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Ionic transport in one- and two-dimensional (2D) electrolytic cells operating at high
voltage with a nonsymmetric electrolyte consisting of three species is simulated numer-
ically. The numerical simulations are aimed at elucidating the differences in the onset
of the electroconvective instability in the nonsymmetric electrolyte in a 2D electrolytic
cell compared with that for a symmetric binary electrolyte. An extensive parametric
study is performed to determine the mechanisms governing the onset of the instability. In
addition, the main characteristics of the spatiotemporal evolution of the electroconvective
instability are investigated. By focusing on the characteristics typical of the onset of the
electroconvective instability in a nonsymmetric electrolyte, we are able to offer a physical
interpretation and a detailed discussion of the origin and development of this instability.
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I. INTRODUCTION

Electroconvection (EC) in a fluid resulting from an externally applied electric field driving coun-
terions toward an ion-selective surface plays a significant role in various engineering applications,
including energy harvesting by reverse electrodialysis [1-6], electrochemical deposition of ramified
growths (including control of dendrite growth in batteries [7,8]), fabrication of microchips [9],
operation of micro- and nanofluidic devices (such as micropumps operating in fuel cells [10,11],
preconcentrators [12], micromixers [13], semiconductors [14,15], biosensors [16,17], and fluidic
diodes [3,18-23]), electrochemical machining [24], and acid-recovery technologies in metallurgy
[25-27], to name but a few.

When characterizing ionic transport within an electrolyte confined by a single surface or by
a pair of ion-selective surfaces and subjected to an externally applied voltage, it is common to
focus on the shape of the current-voltage curve. This curve has three distinguishable regimes: an
Ohmic regime, observed at low voltages and characterized by a constant positive slope; a limiting
regime, in which the concentration polarization (CP) phenomenon results in a diffusion limitation
associated with a depleted extended space-charge (ESC) layer and a saturated current [28,29]; and an
overlimiting regime, typical of the highest voltages and characterized by a re-increasing slope [30].
The overlimiting regime has commanded most of the attention over the past two decades because it
constitutes a critical factor in the fundamental understanding of convective ionic transport within an
electrolyte and because it is a common phenomenon in many engineering applications.

The presently existing consensus that relates the overlimiting regime to the electroconvective
instability (ECI) resulting from a tangential electric field acting upon the ESC associated with a
nonequilibrium electric double layer (EDL) may be attributed to the seminal theoretical work of
Ref. [30]. This work was subsequently extended by further theoretical developments [31-33] and
confirmed by experimental results [34,35]. Together, these studies have motivated further research
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FIG. 1. Composition of the printer ink. Reprinted with permission of IS&T: The Society for Imaging
Science and Technology sole copyright owners of The Journal of Imaging Science and Technology [40].

on the EC characteristics typical of the overlimiting regime. Among the numerous works on this
topic, worth mentioning are an investigation of the potential of utilizing EC for the enhancement of
mixing in a system with nonplanar periodic distortion of the cathode surface [36], the development
of a unified theory of EC based on asymptotic and linear stability analysis [37], a recent investigation
of the equilibrium ECI near a perfectly charged selective solid of finite conductivity [38], and a
recent study on the impact of Joule heating on electroconvective ionic transport [39].

Against the above background, the motivation for the current study derives from a need to un-
derstand the physics governing two-dimensional (2D) convective flow, in general, and development
of ECI, in particular, in the ink used in modern electrophotographic printers. The ink used in such
HP printers, known as Electrolnk, comprises a nonsymmetric electrolyte containing a mixture of
three species, namely, polymeric ink-containing particles and positively and negatively charged ions
dissociated from charge director micelles under the action of a strong electric field. The ink carrier
comprises an oily nonpolar electrically neutral liquid, namely IsoparTM-L [40], as shown in Fig. 1.
In this context, the current study aims at addressing two major questions. First, to what extent does
the ionic transport within the considered nonsymmetric electrolyte differ from that of its symmetric
binary counterpart prior to development of ECI? And second, what are the physical mechanisms
distinguishing the ECI onset scenario observed in the considered nonsymmetric electrolyte from
that typical of a symmetric binary electrolyte?

The electrophotographic printer is a sophisticated machine whose operation relies on a series of
sequential technological processes. Therefore, when seeking an improvement of printing quality,
it is critical to first identify the node with the greatest operational uncertainty and then to focus
on analyzing the electro-osmotic flow regime typical of this node. We argue that such a node is
the gap between the main electrode (ME) and the developer roller (DR) (see Fig. 2), where the
ECI development takes place, and in the framework of the current study we therefore focus on the
analysis of the electroconvective ink flow within this gap.

