiles always
increases. The specific distribution of the electric potential
at the selected parameter values in Fig. 2 shows that the
electric field is homogeneous in the volume of the dielectric,
but the absolute value of the field strength increases as

the concentration difference increases as it approaches the
electrodes.

Varying the values of the initial concentration of ion pairs
makes it possible to simulate the case of an even lower
degree of ionization. Thus, with an increase in 77y (Fig. 3),
the number of ion pairs remaining in the space between
the electrodes at the time of installation becomes larger
compared to the profiles in Fig. 2. At the same time, there
is a noticeable decrease in ion concentrations relative to the
concentration of ion pairs. The distributions in Fig. 2 and
3 are qualitatively similar. And it is precisely the thin near-
electrode regions in which the concentration increases that
persist even at large 7y for both ions and ion pairs. However,
the scale of these areas in Fig. 3 is significantly smaller than
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Figure 3. Concentration profiles of positive (solid line) and negative (dots) ions (a), ion pairs (curves / and 2 have concentration
values multiplied by 100 and 10, respectively) (b) and electric potential (c) for £ = 0.001m, @o =0.01V: / — 7ip = 10>’ m™3, 2 —

7o = 102 m~3.

in Fig. 2. Thus, the growth of 77y leads to an intensification
of migration and diffusion fluxes near the electrodes due to
the growth of electric potential and concentration gradients
in these regions. When ¢y is selected, the linear sections in
the center of the calculated area are saved for all profiles.

On the contrary, as 77y decreases, the size of the border
sections increases. In the case when the mixture is almost
completely ionized, the concentration distributions tend
to be linear [2]. If we exclude the effects of dielectric
breakdown, then the system reaches the maximum currents
in this situation.

Depending on the values of the potential difference
maintained on the electrodes, several modes of electrical

23 Technical Physics, 2025, Vol. 70, No. 11

conductivity can be distinguished. In the region of small @,
an increase in this parameter leads to a sharp increase in the
ion concentration in the near-electrode regions (Fig. 4). At
the same time, the remaining space between the electrodes
is depleted. So, in the case of 4 = 0.001m, 7ip = 107 m—3
and @o = 3V, the ion concentration in the center of the
calculated area will be two times less than at ¢y = 0.01V.
In this case, electrical conductivity is provided by active
dissociation and recombination of ions in the electrode
boundary layers. The growth of ¢ increases the intensity of
ion reduction and, accordingly, the current strength. One of
the key characteristics of this mode is the area in the volume
of the dielectric in which the concentrations of positive and
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negative ions are equal (curves / and 2, Fig. 5,a). With
moderate potential differences, the width of this area is
comparable to the distance between the electrodes.

Further increase of ¢o strongly deforms all profiles.
The slope of the linear section in the profiles of ion
concentrations increases. At the same time, the size
of the boundary layer near the anode is also growing.
Gradually, this leads to the fact that the area where the
ion concentrations are equal narrows.
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In the end, the width of this region takes on extremely
small values, and the equality of ion concentrations occurs
only at one point (curves 3 and 4, Fig. 5,a). A
significant part of the liquid becomes depleted by this point.
A decrease in ion concentrations in the volume of the
dielectric inevitably leads to a decrease in the intensity of
recombination, which is why the concentration of ion pairs
also gradually decreases (Fig. 5,b). Nevertheless, it can be
seen from the presented profiles that there is no complete
purification of the bulk part of the carrier liquid from ion
vapors.

An increase in g also leads to strong changes in the
electric field. An analysis of the profiles of electrical
potential and voltage (Fig. 6) allows explaining the change
in the nature of conductivity. So, for small ¢p, ie., in
the case when electrical conductivity is provided mainly
by electrodiffusion processes in the boundary layers, the
generated electric field, leading to the appearance of a
through-current between the electrodes, has a relatively
low voltage. The width of the region in which the ion
concentrations are equal coincides with the width of the
characteristic well in the electric field strength profile. This
region can be called the stagnation region, since it is in it
that the rate of ion electromigration is low compared to
the same rate in the boundary layers of the electrodes.
The probability of recombination of ions trapped in the
stagnation region is high, which is why they do not have
time to approach the electrodes.

