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Abstract: 
Supporting electrolytes contain inert dissolved salts to increase the conductivity, to change 
microenvironments near the electrodes and to assist in electrochemical reactions. Herein, a combined 
experimental and computational study examines the impact of supporting salts on the ion transport 
and limited currents of electrochemical reactions. A physical model that describes multi-ion transport 
in liquid electrolytes and the related concentration gradients is discussed. This model and its 
parameterization are evaluated by the measured limited current of the copper deposition in a CuSO4 
electrolyte under a gradually increasing amount of Na2SO4 that acts as a supporting salt. A 
computational sensibility analysis of the transport model reveals that the shared conductance 
between the ions lowers the limited currents with larger supporting salt concentrations. When the 
supporting salt supplies most of the conductance, the electric-field-driven transport of the 
electrochemically active ions becomes negligible so that the limited current drops to the diffusion-
limited current that is described by Fick’s first law. The transition from diluted supporting electrolyte 
to the case of ionic liquids is elucidated with the transport model, highlighting the different physical 
transport mechanisms in a non-conducting (polar) and a conducting (ionic) solvent.  
 

1 Introduction 
Supporting electrolytes are solvent-based liquids that contain inert salt additives (defined as 

supporting salts) which are not electrochemically converted. These additive salts can increase the 

conductivity of the electrolyte and thereby improve the efficiency of electrochemical processes 1–3. For 

example, in industrial copper refining and winning the conductivity of aqueous CuSO4 baths is 

increased by H2SO4 addition 4,5. Supported electrolytes with at least three different sorts of ions also 

emerge when reactive ion types are dissolved in for instance aqueous solutions 6–8, molten salts 9–11, 

deep eutectic solvents 12,13, or ionic liquids 14–17.  

For binary (one type of cation and one type of anion) solvent-based electrolytes the transport of ions 

was experimentally characterized and theoretically described in various works 18–20. In these systems, 

the electrolyte is thinning out at the electrode at which dissolved ions are electrochemically converted, 

whereas the ions accumulate at the electrode which introduces them into the electrolyte. Thus, 

electrochemical reactions cause concentration gradients in liquid electrolytes 21–23 that ultimately limit 

the current that electric-field and diffusion-driven ion transport can carry without locally depleting the 

concentration of the converted ion types 24. The limited currents and concentration gradients in multi-

ion systems with its relation to the microenvironment at the electrode (such as pH 25,26) display an 

important design aspect for electrochemical devices for batteries 21–23, the separation of ions 27,28, CO2 

reduction 29,30, electrowinning 31,32, electroplating 33–35 and so forth. 

In binary electrolytic solutions, the electrolyte parameterization is described by the transfer numbers 

(that describe the different contributions of the anions and cations to the conduction), the mutual 

diffusion coefficient (pairwise diffusion of anions and cations under the boundary condition of electro-

neutrality in the solution) and the molar conductivity. These properties depend on the concentration, 



for which the electrochemically driven concentration gradients require a spatially resolved 

parameterization for a precise transport modeling 24. Numerical time domain modeling of the 

electrochemical transport differential equations has proven its reliability to represent the 

concentration dependence of the electrolyte parameterization, while it also can resolve changing 

boundary conditions such as varying currents 24. 

The ion transport with supporting electrolytes was modeled in previous studies with analytical 36–38 

and numerical 39–41 approaches to solve the electrochemical transport equations. From these studies, 

only Awakura et al. 37 compared model results with experimental data, which is however crucial to 

understand and describe the complexity of the ion-ion interactions in these systems that cannot be 

precisely described by ab-initio models. All of these studies were conducted with a constant set of 

electrolyte parameters that do not take into account the concentration dependence and ion-ion 

interactions. Most of these studies considered an infinite distance of anode and cathode 37–39,41, which 

simplifies the mathematical description and analytical solution of the transport equations. This 

scenario however does not lead to a steady state with a constant limited current 24. A detailed 

understanding of the mechanisms that influence limited current in supported electrolytes, its 

correlation to the electrolyte properties and the parameterization of the interaction of different sort 

of ions is not yet reported.  