We now briefly introduce the major characteristics of the electro-osmotic flow typical of the
above configuration. As can be seen from Fig. 2, diluted ink enters the neck between the ME and
the back electrode (BE) and splits to the right (between the BE and the DR) and to the left (between
the ME and the DR). It should be noted that most of the ink (about 67%) flows to the left. An
electric potential difference between the electrodes and the DR generates an electric field, which
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FIG. 2. Schematic representation of the gap between the main electrode and developer roller in which the
ink flows. Reprinted with permission of IS&T: The Society for Imaging Science and Technology sole copyright
owners of the NIP24: International Conference on Digital Printing Technologies and Digital Fabrication 2008
[41].

results in electric forces acting on the charged ink particles. The direction of the electric-field vector
is radially outwards from the DR. Because of the negative charge on the ink particles, the electric
force attracts the ink particles toward the DR surface. The narrow gap between the ME and the
DR (350 pum) and the high applied voltage (1500 V) result in a very strong electric field (on the
order of 103 V/mm), leading to the onset of highly chaotic electroconvective ionic transport, with
subsequent chaotic mixing [29] of the charged species.

We now stress a few additional considerations before proceeding to the ultimate choice of
physical model that would allow the deepest insight into the physics governing the electro-osmotic
flow in the gap between the ME and the DR. First, due to the narrow gap between the ME and
the DR (350 um), the electric-field vector and the fluid-velocity vector are almost perpendicular to
each other—the electric field is radial, while the flow velocity is tangential. Second, the arc length
along which the ink flow develops is more than fifty times longer than the ME-DR gap, which
enables us to neglect the curvature and to work within a rectangular domain. Third, due to the shear
flow induced by the rotating DR, it is to be expected that in the plane of the DR motion the ECI
suppressed (at least in the vicinity of the DR) [42], contributing to high printing quality. However,
in reality, the width of the ME-DR gap is about 80 cm, which means that the flow is fully 3D
and is thus much more complicated. In fact, close to the DR surface the ECI is indeed suppressed
in the plane of the DR motion. However, as the rotating DR does not impose spanwise velocity,
the ECI can develop unhindered in the spanwise direction and be further advected downstream.
The ECI footprints developed in the vicinity of the top upper DR boundary can cause nonuniform
concentrations of ink (streaks) on the DR surface and thereby significantly impair the printing
quality. Fourth, the IsoparTM-L, comprising a nonsymmetric nonbinary electrolyte (see Fig. 1),
is modeled as an electrolyte consisting of a single positively charged species and two negatively
charged species. The charge valence of the positively charged species and one of the negatively
charged species is & unity, while the charge valence of the polymeric ink species is O(10°). The
three species are diluted within a nonpolar solvent (i.e., mineral oil) and are subjected to a strong
electric field (order of 10° V/mm) during the printing process. Lastly, an additional challenge
typical of this kind of electro-osmotic flow is to accurately resolve the EDL, whose thickness can
be of the order of hundreds of nanometers [43].

All the above considerations lead us to restrict our analysis of the ECI characteristics typical
of the ME-DR gap to 2D electro-osmotic flow in the plane perpendicular to the plane of the DR
motion. As mentioned above, in this plane, the ECI development is not affected by the DR motion,
so both horizontal boundaries of the 2D domain can be assumed to be stationary. Note also that in
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FIG. 3. Schematics of the geometry.

the framework of the current study we focus only on the small internal segment of the ME-DR gap,
which allows us to impose periodic boundary conditions in the spanwise direction. Finally, even
though the DR is, in reality, polymer coated, we model it as an open electrode to avoid the need to
explicitly address the “crowding” effect that occurs on blocking electrodes in highly concentrated
electrolytes [44]. It is believed that a fundamental investigation of the ECI characteristics typical
of this configuration, albeit simplified compared with the full thee-dimensional (3D) setup, is
important for further improving the printing quality. While the motivation for the analysis of this
particular setup lies primarily in applications relevant to digital printing technologies, the setup
under consideration can also be found in scenarios relating to the separation of organic pollutants
and to surface coating technologies. To the best of our knowledge, this study is the first of its kind
for the above-mentioned setup, in which the spatiotemporal characteristics of the ECI are elucidated
by means of an extensive parametric study and by characterizing the differences between the ECI
in that setup and its counterpart typical of a symmetric binary electrolyte.

