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1 | INTRODUCTION

The charge exchanged between the electrodes in elec-
trochemical cells is carried by moving ions in the elec-
trolyte. In the 19th century, Hittorf first observed current-
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Abstract

A direct current in an electrochemical cell with a diluted liquid electrolyte leads
to the displacement of ions within the solvent, while diffusion works against
the resulting concentration differences. This study aims to experimentally evalu-
ate a physicochemical ion transport model (source code provided) that describes
current-driven concentration gradients in diluted electrolytes. Hereto, an aque-
ous 0.1 M CuSO, electrolyte between metallic copper electrodes serves as an
experimental test system. Spatially resolved optical measurements are used to
monitor the evolution of the ion concentration gradient in the electrolyte. More-
over, measured limited currents are related to computationally modeled concen-
tration gradients. A constant parameterization of the diffusion coefficient, molar
conductivity and ion transport number lead to a slight overestimation of the
cathodic ion depletion and cell resistance, whereas a literature data based con-
centration dependent parameterization matches better to the measured data. The
limited current is considered under a computational parameter variation and
thereby related to the physicochemical impact of different electrolyte properties
on the ion transport. This approach highlights the differences between purely
diffusion limited currents and the limited current resulting from the combined
electric field and diffusion driven ion motion. A qualitative schematic sketch of
the physical mechanisms of the ion movement is presented to illustrate the cur-
rent driven ion displacement in liquid electrolytes.
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driven concentration changes in the anodic and cathodic
compartments during the electrolysis of aqueous elec-
trolytes. From these experiments, he derived the ion trans-
port number!' ] that describes the contributions of differ-
ent ions to the overall conductivity..*! The concentration
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gradients that result from the electrochemical ion trans-
port in binary diluted electrolytes were observed for exam-
ple by spatially resolved nuclear magnetic resonance spec-
troscopy in Li-ion battery electrolytes.[>~”] Such concentra-
tion gradients limit electrochemical currents and increase
cell resistances, for which a detailed knowledge about the
ion transport is of great importance for electrochemical
systems and applications that operate with liquid elec-
trolytes.

The ions in the bulk of an equilibrated electrolyte solu-
tion are evenly distributed. In the electrostatic equilibrium
(no current), potential differences between the electrodes
are locally shielded at the electrode-electrolyte interfaces
by potential drops over just a few molecular layers in the
double layer,!®""] in which ions with opposing charges are
at least partly spatially separated.!'?] In this equilibrium,
the bulk electrolyte avoids (like every other conductor)
electric fields in its inside. Electrochemical reactions at the
electrodes lead to an electrodynamic state, where the ion
transport is driven by the electric field (according to Ohms
law) inside the electrolyte. In liquid diluted electrolytes,
the migration caused by the electric field moves positively
and negatively charged ions in opposing directions. The
resulting displacement of ions in diluted liquid electrolytes
is counteracted by diffusion, which works against concen-
tration gradients.

In the 1970s, the current-driven concentration gradients
in aqueous copper sulfate solutions were analytically cal-
culated and compared to optical measurements.[’>*] Fur-
ther models to calculate the evolution of current-driven
concentration gradients!'®'®] followed, which typically
use a constant and concentration-independent parameteri-
zation of the molar conductivity, diffusion coefficients, and
transfer numbers. However, the interactions between the
ions (described by the Debye-Hiickel theory!'>?°1) lead to
concentration dependence of these electrolyte parameters,
which were thus far not included in the reported models.

This study reports on an experimental evaluation of
a physical model for ion transport and the related spa-
tiotemporal concentration gradients and limited currents.
The presented physical model operates in a computa-
tional numerical framework that enables a concentration-
dependent parametrization of electrolyte parameters.
Moreover, varying boundary conditions such as current
profiles can be fed into the numerical framework. An
aqueous CuSO, electrolyte and copper electrodes are cho-
sen as an exemplary model system, as the concentration
dependence of the conductivity, mutual diffusion coeffi-
cients, and transfer coefficients of the CuSO, electrolyte
are reported and as the copper ion concentration is opti-
cally observable by the solution color. Furthermore, the
electrochemistry of cathodic copper deposition and anodic
copper dissolution come with low overpotentials and high

current efficiencies within the electrochemical window of
water.[?"23] The ion transport is modeled for a constant
and a concentration-dependent parameterization of the
electrolyte parameters. The outcome of both parameteri-
zation approaches is compared to the experimental data. A
computational parameter variation on the electrolyte prop-
erties is conducted, showing how the electrolyte parame-
ters influence limited currents.