The aim of this study is to describe the ion transport in supporting electrolytes with a physical time 

domain model of the electrochemical transport equations which enables a concentration-dependent 

parameterization and the description of steady limited currents. The modeled limited currents are 

compared under different parameterization scenarios to measured limited currents of mixed CuSO4 

and Na2SO4 electrolytes. To understand the physicochemical mechanisms of the ion transport in 

supported electrolytes and its influence on the limited current in detail, a computationally sensibility 

analysis of the parameterization is conducted. Moreover, the computer model is adjusted to multi-ion 

systems in molten salts and ionic liquids, showing similarities and differences of the ion transport in 

comparison to the solvent-based electrolytes. The source codes of the computational model are 

provided in the supporting information, so that the community effortlessly can reproduce the 

presented results and thereon further develop the presented model. 

2 Methods 

2.1 Experimental 
In this study, the copper deposition and dissolution of plane and polished copper electrodes in mixed 

CuSO4 and Na2SO4 electrolytes serve as an exemplary system to examine limited currents. Hereto, the 

two polished copper plates are separated by a stamped fluoroelastomer flat sealing with an inner 

diameter of 14 mm and a thickness of 500 µm (Reichelt Chemietechnik). To assemble the cell, the 

sealing was laid on one electrode and the copper surface was wetted with approximately 1 ml of 

electrolyte. The surface of the other electrode was also wetted with the electrolyte and then pressed 

onto the electrode with the sealing. Thereby, the excess electrolyte floated out of the cell assembly 

while the sealing between the electrodes was completely filled with the electrolyte. The anode was 

placed at the bottom to avoid macroscopic density differences that are compensated by gravitational 

shear forces 24. An additional cell with copper electrodes and an electrode distance of 20 mm was used 

to characterize the conductivity of Na2SO4 solutions. Hereto, the copper electrodes were pressed with 

flat sealings (same type as above) on a polypropylene body. With 4-wire potentiodynamic alternating 

current impedance measurements, the electrolyte resistance was determined 42.  



2.2 Model 
A detailed model on the ion transport in binary electrolytes has been presented previously 24, which 

included an experimental evaluation and a concentration-dependent parameterization of the 

conductivity, mutual diffusion coefficient and ion transfer number. This transport model describes the 

electric field and diffusion driven motion of dissolved ions in liquid electrolytes and is in the following 

adapted to an electrolyte with three ion types. The aim is here to parameterize the multi-ion system 

on the basis of reported experimental conductivities, diffusion coefficients and transfer numbers on 

the binary electrolyte systems of CuSO4 and Na2SO4, respectively. The source codes of this approach 

are supplied in the supporting information. 

Figure 1 summarizes the data on molar conductivity, diffusion coefficient and cation transfer number 

of aqueous CuSO4 and Na2SO4 electrolyte solutions, respectively, referring to the data reported by 

Owen et. al 43, Bester-Roag et. al 44, Emanuel et. al 45, Noulty et. al 46, Woolf et. al 47, Rard et. al 48, Pikal 

et. al 49 and Longsworth et. al 50. The molar conductivity and diffusion coefficients decrease towards 

higher electrolyte concentrations, which is a direct result of the ion-ion interaction that is described by 

the Debye-Hückel theory 51,52. Most of the literature reported values at the standard temperature of 

25°C, whereas the measurements in this study were performed at 20°C. The effect of temperature on 

the molar conductivity and diffusion coefficient is treated as discussed elsewhere in detail 24. The 

conductivity and the transfer coefficient of the CuSO4 electrolyte show a more distinct concentration 

dependence than those of the Na2SO4 electrolyte. The dissolution of CuSO4 acidifies the aqueous 

solvent, however, the concentration of protons is more than 1000 smaller than the concentration of 

dissolved copper for which the impact on protons on the transport model is negligible 24. The trends 

of the concentration dependence of the electrolyte properties can be described on the basis of the 

Debye-Hückel theory, whereas the complexity of the aqueous solutions do not allow a precise 

theoretical prediction of ion-ion interactions and their impact on conductivities and diffusion 

coefficients 53,54. Thus, the experimental data is described by analytical non-physical equations which 

adequately describe the concentration dependence of the literature data in Figure 1 as discussed in 

the supporting information in detail.  

 



 

Figure 1: Parameterization of CuSO4 (left) and Na2SO4 (right) binary electrolytes as a function of the 
concentration. A) Molar conductivity. B) Diffusion coefficient. C) Transfer number.  