II. PHYSICAL MODEL

A. Geometry and governing equations

We consider the electroconvective flow developing in a rectangular 2D domain of dimensions
+L x H, which is typical of the configuration presented in Fig. 3. The configuration is confined by
two open electrodes, one at the top and the other at the bottom, held at constant V| and V, electric
potentials, respectively (Fig. 3). The 2D domain is assumed to be periodic in the horizontal direction.

We now introduce the following scales characterizing the electroconvective flow typical of the
above configuration:

H? RT g Nty Dt FztDVeh
tig = —, Vr=——, uy=—V5 po=-—, Jo= 2, IOZTO

, (D
D+ ZtF nH H H

where 74;¢ is the diffusion time, V7 is the thermal voltage, ¢y is the initial molar concentration of
the bulk, ug, po, Jo, and Iy are the characteristic velocity, pressure, ionic flux, and current density,
respectively, and the superscript * refers to the physical property taken for the positively charged
species (cation). The full set of nondimensional equations governing the electroconvective flow of
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the nonsymmetric electrolyte consisting of n charged species is

V-u=0, (2)
! 8"+P v Vp+ V32 ! Z Vi (3)
—| = eu-Vu | = — u—— 1.Ci ,
Sc\ ot P 22\ &
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where the time, length, velocity, concentration, pressure, electric potential, ionic flux, and current
density fields are normalized as

f ¥ it & p Jr Ji I,
t=—, x=2, u=— g=— p=L wzi, n="1 L==,
Lait H uo TN Do Vr Jo I

where x corresponds to the spatial coordinate, Sc = n/pD™ is the Schmidt number, Pe = ugH /D"
is the Péclet number, and € = Ap/H is the nondimensional electrostatic screening length. The
species are denoted by the subscripts i = 1, 2, 3, corresponding to the cation species of charge
valence z*, the anion species of charge valence z~, and the third negatively charged species of
charge valence Mz~, respectively. Here Ap = [eRT /2(z*F)*c/]'/? is the Debye length, and the
nondimensional parameters z,, = z;/z* and D,, = D;/D™, correspond to the charge valence ratio
and the molecular diffusivity ratio, respectively. The nondimensional surface-averaged electric
current density is calculated by

1 [AR2 n 52
L =—— Zz,‘.Jiy — ZEZ—w

dx, 3
AR Ji—_4rp2 dyat

i=1 X, y=Y0,t

where AR = 2L/H is the aspect ratio of the rectangular computational domain. The first term in
the above expression corresponds to the charged species passing through the given plane, while
the second term, corresponding to the displacement current density, accounts for the time-varying
electric field. Note that Eqgs. (2)—(6) and (8) formulated for a general nonsymmetric electrolyte
consisting of n charged species are straightforwardly reduced to the system governing the EC of a
symmetric binary electrolyte by settingn = 2, z,, = —z, = l,and D,, = D,, = 1.

B. Representative property values

Recalling that the current research aims at addressing ECI typical of digital printing setups, it is
appropriate to shortly survey here representative property values and basic assumptions typical of
the digital printing process under consideration. This will further allow us to determine the range
of operating conditions in terms of nondimensional groups described in the previous section. A list
of the physical properties of the electrolyte (consisting of charge director and ink) and geometric
characteristics of the setup under considerations are given in Table I.

It is assumed that the electric dissociation of the initially electrically neutral electrolyte into
cations, anions, and ink species takes place immediately after exposing the electrolyte to the electric
field. All through the simulation the ink is treated as a third species of constant charge valence, so
that no electrochemical reactions and no recombination dynamics of the electric charge are taken
into account. The operation characteristics H and T, as well as the specific values of electrolyte
properties p, 71, and &g listed in Table I were obtained through internal communication with HP
Indigo. These properties are assumed to be constant with no dependence on instantaneous local
variations of all three species. See the Supplemental Material [45] for the way of calculating
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TABLE I. Representative property and geometry values.