2 | METHODS

All measurements were conducted in a temperature-
controlled lab with an operating temperature of 20 +
0.2°C. The computational simulation was performed with
a personal computer without advanced hardware specifi-
cations.

2.1 | Optical monitoring of concentration
gradients

An in-house made glass cell with optical windows was
used to optically monitor the spatiotemporal concentra-
tion of copper ions in an aqueous 0.1 M CuSO, elec-
trolyte between an electro-dissolving copper anode and
an electro-depositing copper cathode. Pictures through the
optical windows of this glass cell were recorded with a dig-
ital industry camera (Basler ACE) in order to monitor the
light adsorption of the electrolyte. The distance between
the parallel aligned copper electrodes was 7.1 mm, while
an Ag/AgCl reference electrode was connected to the feed
of the cell. The glass cell was operated with a constant cur-
rent of 1.5 mA/cm? and an AC modulation at 5 kHz' (with
an amplitude of 2% of the applied direct current) to mea-
sure the resistance. Further details on the experimental
setup are described in the supporting information (SI) to
this article provided online.

Figure 1a shows a picture that was taken by the cam-
era at the end of the measurement procedure,which dis-
plays a distinct color gradient between the anode (bottom)
and cathode (top). The white balance of this picture was
conducted using a picture of the optical window without
electrolyte (see SI for details). The detailed picture anal-
ysis and the corresponding computer code are supplied in
the SI. In brief, the ratio of the blue to the red component of
the RGB (red-green-blue) pixels was determined. Figure 1b
shows the calibration curve of the blue over the red com-

L As the software of the potentiostat does not supply a method with a
steady galvanostatic frequency, a frequency scan with 1000 steps between
5 and 5.1 kHz was used to measure at an approximately constant fre-
quency over time.
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FIGURE 1
apparatus at the end of a measurement. The color gradient from
light blue at the top (cathode) to a deeper blue at the bottom (anode)
shows the concentration gradient in the cell. (b) Calibration curve to
relate the solution color to the copper ion concentration. The ratio
of the blue component to the red component of the red-green-blue

(a) A picture taken by the digital camera in the

(RGB) values of the camera pictures is shown as a function of the
concentration of four different equilibrated electrolytes. Blue
scatter: measured values. Solid black line: linear fit

ponent against different molar solutions. A linear fit was
conducted to these data, from which the spatially resolved
solution color is related to the concentration.

2.2 | Experiments to determine limited
currents

A cell with a distance of 480 um between the electrodes
was used to examine a steady state of a limited current
under potentiostatic conditions. Hereto, a potential of 0.3V
was applied with 5 mV perturbation at 5 kHz to simul-
taneously measure the current and the resistance of the
cell as a function of time. With this cell an optical mea-
surement of the concentration cannot be conducted, how-
ever, due to the small distance between the electrodes a
steady state is reached faster than that of the glass cell.
The two polished copper electrodes were pressed onto one

sealing with an inner diameter of 14 mm and a thickness
of 480 um (Reichelt Chemietechnik, Germany). Further
details on the setup are provided in the SI.

2.3 | Physical simulation

The physical simulation used to describe the current-
driven spatiotemporal ion concentration in the electrolyte
is based on a system of differential equations that are
derived from the continuity equation with diffusion (Fick’s
law) and electric field (Ohm’s law) driven ion motion.
Local spatial electroneutrality is presumed, as any local
difference of charge leads to strong electric fields that are
instantaneously balanced by conduction-driven ion move-
ment. In the case of the binary CuSO, electrolyte used in
this study, the local electroneutrality means that the spa-
tiotemporal concentration of the cation equals that of the
anions. Convective forces such as electrolyte flows,!2+2°]
stirring,2°] ascending bubbles,!*”?%] or local density dif-
ferences that lead to gravitational shear forces! ! are not
considered in the model. The distance d between the elec-
trodes resembled that from the experiment (7.1 mm for the
glass cell and 0.48 mm for the other cell). The time incre-
ment At was chosen to a fraction of 10~ of the total time
considered in the simulation, while the spatial resolution
Ax was one hundreds of d.