An increase in the potential difference maintained at the
electrodes leads to a qualitative change in the profiles. The
area of equal concentrations is reduced, and now ions are
less likely to recombine during migration from one electrode
to another. In other words, a through-current appears in

0.8

1.0

Figure 5. Concentration profiles of positive (solid line), negative (dots) ions (a) and ion pairs () at & = 0.001 m, 7ip = 10" m 3. @y

1—08,2—253—7,4—12V.
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the dielectric in question. It should be noted that in such
a situation, the electric field strength in the thin electrode
regions reaches sufficiently large values. However, this effect
is local in nature and is not able to integrally change the
electrical conductivity of the entire array. Thus, the Wien
effect is not the ,main“ for the system in question, and
taking it into account will only slightly adjust the results
obtained.

A change in the electrical conductivity regime can also
be traced in the VAC, which always leave the origin and
demonstrate a linear increase in current strength from
voltage in the initial sections (Fig. 7). In the case of

23*  Technical Physics, 2025, Vol. 70, No. 11

h =0.001m, 77 = 10! m~3, starting approximately from
@o = 1.5V, non-linearities appear on the VAC. The profile
transformations described earlier lead to a more intense
increase in current strength than in the linear section
with an increase in ¢¢. This continues until there is
a through current of ions between the electrodes. Its
appearance can be traced by the bending of the VAC
and the appearance of a new linear section in it, but
for large ¢o. It is interesting to note that the angle of
inclination of this section coincides with good accuracy with
the value of the electrical conductivity o used in boundary
conditions (10), (11).
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In Fig. 7,a, the final linear sections have the same angle
of inclination as in Fig. 7,b, however, in the latter case,
the slope looks insignificant against the background of an
increase in current strength in the initial section. There
is a logical consequence of this, i.e. the higher the initial
concentration of ion pairs 7, the greater the potential of the
system for high-intensity current transmission.

This form of the dependence of current strength on
voltage qualitatively repeats the one that was obtained in
experiments [8]. As mentioned earlier, when the system is
reduced, it will approach the maximum current carrying
capacity. It can be seen from Fig. 7 that reducing this
parameter gradually eliminates all the nonlinearities of the
VAC. In the extreme case, the characteristic is transformed
into a straight line.

The behavior of the system under study becomes much
more complicated as the distance between the electrodes
increases. Thus, an increase in & to 0.01 m (Fig. 8) leads
to the fact that the linear section in the concentration
profiles is much more pronounced at low @o. As a result, a
stagnation region is formed in almost the entire volume of
the dielectric. The initial stages of increasing the potential
difference lead to the same effect as at 4 = 0.001 m, namely,
an increase in the slope of the concentration profiles and
a gradual increase in the thickness of the boundary layer.
However, unlike the case discussed earlier, changes in the
size of the electrode layers have little effect on the processes
occurring in the volume, and linear dependencies in the
profiles persist (curves 1—3, Fig. 8,a). Nevertheless, the
ion concentration near the anode gradually decreases, and
at a certain stage a sharp bend appears in the concentration
profiles (curves 4—6, Fig. 8,a). This bend represents
the boundary of the stagnation region, the size of which

decreases with growth ¢g, and at a certain moment reaches
its limit. Thus, electric fields with sufficient intensity appear
in the system again to organize end-to-end ion migration.

The VAC for the case h = 0.01m are shown in Fig. 9.
The general trend of an initial linear increase in current
strength remains, as shown in Fig. 7. However, further
bending appears in the characteristic, which, unlike the
previous case, slows down the increase in current strength
(Fig. 9,a). This bend reflects the moment when ion
concentrations near the positive electrode reach very small
values, and initially linear concentration profiles in the
volume of the dielectric become broken (curve 3, Fig. 8).
At this moment, the active diffusion of ion pairs between
the electrodes stops, which is why the accumulation of ions
in the electrode regions is also inhibited.

This effect is not visible in Fig. 7 due to the fact that the
boundary layers have a greater impact on the system with a
small scale. As the potential difference increases, the sizes
of the near-electrode structures increase, and due to this, a
relatively intense diffusion of ion pairs is maintained.

At first glance, after such a transformation of the
concentration profiles, the VAC reaches a linear section
similar to those shown in Fig. 7. However, a further increase
in @p leads to a slow increase in the slope angle in the
characteristic (Fig. 9, b). In this area, the stagnation region is
gradually displaced until, by analogy with Fig. 6, an electric
field with sufficient strength to generate a through current
is formed everywhere between the electrodes. At this
moment, the last linear section appears in the characteristic,
the angle of inclination of which is the same as in the
case of # =0.01m, is equal to o regardless of the values
of 7.
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Thus, as the scale of the problem increases, the shape of
the resulting VAC becomes close to that demonstrated in
the field of small potential differences in many theoretical
and experimental studies of the electrical conductivity of
membranes [20-23]. It should be noted that the proposed
physico-mathematical model does not take into account
convective mass transfer, as a result of which deviations
from the linear section with the maximum electrical con-
ductivity [25] should appear at high voltages.