Description Designation Value Units
Distance between electrodes H 350 um
Mixture density o 765 kgm™
Mixture dynamic viscosity n 9.615 x 107* Pas
Mixture temperature T 30 °C
Mixture permittivity & 1.77 x 107! Fm™!
Molecular diffusivity of cation species D, 1.25687 x 10710 m?s~!
Molecular diffusivity of anion species D, 1.25687 x 10710 m?s™!
Molecular diffusivity of ink species D; 2.51373 x 1071 m?s~!
Initial bulk concentration of cation species et 6.4301 x 1073 mol m~3
Initial bulk concentration of anion species cy 4.6951 x 1073 mol m~
Initial bulk concentration of ink species cink 4.6951 x 107° mol m™3
Charge valence of cation species z1 1 -
Charge valence of anion species 2 -1 —
Charge valence of ink species 3 —3695 -

the values of molecular diffusivity D, charge valence z, and initial bulk concentration ¢y of the
electrolyte species given in Table I.

Based on the values of the physical properties given in Table I, the values of characteristic
nondimensional groups typical of the considered configuration can be obtained as given in Table II.
The quantity M corresponds to the ink to anion charge valence ratio, whereas ¢, corresponds
to the initial ratio of the ink concentration to anion species within the electrically neutral bulk.
Note that the physical properties appearing in Table I yield the values of € = 5.52 x 10~* and
¢, = 107*. Both values are critical when investigating the characteristics of instability onset of the
considered electroconvective flow. For this reason, the simulations were performed for the range
ofe € [2.5x 107%,107 3] and ¢, € [2 x 1077, 5 x 10~*]. It should be also noted that the currently
used value of the nondimensional thermal voltage equal to V = 4 x 10* corresponds to values of
the electric field of O(10%) V/mm typical of digital printing setups.

TABLE II. Representative values of nondimensional groups.

Description Designation Value
Schmidt number Sc 10*

Péclet number Pe 0.1
Voltage 1% 4 x 10*
Electrostatic screening length € [2.5 x 107*,1073]
Initial concentration ratio cr [2x 1073,5 x 1074
Charge valence ratio of cation species 2 1

Charge valence ratio of anion species Zr, -1

Charge valence index of ink species M 3695
Molecular diffusivity ratio of cation species D, 1
Molecular diffusivity ratio of anion species D,, 1
Molecular diffusivity ratio of ink species D,, 0.002
Aspect ratio AR 6
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C. Boundary, operating, and initial conditions

The schematics of the two-electrode configuration operating with a nonsymmetric electrolyte
consisting of three charged species of charge valences z*, z~, and Mz~ is shown in Fig. 3. The
boundary conditions (BCs) for the concentration fields are as follows: the bottom electrode is
completely permeable to cations and impermeable to the two negatively charged species and the
top electrode is impermeable to cations and is completely permeable to the two negatively charged
species. The bottom and top electrodes are held at constant electric potentials equal to V, = —V/2
and V; = V/2, respectively. Nonslip BCs for all the velocity components are set on the surfaces of
the two electrodes. Periodic BCs for all the fields are set in the x direction. The applied BCs in a
nondimensional formulation are given by

8C1 \%
y:O: 8_)/:0’ J,V2=Jy3=0’ 10:—5, u=0, (9)
a a Vv
y=1: J, =0, 2="5_0, y==, u=0
ay ay 2

so that the electric field goes from the upper to the bottom electrode. We note, in passing, that the
above BCs can be straightforwardly adapted for the case of a symmetric binary electrolyte by simply
omitting the relationships with index i = 3.

The initial conditions (ICs) for the concentration fields have to provide electroneutrality of
the diffusion layer (DL) of the electrolyte, which, for the case of the nonsymmetric electrolyte
consisting of three charged species, gives

¢+ 20 +Mz,crc =0, (10)

where ¢, = c3/cy at t = 0. Note that the above relationship can be straightforwardly adapted to
the symmetric binary electrolyte by simply assigning the values z,, = —1 and ¢, = 0. Zero initial
values are set for the electric potential and velocity vector fields within the computational domain.

III. NUMERICAL METHOD

The electrically driven flow (EDF) typical of the two-electrode configuration under consideration
was simulated by utilizing the open-source package RHEOTOOL [46]. The package facilitates the
simulation of a wide spectrum of non-Newtonian flows and EDFs. In particular, the RHEOEFOAM
solver, which is a part of RHEOTOOL, was used to solve the Poisson-Nernst-Planck (PNP) equations
[Egs. (4) and (5)], while the two-way coupling with the continuity [Eq. (2)] and Navier-Stokes
[Eq. (3)] equations are a built-in feature of the RHEOTOOL implemented on top of OPENFOAM [47]. In
accordance with the OPENFOAM formalism, the spatial discretization of all the differential operators
was performed by utilizing the standard second-order finite-volume method [48], while the second-
order backward difference was used for the time discretization. All the simulations were performed
on a standard Unix server equipped with two Intel Xeon 12C Processors (Model E5-2697v2, 24
cores in total) and 128 GB RAM. The solver has previously been extensively verified for simulation
of the flow typical of induced-charge electro-osmosis (ICEO) around a conducting cylinder and of
EC typical of an ion-selective membrane [46]. See the Supplemental Material [45] for an extensive
verification and grid independence study for the configurations relevant to the current research.