Previous works reported similar approaches for ionic
transport models,!'®8] nevertheless, a detailed step-by-
step derivation of the differential equations is discussed
in the SI. The developed simulation solely represents
the transport mechanisms in the bulk electrolyte and
is current-based, so that the electrode potential with its
numerous effects on the kinetics, thermodynamics (Nernst
equation), and double-layer is not involved in the calcula-
tions. The model input consists of cell parameters (current
density, initial electrolyte concentration, and electrode
distance) and literature data on concentration-dependent
conductivity, mutual diffusion coefficients, and transfer
numbers. The boundary conditions of a given constant or
time-dependent current profile can be considered in the
model to resemble the experimental approaches presented
above. The source code for the implementation in the pro-
gramming language Python is provided in the SI.

2.4 | Modeled cell resistance

The concentration gradient in the cell leads to locally dif-
ferent conductivities. Based on the modeled concentration
gradients the overall cell resistance can be calculated and
compared to the data from impedance measurements. The
results of the calculated spatiotemporal concentration are
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summarized in a matrix c, where one dimension repre- (a)zzs ! — fit@25°C
. . S (S N fit @ 20°C
sents the time and the other the spatial position. Based on 200 . (l)tw(fn etal. @ 25°C
this calculated concentration matrix, a conductivity matrix [ ! Bester-Roag et al. @ 25°C
= . . . 5 1757 %  Bester-Roag et al. @ 20°C
x of every discrete part in the time-space can be calculated € 150]
b IS
Y & 125
= = == <
K=COA<C>, 1) 100
75
= = o . = b
where A(c) has the same matrix dimensions as ¢ and pro- (b) — fit @25°C
. .. A I R e fit @20°C
vides a value for the molar conductivity for every matrix 8 o Emanuel et al. @25°C
element of the concentration. The Hadamard product w | Noulty et al. @25°C
(element-wise matrix multiplication) connects the concen- RAR N >_Woolf et o). @25°C
= = = (v}
tration matrix ¢ and the molar conductivity matrix A(c), “Z;
= 6
so that the conductivity matrix x describes the same spa- g
tiotemporal framework as the other matrices. Including <
the geometry of the spatial increment of the electrode area
A (set to 1 cm?) and the spatial increment Ax leads to the (c)
= 0.40 — Pikal et al.
conductance matrix G: 0.39
= A= 0.38
G=-x 2
Ax v, 037
By inverting every single element of the conductance 0-36
matrix G the resistance matrix R can be calculated. From 035
this resistance matrix the total resistance of the electrolyte 0.34

as a function of time (vector R) can be calculated as the
sum over the spatial component.

Ri=Y Ry ©)

2.5 | Modeling limited currents

Limited currents are modeled by starting the simulation
with a higher current than the supposed limited cur-
rent. When the electrolyte concentration at the cathode
depletes, the current is incrementally adjusted, so that the
cathodic ion concentration remains negligible. In detail,
when the cathodic concentration drops below 1/15 of the
initial concentration the current is slightly increased while
it is increased when the concentration is above 1/12. Using
these boundary conditions, the simulation runs into a
steady-state with a limited current and a constant concen-
tration gradient.

2.6 | Parametrization

The molar conductivities, mutual diffusion coefficients,
and transport numbers of copper sulfate as a function of
the ionic strength are reported in the literaturel**-3*! and

000 005 010 015 020 025
concentration (M)

FIGURE 2
parameters. Black solid lines: Fits by Equations (4) and (5). Scatter:

Concentration dependence of the electrolyte

literature data. (a) Molar conductivity. (b) Mutual diffusion
coefficient. (c) The equation of the transfer coefficient for copper
ions in copper sulfate solution reported by Pikal et al.,l*! is based
on the transfer coefficients reported by various authors

graphed in Figure 2. The data on the molar conductivity
were fitted by a power law dependency with the parame-
ters P;, P, and P;:

A () =P, —Pyc%% 4 psc (4)

The literature data for the mutual diffusion coefficient
was fitted with a similar equation:

D(c)=P; —P,cPs (5)

Both equations do not represent a physical meaning,
they are used to resemble a simple mathematical descrip-
tion of the reported literature data. The diffusion coeffi-
cients of both ions are different, *>! whereas they can only
diffuse pairwise in order to maintain the local electroneu-
trality of the electrolyte. Thus, their combined value in the
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form of the mutual diffusion coefficient and not their indi-
vidual values are decisive for the overall diffusion.