The resulting VAC has many inflection points, but the
complex behavior of the system is not related to the
fact that there is competition of partial currents due to a
complex multicomponent chemical reaction, as indicated by
Ref. [9,10]. This is due to the qualitative restructuring of the
current formed by a single pair of ions.

Conclusion

The physicomathematical model presented in this paper
makes it possible to describe two different modes of electric
current passing through a liquid dielectric enclosed between
two metal electrodes. The equations used in the model,
together with the boundary conditions, make it possible to
study the features of diffusion and electromigration during

the redox process. Depending on the potential difference
maintained on the electrodes, different kinetic modes of
electrical conductivity are distinguished, provided either by
the development of near-electrode boundary layers due to
a decrease in the concentration of ions and ion pairs in
the volume of the dielectric, or by a through flow of
ions between the electrodes. The VAC obtained from the
calculations have a much more complex shape than those
usually demonstrated in the study of weakly conductive

Technical Physics, 2025, Vol. 70, No. 11

liquids in a flat gap, which is most likely due to a more
complete coverage of the physico-chemical mechanisms
involved in redox processes. Based on the shape of these
characteristics, a flat layer of a liquid dielectric under the
conditions of the redox process resembles an ion-selective
membrane to a certain extent in terms of its conductive
properties.

Funding

The study was carried out with the financial support
of the Russian Science Foundation and the Perm Region
(project No.24-29-20277).

Acknowledgments

The authors of the article express their gratitude to LV.
Petukhov for helpful discussions.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] V.G. Levich. Fiziko-himicheskaya gidrodinamika (Gos. izd-vo
Fizmatlit, M., 1959) (in Russian).

[2] G.A. Ostroumov. Vzaimodejstvie elektricheskih i gidrodi-
namicheskih polej (Nauka, M., 1979) (in Russian).

[3] GZ. Gershuni, EM. Zhuhovickij, A.A. Nepomnyashchij.
Ustojchivost’ konvektivnyh techenij (Nauka, M., 1989) (in
Russian).



1958

M.l. Petukhov, V.A. Demin

(4]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]
23]

[24]

V.A. Saranin. Ustojchivost’ ravnovesiya, zaryadka, konvek-
ciya i vzaimodejstvie zhidkih mass v elektricheskih polyah
(Regulyarnaya i haoticheskaya dinamika, M., 2009) (in
Russian).

E.A. Demekhin, G.S. Ganchenko, A. Navarkar, S. Amiroudine.
Phys. Fluids, 28, 0922003 (2016). DOIL: 10.1063/1.4961976
G.I Skanavi. Fizika dielektrikov. Oblast’ slabyh poley (Gos.
izd-vo tekhniko-teoreticheskoj lit-ry, M., 1949) (in Russian).
A. Nikuradze. Zhidkie dielektriki (Ob’edinennoe nauchno-
tekhnicheskoe izd-vo NKTP SSSR, M., 1936) (in Russian).
1. Adamchevskij. Elektricheskaya provodimost’ zhidkih
dielektrikov (Energiya, L., 1972) (in Russian).

Yu.Ya. Gurevich, Yul. Kharkats. Elektrokhimiya, 15 (1), 94
(1979) (in Russian).

Yul Kharkat. Elektrokhimiya, 21 (7), 974 (1985) (in
Russian).

AN. Frumkin, VS. Bagockiy, Z.A. Iofa, B.N. Kabanov.
Kinetika elektrodnykh processov (1zd-vo Moskovskogo un-
ta, M., 1952) (in Russian).

V.V. Nikonenko, S.A. Mareev, N.D. Pis’menskaya, AM. Uz-
denova, A.V. Kovalenko, M.Kh. Urtenov, G. Pourcelly. Russ.
J. Electrochem., 53 (10), 1122 (2017).

DOI: 10.1134/S1023193517090099

H.J. Plumley. Phys. Rev,, 59 (2), 200 (1941).

DOLI: 10.1103/PhysRev.59.200

F. Pontiga, A. Castellanos. Phys. Fluids, 6, 1684 (1994).
DOI: 10.1063/1.868231

O. Nekrasov, B. Smorodin. Microgravity Sci. Technol., 34, 75
(2022). DOL: 10.1007/s12217-022-10002-3

V.A. Ilyin, N.I. Zadorozhny. Vestnik Permskogo un-ta. Fizika,
4,27 (2022) (in Russian).