IV. RESULTS AND DISCUSSION

In keeping with the boundary and operating conditions utilized in the framework of the present
study, it is clear that the electroconvective flow under consideration operates in an overlimiting
regime, exhibiting the development of electro-osmotic flow of the second kind [49-52] driving
the ECI phenomenon. We recall that the considered nonsymmetric electrolyte consists of the three
species. One of these species comprises large micron-sized polymer particles, each of which is

113701-7



RATZABI, ELUK, LEVY, AND FELDMAN

encircled by thousands of anions and is thus characterized by a significantly higher [by an order of
0(10%)] charge valence and by significantly lower [also by an order of O(10?)] diffusivity values
compared with two other species (anions and cations). Both anions and cations, which will have
instantly dissociated from the charge director under the action of the strong electric field, have the
same diffusivity and charge valence (% unity) values.

A. Pre-electroconvective-instability ionic transport

We start by investigating the ionic transport typical of the considered configuration in a very
short time interval of the order of O(e?), starting immediately after the electric field is imposed
and ending with the ECI onset. Within this time interval, no electroconvection takes place and the
ionic transport can be accurately predicted simply by solution of the one-dimensional (1D) PNP
equations (4) and (5). The equations were solved by an in-house-developed MATLAB script. See the
Supplemental Material [45] for extensive verification of the in-house-developed MATLAB script.

The results presented below shed light on the fundamental differences between the ionic dynam-
ics typical of an electrolytic cell operating at high voltages within a symmetric binary electrolyte
and the ionic dynamics within a nonsymmetric electrolyte composed of three species. Figure 4(a)
compares the instantaneous distribution of the space-charge density pg of the two electrolytes
obtained for the values of € = 2.5 x 107* and ¢, = 10~*. The specific value of the time instance
was chosen because it exposes the phenomenon of separation between the ink and the anion species,
as discussed below. Nonzero values of the space-charge density indicate the width of the ESC region
at a given time instance. In both cases shown in Fig. 4(a), the ionic transport within the electrolyte
between the two open electrodes is characterized by the presence of two ESC regions, each starting
to develop at one of the electrodes and progressing inwards with time. According to the schematics
of the configuration under consideration (Fig. 3), the externally imposed electric field is directed
from the right electrode toward the left electrode; thus, the left and the right spikes separate the
neutral bulk from the positively and negatively charged ESC regions, respectively. As expected,
the ESC width of the symmetric binary electrolyte preserves its symmetry over time relative to the
center of the electrolytic cell. For the nonsymmetric electrolyte, the picture is quite different and is
characterized by two unique features. First, there is an additional third ESC region, characterized by
a smaller spike and clearly indicating the separation of the two negatively charged species. Second,
each ESC region is characterized by a different propagation rate.

To gain additional insight into the spatiotemporal charge distribution within the nonsymmetric
electrolyte, we decomposed the space-charge density pg into the terms contributed by each species,
namely, z,¢;, z2¢2, and z3¢3 = Mzpc3.! The spatial distribution of the absolute value of each term
contributing to pg taken at t = 1.7 x 107° is presented in Fig. 4(b). The spatial distribution shown
in Fig. 4(b) can be semantically split into four zones. Zones 1 and 4 represent the positively and
the negatively charged ESCs, respectively. Zone 3 corresponds to the electrically neutral bulk
whose composition is the same as that determined by the ICs [Eq. (10)]. Generally speaking,
zone 3 is not unique for a nonsymmetric electrolyte: electrically neutral bulk is common in the
ionic transport of the symmetric binary electrolyte (see, e.g., Refs. [28,53]). In contrast, zone 2
is an exclusive feature typical of a nonsymmetric electrolyte in which one of the species has
much higher electro-osmotic mobility, giving rise to a separation phenomenon between the two
negatively charged species. Specifically, in the current study, the D,,z,, multiplier entering the ionic
flux [Eq. (6)] and representing the electro-osmotic mobility of the ith species is more than seven
times higher for the i = 3 species than for the i = 2 species. For this reason, zones 1 and 2 are
entirely depleted of the i = 3 species, as its propagation rate is much higher than that of the i =2