Figure 2a,b graph fits for 20 and 25°C. In the case of the
molar conductivity, the two dimensional parameter room
that describes the effect of concentration and temperature
on the molar conductivity was reported by BeSter-Rogac
et al.,l**] showing that the conductivity at 20°C is approx-
imately 91% of that at 25°C. In the case of the mutual dif-
fusion coefficient of copper sulfate such a detailed param-
eterization is not reported. However, the effect of tempera-
ture on diffusion coefficient was reported by Moats et al.[*’]
to

D =D, e Eo/RT, (6)

with Dy = 0.0112 cm?/s, Ep, = 19.2 kJ/mol and the gas
constant R. Using this equation, the mutual diffusion
coefficient at 20°C is determined to 88% of that at 25°C.
Figure 2c shows the transfer number ¢+ for the copper
ions in copper sulfate solutions reported by Pikal et al.,[*°]
which reported a function for the concentration depen-
dence that is based on a detailed comparison of the results
of different authors:
tt = 0.401 —0.1426 y/c + 0.0186 ¢ @)
The authors of this study also reported that temperature
between 4 and 25°C has little impact on the transfer num-
ber, for which the temperature dependence is neglected
in the presented model. The dissolution of copper sulfate
acidifies the solution so that additional protons are intro-
duced into the electrolyte. A detailed discussion on the
influence of the pH effect on ion transport is discussed in
the SI, showing that the pH has a minor impact on the mea-
sured data, and thus it is included in the transport model.

3 | RESULTS AND DISCUSSION

All measurements were conducted with polished copper
electrodes and a 0.1 M CuSO, electrolyte at a temperature
of 20°C. Two different parameterizations of the model are
considered in the following: (i) A constant parameteriza-
tion, where the molar conductivity, mutual diffusion coef-
ficient, and transfer numbers refer to the values of the fits
in Figure 2a,b at a concentration of 0.1 M (which equals
the starting concentration of the expeirments). (ii) A con-
centration dependent parameterization, where these elec-
trolyte parameters are calculated as a function of the con-
centration by the fits that are graphed in Figure 2 for each
spatial element in the model.

The model and measurements are compared for two
different conditions: 1) A constant current is applied to

the glass cell with an electrode distance of 7.1 mm (see
description above), in order to optically monitor the evolu-
tion of the concentration gradient between the electrodes.
These experimental data is directly compared to the mod-
eled data. 2) A constant voltage is applied to the cell with
the 480 um electrode distance in order to reach the limited
current. The current profile of the experiment is fed into
the model and the cathodic copper depletion predicted by
the model is related to the measured limited current. At
the limited current the system reaches a steady state with
a time independent concentration profile.

After evaluating the validity of the modeled data, a
parameter analysis discusses the effect of the different elec-
trolyte parameters on the limited current. Based on these
results, the physical mechanisms of ion transport are con-
sidered in detail. A schematic illustration for ion transport
is presented, which provides a qualitative understanding
of how the differential equations of the numerical model
work and how the physical transport mechanisms con-
tribute to the evolution of concentration gradients.

3.1 | Experimental evaluation at constant
current

In the following, a constant current density of 1.5 mA/cm?
is applied to the glass cell (7.1 mm electrode distance).
Three data sources are compared, including the mea-
sured electrochemical data (impedance, cell voltage and
cathodic overpotential), the optically measured spatiotem-
poral concentration in the bulk solution of the glass cell
and the calculated model outcome (resistance and spa-
tiotemporal concentration in the electrolyte). The current
density of 1.5 mA/cm? leads to slowly forming concentra-
tion gradient and exceeds the limited current of this config-
uration so that a cathodic copper ion depletion is expected.
The data of one measurement is discussed here, while the
data of four repetitions are shown in the SI in order to
ensure the reproducibility.