DOI: 10.17072/1994-3598-2022-4-27-33

A.A. Vartanyan, V.V. Gogosov, V.A. Polyansky, G.A. Shaposh-
nikova. J. Electrostat., 24, 431 (1989).

DOI 10.1016/0304-3886(89)90072-7

FP. Grosu, M.K. Bologa, V.V. Bloshchitsyn, YuK. Stishkov,
LV. Kozhevnikov. Elektronnaya obrabotka materialov, 43 (5),
16 (2007) (in Russian).

V.V. Bloshchitsyn, Yu.K. Stishkov, A.M. Shaposhnikov. Vest-
nik SPb un-ta, 10 (3), 114 (2008) (in Russian).

J. Schiffbauer, N.Yu. Ganchenko, G.S. Ganchenko, E.A. De-
mekhin. Biomicrofluidics, 12, 064107 (2018).

DOI: 10.1063/1.5066195

S. Melnikov. Membranes, 13 (1), 47 (2023).

DOI: 10.3390/membranes13010047

1. Rubinstein, E. Staude, O. Kedem. Desalination, 69 (2), 101
(1988). DOL: 10.1016/0011-9164(88)80013-4

G. Yossifon, P. Mushenheim, Yu. Chang, H. Chang. Phys. Rev.
E, 79, 046305 (2009). DOI: 10.1103/PhysRevE.79.046305

L. Hernandez-Perez, M.C. Marti-Calatayud, M.T. Montanes,
V. Perez-Herranz. Membranes, 13, 363 (2023).

DOLI: 10.3390/membranes13030363

AV. Kovalenko, LV. Gudza, A.V. Pisisskiy, N.O. Chubyr,
M.H. Urtenov. Modelirovanie, optimizaciya i informacionnye
tekhnologii, 9 (3), 1 (2021) (in Russian).

DOI: 10.26102/2310-6018/2021.34.3.011

A. Uzdenova. Membranes, 9, 39 (2019).

Al Zhakin. Phys. Usp., 46 (1), 45 (2003).

DOIL 10.1070/PU2003v046n01 ABEH001141

VI. Zabolotskii, N.V. Shel’deshov, N.P. Gnusin. Russ. Chem.
Rev, 57 (8), 801 (1988).

DOI: https://doi.org/10.1070/RC1988v057n08 ABEH003389

29]
(30]

(31]

JL. Jackel, CE. Rice, JJ. Veselka. Appl. Phys. Lett., 41, 607
(1982). DOL: 10.1063/1.93615

S.T. Vohra, AR. Mickelson, SE. Asher. J. Appl. Phys., 66,
1561 (1989). DOL 10.1063/1.343751

VA. Demin, M.I. Petukhov, R.S. Ponomarev, M. Kuneva.
Langmuir, 39 (31), 10855 (2023).

DOI: 10.1021/acs.Jlangmuir.3c00957

V.A. Demin, M.I. Petukhov. Microgravity Sci. Tech., 36, Art.
N 33 (2024). DOL 10.1007/s12217-024-10113-z

V.A. Demin, M.I. Petukhov. J. Siberian Federal University.
Mathematics Phys., 18 (1), 100 (2025).

S.S. Mushinsky, A.M. Minkin, L.V. Petukhov, V.I. Kichigin,
DI Shevtsov, L.N. Malinina, A.B. Volyntsev, M.M. Ner-
adovskiy, V.Ya. Shur. Ferroelectrics, 476 (1), 84 (2015).
DOI: 10.1080/00150193.2015.998530

K.M. Mambetova. Avtoref. kand. diss. (Tomsk, Tomskiy gos.
un-t sistem upravleniya i radioelektroniki, 2012) (in Russian).
V.I. Kichigin, I.V. Petukhov, A.R. Kornilitsyn, S.S. Mushinsky.
Kondensirovannye sredy i mezhfaznye granitsy, 24 (3), 315
(2022) (in Russian). DOIL: 10.17308/kemf.2022.24/9853

L. Onsager. J. Chem. Phys., 2, 599 (1934).

DOI 10.1063/1.1749541

V.A. Demin, M.I. Petukhov, R.S. Ponomarev. Surface Eng.
Appl. Electrochem., 59 (3), 321 (2023).

DOI: 10.3103/S1068375523030055

Translated by A.Akhtyamov

Technical Physics, 2025, Vol. 70, No. 11