'Note that this decomposition has been already introduced in Eq. (10) as the IC providing electroneutrality
of the nonsymmetric electrolyte.
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FIG. 4. 1D ionic transport within an electrolyte between two open electrodes. The results were obtained
for the values of € = 2.5 x 107, = 1.7 x 107°, and for three species ¢, = 10~*: (a) distribution of the space-
charge density pg; (b) spatial distribution of the terms |z;|c; (i = 1 for cations, 2 for anions, and 3 for the third
species) contributing to the space-charge density pg.
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FIG. 5. Spatial distribution of the electric-field magnitude |E| for different ¢, values. The results were
obtained for the values of € = 2.5 x 10~*andr = 1.7 x 107°.

species. Remarkably, the i = 1 and i = 2 species adjust themselves differently in zone 2 compared
with zone 3 in order to preserve electroneutrality in the region entirely depleted of the i = 3 species.”

The nonequal propagation rates of the i = 1 and i = 2 species, when moving away from the right
and left electrodes, respectively, toward the center of the electrolytic cell can be explained in terms
of the spatial distribution of the electric field magnitude |E| shown in Fig. 5.

We first focus on the distribution of the electric-field magnitude in the ESC region adjacent to
the right electrode. Close to the right electrode, there is no separation between the two negatively
charged species [Fig. 4(b)]; thus, each species contributes to the ionic flux in this region propor-
tionally to its concentration multiplied by the corresponding charge valence. As a result, this region
is dominated by the negative charges that screen the imposed electric potential, as reflected by the
rapid decrease of the electric field until it reaches a minimum constant value characterizing the bulk
region and eventually governing the propagation rate of the cations away from the right electrode.
The mechanism driving the negatively charged species away from the left electrode is different. As
already mentioned, there is a separation between the species [Fig. 4(b)] in this region due to their
different electro-osmotic mobilities, and the negatively charged i = 3 species outstrips the i =2
species on its way toward the right electrode. Zone 2 is thus entirely depleted of the i = 3 species,
which leads to a decrease in the concentration of the i = 1 species [Fig. 4(b)] so as to preserve the
electroneutrality of the electrolyte in this region. As a result, the screening of the imposed electric
potential due to the presence of the i = 1 species is lower than that in the ESC region adjacent to
the right electrode.® This finding is reflected by the higher value of the electric-field magnitude |E |
prevailing in zone 2 compared with that prevailing in zone 3 (Fig. 5), which determines the higher
propagation rate of the anion species (i = 2) toward the center of the electrolytic cell compared with
that of the cation species (i = 1).

The electroneutrality is preserved over the whole width of zone 2, except for the rear front of the i =3
species, consistently with the spike of pg observed at y & 0.33, as shown in Fig. 4(a).

3Recall that in the ESC region adjacent to the right electrode, the screening effect of the imposed electric
potential is due to the presence of the two negatively charged species i = 2 and i = 3.
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B. Nonsymmetric onset of the electroconvective instability

The symmetry-breaking phenomenon observed for ionic transport within a nonbinary 1D elec-
trolyte is also manifested in the onset and development of ECI in its 2D counterpart. To cover
the wide spectrum of representative ECI scenarios, the simulations were performed for the set
of € =[25%x107%5x 107%;107%] and ¢, = [2 x 107°;107*;5 x 107*] values. Following the
known mechanism described in Refs. [49-52], the electro-osmotic flow of the second kind starts
within the electrolytic cell operating in the overlimiting regime with an external vertically applied
electric field and drives the ECI phenomenon. The instability is initiated as a result of disturbances
in the electric field introduced in the tangential* direction. In real experiments, the disturbance
is typically attributed to imperfections intrinsic in the experimental setup, while in numerical
simulations the instability is induced by rounding and truncation errors as a result of limited machine
precision and discretization errors, respectively. The ECI is manifested in the creation of a series of
vortex pairs (VPs) occupying the whole ESC and accelerating the contraction of the double-layer
region. Note also that in contrast to the membrane-bulk configuration, in the current electrolytic cell
confined by two electrodes the EDL is attached to the moving ESC front, while the development
of VPs takes place at the DL-ESC interface. Note that for finite (no matter how small) values of
the Debye length, the VPs do not form immediately after applying the external voltage; rather, they
can be recognized clearly only after the ESC reaches a critical width, or alternatively, after a certain
critical time value, both depending on the Debye length and the external voltage. Figure 6 presents
two typical scenarios for the ECI onset as a function of € and ¢, values. See the Supplemental
Material [45] for the entire spreadsheet encompassing the whole set of € and ¢, values.