Figure 3a shows the measured time evolution of the
cell voltage and the cathodic overvoltage (absolute voltage
between the cathode and the reference electrode) that are
measured with the above described experimental setup.
The current was applied att = 0 s, while cell voltage and
cathodic overvoltage slightly increase over time. Beginning
at 1900 s the voltage increase is accelerated until at about
2000 s the cathodic overvoltage and the cell voltage both
increased by approximately 0.5 V compared to their ini-
tial values. At the cathode, the copper ions are deposited
while the sulfate anions are attracted by the electric field
towards the anode. Consequently, the concentration of dis-
solved ions at the anode increases while it decreases at the
cathode. As soon as the concentration of copper ions at the
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FIGURE 3 Electrochemical measurements of the 0.1 M CuSO,

electrolyte in the glass cell under a galvanostatic current density of
1.5 mA/cm? as a function of time. (a) Cell voltage and the absolute
voltage between the cathode and the Ag/AgCl reference electrode.
At about 2000 seconds the cathodic overpotential drastically
increases due to the transition from cathodic copper deposition to
the hydrogen evolution reaction. (b) Modeled and measured area
resistances. The area resistance increases over time as the ion
concentration near the cathode is thinning out

cathode is not sufficient to maintain the copper deposition
current, the cathodic overpotential increases. To maintain
the applied galvanostatic current under copper ion starva-
tion at the cathode, the hydrogen evolution reaction!**]
(2H,0 — 2H, + 20H") partly replaces the copper depo-
sition. An increase of the cathodic overpotential results,
as the standard potential of the Redox-couple Cu/Cu?*
of 0.34 V drops to that of the hydrogen evolution (0 V at
pH = 0). The produced hydroxide ions by the hydrogen
evolution reaction locally reduce the pH and thereby fur-
ther decrease the reversible potential, for which a drastic
increase of the overpotential is observed.

Figure 3b shows the modeled and measured area resis-
tance of the cell, which was measured by a 5 kHz perturba-
tion on the current via impedance (see experimental sec-
tion for details). It steadily increases from approximately
90 to 120 Ohms/cm? over the time measured. At the cath-
ode, the ion depletion leads to an increasing local resis-
tivity, while it decreases at the anode due to ion accumu-
lation. The overall resistance as a serial connection of all
local resistances increases. If the concentration in the bulk
electrolyte close to the electrode is negligible, the resistiv-
ity would increase to infinity. However, at the time that the

cathodic overpotential increases and the cathodic copper
deposition is replaced by the hydrogen evolution, hydrox-
ide ions penetrate into the electrolyte. Therefore, a non-
conductive gap of pure water directly at the cathode does
not appear.

Using the constant parameterization, the modeled area
resistance increases more drastically than that of the
experiment. The concentration-dependent parameteriza-
tion leads to slightly smaller values than those measured.
The constant parameterization led to a negligible copper
ion concentration at the anode at about 1660 s, whereas this
point is reached with concentration-dependent parame-
terization at approximately 2080 s. The modeled resis-
tances with the concentration-dependent parameteriza-
tion are approximately 4% smaller than the measured one
over the entire time scale considered, which is within the
expectable measurement precision.

Figure 4 shows the optically measured and computa-
tionally simulated spatiotemporal concentrations of cop-
per ions in the electrolyte between the electrodes. The
experimental data with distances less than 500 um to the
electrodes was removed, as these were affected by mea-
surement errors (see detailed experimental description in
the SI). The modeled and measured spatiotemporal con-
centration are shown for four different times, namely 0,
750, 1500 and 2000 s after the current has been switched
on. The measured data is affected scattering in the range
of 0.01 M which is attributable to the camera noise. Within
the estimated maximum spatial error of 500 um of the opti-
cal measurement (see SI), modeled and measured data rea-
sonably agree.
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FIGURE 5 Electrochemical measurements on the cell with

the electrode distance of 480 um and a constant cell voltage of 0.3 V
as a function of time. (a) Current density as a function of time. A
limited current density of 7.5 mA/cm? results. (b) Measured and
modeled area resistances

3.2 | Experimental evaluation at constant
voltage

In the following, the electrochemical response of the Cu-
CuSO, system is considered under a constant voltage of 0.3
V. This voltage is large enough to supply the overpotentials
for the copper deposition and dissolution but from a ther-
modynamic perspective, it is too small to lead to cathodic
hydrogen evolution. Thus, a steady-state with a constant
concentration gradient at the limited current is targeted.
The cell with an electrode distance of 480 um is used in
the following, which has the following advantages in com-
parison to the glass cell with 7.1 mm electrode distance: (i)
The time to reach a steady-state in the form of a limited
current is smaller. (ii) Higher current densities are possi-
ble. (iii) The impact of the changing surface morphology of
the electrodes during the short measurement time on the
limited current density is negligible. However, optical mea-
surements of the concentration gradients are not possible.