To facilitate an understanding of the mechanism of the ECI onset, the 2D concentration distribu-
tions for the i = 1 and i = 2 species are presented together with the corresponding 1D counterparts,
as there is a strong resemblance between the ionic transport within both types of electrolytic cell
prior to and at the very beginning of the ECI onset. Note also that only half of the domain is
shown for the 2D concentration distribution, as presenting the whole domain does not provide any
additional information. As an outcome of the significant difference between the electro-osmotic
mobilities of i = 3 and the two other species, the ECI onset does not take place simultaneously
on the ESC-DL interfaces adjacent to the two electrodes, as reflected by the #; and #, values
corresponding to the instances at which the appearance of VPs is first observed in the vicinity
of the bottom and top electrodes, respectively. In fact, for the two specific configurations shown in
Fig. 6, time 1, is longer than time #; by about a factor of two. The observed differences in #; and ¢, are
consistent with the corresponding concentration distributions reflecting the ionic transport within the
1D electrolytic cell. It is evident that as a consequence of different propagation rates of the species
determined by their electro-osmotic mobilities and the electric-field distribution (see also Fig. 5) the
width of the ESC layer adjacent to the left cathode is larger than that adjacent to the right anode.
Consequently, the ESC layer adjacent to the cathode reaches the critical width before its counterpart
adjacent to the anode, which promotes earlier formation of the ECI VPs within the cathode ESC. In
summary, a small amount of a charged species of significantly higher (more than seven times in the
current study) electro-osmotic mobility as an electrolyte additive delays the ECI onset in the vicinity
of oppositely charged electrode, which constitutes a convenient way for controlling the onset of the
ECI in the 2D electrolytic cell.

To quantify the nonsymmetric ECI onset, we introduce the relative time difference t between 7,
and ¢, determined as

h—1h

T = x 100%, (11
4]

and summarize the dependance of t on the entire set of ¢, and € values in Table III.

“4That is, in the direction perpendicular to the externally applied electric field.
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FIG. 6. ECI patterns of cation and anion species a short time after its generation, including 1D charge

concentration curves for each species. (a) € = 2.5 x 107%,
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TABLE III. Values of the relative time difference 7 (in percent) between the
times characterizing the onset of the ECI at the cathode and at the anode ESCs.

€
¢ 2.5x 1074 5% 107 1073
2 x 1073 19.88 18.61 9.37
10~ 41.46 41.24 25.52
5% 107 62.41 60.86 23.84
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TABLE IV. Nondimensional wave numbers k; and k; in the vicinity of the
cathode and anode, respectively.

¢ 2.5x 107 5% 107 10

2% 107 ki 102 46 22
ks 98 47 19

10-* ky 88 39 19
ks 95 40 20

5% 107 ki 71 30 15
ky 83 39 16

It can be seen that the relative time difference 7 increases with c,. The increase is more
pronounced for lower values of € corresponding to the overall higher concentrations of charged
species. As expected, the lowest T was obtained for the highest value of € and the lowest value of ¢,,
corresponding to the lowest values of both the concentrations of the charged species and specifically
the lowest concentration of the i = 3 species.

The generation of secondary VP series in zone 2 by means of the c¢; patterns is an additional
characteristic property of the ECI of a nonsymmetric electrolyte typical of high ¢, values. The
appearance of a secondary VP series located in zone 2, as early as #; time, can be clearly recognized
close to the primary VP series located in zone 1 next to the cathode, as shown in Fig. 6(b). It is clear
that the very appearance of the secondary VP series is closely related to the ¢, value determining the
magnitude of the space-charge density in the vicinity of interface between zones 2 and 3, although
precise determination of the critical ¢, value responsible for the generation of secondary VP series
is beyond the scope of the current study.