Figure 5 shows the current as a function of time for
the applied voltage of 0.3 V. Starting with a current of
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FIGURE 6 Modeled time evolution of the concentration

gradient for the CuSO, electrolyte in the cell with the 480 um
electrode distance (referring to the data graphed in Figure 5). Solid
lines: With a concentration-dependent parameterization. Dashed
lines: With a constant set of parameters, where the cathodic ion
depletion is reached after approximately 77 s

42 mA/cm? the current decays after 90 s to an approxi-
mately constant value of approximately 7.5 mA/cm?. The
measured area resistance rapidly increases within 20 s
from approximately 5.5 to 7.7 Q cm?, from which it goes
back to approximately 7 Q cm?. The modeled area resis-
tance with the concentration dependent parameterization
starts at approximately the same value; however, it slowly
increases over time to approximately 8.5 Q cm? at the end
of the measurement. The modeled values with the constant
parameterization significantly exceeded the measured area
resistance.

The measurement with the 7.1 mm electrode distance in
Figure 3 showed a fine agreement of modeled and mea-
sured resistances, as the electrolyte resistance dominated
and as the electrode processes had a marginal contribu-
tion to the overall resistance. With the more than ten-
fold smaller electrode distance, the resistances of elec-
trolyte and the electrode processes become comparable.
The anodic copper electrode may partly passivate during
the high current densities and copper oxide may increase
the resistance at the metal-electrolyte interface, which may
explain the rapid increase of the cell resistance in the first
10 s of the experiment. However, to this point, the detailed
physicochemical mechanisms that lead to the deviations
between model and experiment are not clear and require
further investigations.

Figure 6 shows the modeled spatiotemporal concentra-
tion in the electrolyte, using the current profile shown
in Figure 5a as input. With the constant parameteriza-
tion, the cathodic ion depletion is reached after approx-
imately 77 s, so that the current cannot be maintained
anymore. With the concentration dependent parameteri-
zation, the concentration profile just slightly changes after
100 s, which means that a steady state is reached, in which
the cathodic copper concentration is low (0.01 M) but not
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electrolyte concentration c, the diffusion coefficient D, the molar

Modeled limited currents under a variation of the

conductivity A and the transfer coefficient t*. The variation factor
displayed on the x-axis is multiplied by one of these parameters,
while the others remain with their original values. (a) Calculation of
the limited current by diffusion on the basis of Fick’s first law
(Equation (8)). (b) Modeled limited currents with a constant
parametrization. (c) Modeled limited currents with the
concentration-dependent parameterization

negligible. Accordingly, the modeled case with the concen-
tration dependent parameterization resembles the experi-
mental data with a steady state of the limited current.

3.3 | Computational electrolyte
parameter variation

In the following, the impact of the electrolyte parameteri-
zation on the model outcome is examined for the follow-
ing purposes: (i) To show how the uncertainty of mea-
sured parameters influences the results. (ii) To elucidate
the effect of a parameter variation on the physicochemical
transport mechanisms. Figure 7 shows the related results,
where the x-axis displays the factor that is multiplied to

the graphed electrolyte parameter while the other elec-
trolyte parameters where unchanged. The non-changed
values correspond to the values at 25°C that are graphed
in Figure 2, while a distance between the electrodes of
480 um is considered (similar to the previous experiment).
Figure 7a shows the limited current calculated with Fick’s
first law, whereas Figure 7b,c shows the limited currents
calculated with the model for the electric field and diffu-
sion driven ion transport, using the procedure described
in the ‘methods sections’.

The results in Figure 7a for Fick’s first law show the con-
tributions of diffusion to the ion transport, excluding elec-
tric field driven contributions. In this non-electrochemical
scenario the copper and sulfate ions are both taken away
from one boundary (resembling the cathode), while the
same amount is placed at the other boundary (resembling
the anode). A constant concentration gradient results,
while the concentration at one boundary is negligible. The
limited current jy;,, is calculated with Faradays law on the
basis of the molar fluxes described by Fick’s first law

Jim = D 2F, ®
where Ac denotes the concentration difference between
the anode and cathode, d the distance between the elec-
trodes, and F the Faraday constant. For example, for an
electrolyte concentration of 0.1 M, the concentration dif-
ference with a constant gradient is Ac = 0.2 M for a neg-
ligible ion concentration at one boundary. As the limited
current in the equation is proportional to the concentra-
tion difference and the diffusion coefficient, the variation
of both parameters has the same impact on the results.

For the constant parameterization graphed in Figure 7b,
a variation of the diffusion coefficient and the concentra-
tion both influence the modeled results in the same man-
ner as in Figure 7a. A variation of the molar conductivity
does not affect the limited current. Towards larger values
of the transfer coefficient ¢+, the limited current increases
as the copper ions carry more of the current and as the
sulfate ions are less conducted towards the anode. With
the concentration dependent parameterization graphed in
Figure 7C, the mutual diffusion coefficient and transfer
coefficient locally increase at the reduced cathodic concen-
trations (see Figure 2) which results in higher limited cur-
rents.

Using a variation factor of unity, the limited current is
4.4,6.7,and 7.4 mA/cm? for the different scenarios graphed
in Figures 7a-c. In the case of Figure 7a (results by Fick’s
first law), the limited current can be interpreted as a dif-
fusion limited current, meaning that the diffusion carries
the entire molar flux across the electrolyte. Such diffusion
limited currents appear in real electrochemical system for
example by the conversion of non-charged species such as
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the oxygen reduction, where a reactant depletion results in
a diffusion limited current.[#0-42] In this case, however, the
reactant is not involved in the ion transport. The results in
Figure 7b include the electric field driven contributions, so
that the limited current is larger than the diffusion limited
current. Thus, in this case, the limited current of the elec-
trochemical ion transport by electric field and diffusion (as
described by the model) is not to be confused with the dif-
fusion limited current that is described by Fick’s first law.

3.4 | Schematic model representation

To understand the evolution of the concentration gradi-
ents in more detail, Figure 8 shows a schematic sketch
of the mechanism of the ion migration in the electrolyte.
In this schematic sketch, four electrolyte compartments
are illustrated, which resemble a reduced of amount the
spatial elements of the numerical simulation. The elec-
trodes resemble the boundary conditions of the differential
equations, where the ions are deposited or introduced into
the electrolyte. The molar flux of the ions between com-
partments are indicated by arrows. The current between
each compartment must be equal (with reference to the
continuity equation), meaning that the length of the error
divided by the transported charge must be equal for every
transfer between the compartments. The amount of cop-
per sulfate in the electrolyte compartments is illustrated as
bars (with reference to the electroneutrality in the solution,
every compartment must have the same amount of copper
and sulfate ions). Four different cases are sketched:

A. In the case of equilibrated solutions without any
applied current, the same amount of ions is diffusing
from the left to the right and vice versa, which results in
no net ion movement. By applying a current, the state
of equilibrium is left and a current-driven dynamic
rearrangement of the ions in the solution starts. The
entire current between the cathode and first compart-
ment is carried by the deposited copper ions, as sulfate
ions are not electrochemically converted. Analogously,
the current between the anode and the fourth compart-
ment is carried by the dissolving copper ions. The cur-
rent between the electrolyte compartments is shared
between sulfate ions and copper ions, while the pro-
portion of the sulfate ions is larger due to their higher
transfer number. In the beginning, diffusion plays a
minor role as the concentration gradient is flat. Due to
the different boundary conditions at the electrodes, the
electrolyte starts to thin out at the cathode and concen-
trate at the anode.