We now introduce the nondimensional wave number k as an additional metric quantifying the
characteristics of the onset of the ECI in the 2D electrolytic cell. The wave number is defined as the
instantaneous number of VPs located along a length 2L in the x direction (see Fig. 3):

_27'[va
AR

k (12)

In keeping with Refs. [54-56], the wave number k is obtained on the basis of the 2D contours of the
cation and anion concentrations, where k; and k; for the cation and the anion species, respectively,
are calculated in the vicinity of the bottom (cathode) and the top (anode) electrodes. The values of
ki and k; obtained for the whole range of ¢, and € values are given in Table IV.

The wave-number—time relationship can be modeled by the power law, as follows from Fig. 7
presenting the least-squares best fit for the wave-number—time dependance for the cathode and the
anode. Note that the value of the VP wave number on the anode is consistently higher than that on
the cathode. The symmetry-breaking character of the observed ECI is clearly evinced by different
power and coefficient values governing the power law for the cathode and the anode. The differences
in the power values are not particularly marked, indicating that at the very beginning of ECI the
diffusive VPs growth at both electrodes is governed by approximately 1/4/7 time scaling, as was
also reported in Ref. [54]. At the same time, a greater than twofold difference is observed for the
coefficient values governing the anode and cathode wave-number—time relationships, which can be
explained by the effectively different diffusivity values of the electrolyte in these regions at the ECI
onset. In fact, at the ECI onset the electrolyte consists of only i = 1 species in the vicinity of the
cathode, while in the vicinity of the anode it consists of i = 2 and i = 3 species and is therefore
characterized by an effectively lower diffusivity.
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FIG. 7. The VP wave number versus time at the ECI onset for the anode (black circles) and the cathode
(black squares) in the 2D electrolytic cell.

V. CONCLUSIONS

Tonic transport within 1D and 2D electrolytic cells confined by two open electrodes and operating
at high voltage with an initially electrically neutral nonsymmetric electrolyte consisting of one
positively charged species and two negatively charged species was investigated comprehensively.
The major focus of the study was placed on elucidating the fundamental differences between
the ionic transport typical of symmetric binary and nonsymmetric electrolytes within 1D and 2D
electrolytic cells. The problem was analyzed by means of a parametric study aiming at revealing
the impact of the values of the electrostatic screening length € and the ratio between the initial
concentrations of the two negatively charged species, c,, on the ionic transport characteristics for
the 1D configuration and on the onset of the ECI for the 2D configuration.

Specifically, for the 1D electrolytic cell, it was found that, similarly to its symmetric binary
counterpart, the DL of a nonsymmetric electrolyte tends to preserve its electroneutrality throughout
the whole ionic transport process. This basic characteristic property, coupled with significantly
different electro-osmotic mobilities of the two negatively charged species, distinguishes the ionic
transport within a nonsymmetric electrolyte from that typical of its symmetric binary counterpart in
terms of features unique of the nonsymmetric electrolyte: the presence of three ESC regions, each
corresponding to one of the species, the separation of the two negatively charged species, and finally
the different propagation rates of each ESC region. The insights obtained from the analysis of the
ionic transport within a 1D electrolytic cell were subsequently used to obtain a deeper understanding
of the onset of the ECI for a 2D electrolytic cell operating with a nonsymmetric electrolyte. The
nonsymmetric development of the ECI was explained and thoroughly investigated in terms of three
major characteristics: the nonsymmetric vortical initial state, the nonsymmetric value of the wave
number of the VPs, and finally, the double VP series adjacent to the cathode region observed
at sufficiently high ¢, values. All the observed characteristics were visualized by presenting the
concentration fields of the cation and the anion species, each obtained at the corresponding ECI
onset.

Although the current study is restricted to an analysis of 2D ionic transport within an electrolytic
cell confined by two open electrodes (at the top and bottom) and periodic BCs in the horizontal
direction, it constitutes an important milestone toward determining the main characteristics of
ECI typical of a nonsymmetric electrolyte at high voltage. By further applying the modified
PNP equations presented in Refs. [44,57-60], the study can be extended straightforwardly to the
simulation of ionic transport within electrolytic cells confined by blocking electrodes, which is the
focus of our ongoing research. This ongoing research is designed to investigate the accumulation
of charged species in the vicinity of the two electrodes and their impact on the ECI onset—a
mechanism of significant importance in the surface coating and digital printing industries. An
additional promising research direction is applying a modulated electric field to a nonsymmetric

113701-14



NONSYMMETRIC IONIC TRANSPORT IN A NONBINARY ...

electrolyte for producing miniaturized electric pumps and microfluidic separators relevant to the
enhanced cooling of electronic components and liquid-purification applications.
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