B. A distinct concentration gradient evolves from the
different mole fluxes between the compartments and
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FIGURE 8 Schematic sketch of the ion movement in the
electrolyte displayed for four different electrolyte compartments
(1-4) between the cathode and anode. The arrows represent the
molar fluxes between the compartments of the different ion types.
Four different cases are considered: (a) Dynamic rearrangement
starting with an equilibrated solution. (b) Intermediate state of the
dynamic rearrangement, where a distinct concentration gradient is
evolved but the concentration still changes over time. (c) Parasitic
currents due to electrolyte decomposition. (d) Steady-state with a
constant concentration gradient

diffusion influences the molar fluxes between the
compartments. In the first compartment, the ion
concentration is significantly lower than that in the
second compartment, so copper and sulfate ions are
diffusing along the concentration gradient. Thus,
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the electric field-driven migration of the sulfate ions
from the first to the second compartment is damped
by diffusion, whereas diffusion supports the current
of the copper ions in the other direction. A similar
concentration gradient appears between the third and
fourth compartments. Between the second and third
compartments, the concentration gradient is smaller
and thus the current between both compartments
is more equally shared between copper and sulfate
ions. In the fourth compartment, the electrolyte is
concentrated, as sulfate ions are attracted to the anode,
and at its interface with the anode copper ions are
steadily introduced. Depending on the applied current,
this case can result in the two different scenarios that
are discussed in the following.

C. When the applied current is higher than the lim-
ited current, it cannot be carried by the copper ions
anymore as their concentration in the first depart-
ment becomes too low. In this case, the electrolyte
is decomposed, leading to a parasitic current of
hydroxide ions that comes from the cathodic water
splitting.[**] The new ion species introduced into the
electrolyte changes reduce the solubility of copper sul-
fate, leading to different electrolyte compositions and
behavior.

D. A current that is smaller than the limited current
means that in the first compartment enough copper
ions are present to maintain the copper ion deposition.
After the dynamic rearrangement, a steady-state with a
constant concentration gradient is reached, where the
amount of sulfate ions diffusion along the concentra-
tion gradient is equal to the amount that is carried by
the current. Thus, the net molar flux of sulfate ions
between the compartments is negligible. In this case,
diffusion and electric field drive the copper motion
from the anode to the cathode.

3.5 | Simulation applicability to other
systems

This study focused on a binary electrolyte, where one
cation type and one anion type are dissolved in a polar sol-
vent. The solvation of the ions allows them to travel inde-
pendently through the electrolyte as long as the macro-
scopic electroneutrality is maintained. In the discussed
case the cation was involved in the reactions while the
anion was inert. The boundary conditions of the numer-
ically solved differential equations define whether the dif-
ferent ion types are involved in the electrode reactions or
whether they are inert. Accordingly, cases in which anions
are involved in the reactions can be easily modeled by
changing the boundary conditions.

The concentration gradients described by the model
cannot appear in polymer membranes, where a move-
able ion type is attracted by the Columbia force to immo-
bile ions that are chemically bonded to the polymer
matrix.[**5] In such a system, only microscopic pertur-
bances of the ion positions are possible, whereas a macro-
scopic ion displacement of the moveable ion types would
directly result in a violation of the electroneutrality and
would be instantaneously balanced by the conduction
of the mobile ion type itself. Another similar case with
a rigid matrix of counter-ions is represented by solid-
state conductors such as the solid proton or oxygen ion
conductors.! 40471

4 | CONCLUSIONS

In this study, the evolution of concentration gradients in an
aqueous CuSQ, electrolyte between two copper electrodes
under an electrochemical current is computationally
modeled and optically measured. Moreover, modeled
and measured limited currents due to cathodic ion
depletion are compared. With a concentration-dependent
parameterization the local changes of molar conductivity,
mutual diffusion coefficient, and transfer number t*
concentration gradient in the solution is included, leading
to precise modeling of measured concentration gradients
and limited currents. Under a variation of the electrolyte
parameters in the ion transport model, the physicochem-
ical properties that affect the ion transport and related
limited currents are highlighted. Therewith, differences
between diffusion-limited currents (described by Fick’s
first law) and the limited current by the combined electric
field and diffusion-driven ion transport are discussed. To
illustrate the physics behind the differential equations of
ion transport, a qualitative scheme is discussed to show
the causes of the ion displacement in the electrolyte. In
the presented framework, the simulation has proven its
reliability for two different scenarios, galvanostatic and
potentiostatic conditions (operated at more than tenfold
different current densities and electrode distances), pre-
cisely predicting the cathodic ion depletion that leads to
parasitic reactions or limited currents.
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