The transfer number 𝑡𝑖  of the ion type 𝑖 is defined by the current 𝐼𝑖 that it carries in relation to 

the total current 𝐼tot: 

𝑡𝑖 =  
𝐼𝑖

𝐼tot
 

(1) 

Using Ohm’s law, this equation can also be interpreted as a ratio of conductivities 𝜅: 

𝑡𝑖 =  
𝜅𝑖

𝜅tot
 

(2) 

To apply this definition to multi-ion systems, a more precise notation is introduced in the following. In 

Na2SO4, the anion (SO4
2−) has a valence of two whereas the cation (Na+) has a valence of one. By using 

the lowest common denominator of the valences, equal charges and equal concentrations of the 

definitions of 𝐶 = 2Na+ and 𝐴 = SO4
2− result. The molar conductivity Λ of an binary electrolyte 

that is comprised by type A and C is here defined as ΛAC (units of S cm2 mol−1). As shown in Figure 1, 

the transfer number and the molar conductivity have an intrinsic concentration dependence for which 



both are a function of the concentration 𝑐AC. The conductivity of the binary electrolyte 𝜅AC equals 

the product of concentration and molar conductivity: 

𝜅AC = 𝑐AC ×   ΛAC 
 

(3) 

With the molar conductivity and the ion transport number, the conductivity κA of the anion 𝐴 as a 

function of the concentration can be calculated as 

  κA = 𝑐AC × 𝑡A  × ΛAC   (4) 

In the considered multi-ion system of CuSO4 with Na2SO4 addition, the conductivity of the sodium and 

copper ions are determined similarly to the binary solutions 

  κCu2+
= 𝑡Cu2+

 𝑐CuSO4  Λ̂CuSO4    (5) 

  κ2Na+
= 𝑡2Na+

𝑐Na2SO4  Λ̂Na2SO4     (6) 

where Λ̂ includes the influence by the interactions between the different ion types on the molar 

conductivity. In the case of the sulfate anion, the situation becomes more complex, as it is involved in 

the conduction of both salts. Its conductivity is here calculated as the sum of its contributions to the 

conductivity of both dissolved salts:  

  κSO4
2−

= [1 − 𝑡Cu2+
] 𝑐CuSO4  Λ̂CuSO4  +  [1 − 𝑡2Na+

] 𝑐Na2SO4Λ̂Na2SO4    (7) 

In the results part, different approaches to estimate the influence of the ion interactions on the molar 

conductivity are presented, which are based on previously reported data on the binary electrolytes. 

The total conductivity 𝜅tot  in the multi-ion system equals the sum of the conductivities of the 

individual types of ions discussed above. Accordingly, the conductivity ratio (equation 2) can be 

determined for multi-ion systems, which expressed the share of the different ion types to the overall 

current and thus determines the conductivity-driven ion motion in the ion transport model.  

The diffusion process of type A and C is always pairwise, as otherwise the electroneutrality is violated.  

Thus, the mutual diffusion coefficients 𝐷 are used to calculate those of the cations:  

 𝐷Cu2+
= 𝐷CuSO4   (8) 

𝐷2Na+
= 𝐷Na2SO4    (9) 

For the sulfate ions, the weighted arithmetic mean is used to calculate the diffusion coefficient, as their 

diffusion also depends on the mobility of the cations to which they are paired: 

𝐷SO4
 2−

=
𝑐CuSO4  𝐷CuSO4 + 𝑐Na2SO4  𝐷Na2SO4

𝑐CuSO4 + 𝑐Na2SO4  
  

(10) 

The differential equations of the transport model is discussed in the supporting information in detail, 

including their boundary conditions at the electrodes and their implementation in the numerical 

simulation framework. 



3 Results and discussion 
First, the experimental and model data on the ionic transport of mixed CuSO4 and Na2SO4 electrolytes 

is presented. Second, the influence of the electrolyte parameters on limited currents is examined using 

the transport model. Moreover, the computer model is used to describe the transition from diluted 

polar solvents to ionic liquids, highlighting similarities and differences of both systems.  

3.1 Measured and modeled data on the CuSO4 - Na2SO4 electrolytes   
Figure 2 shows the measured current densities of a 0.1 M CuSO4 solution with a variation of Na2SO4 

addition from 0 to 1 M as a function of time. A voltage of 0.3 V was applied between the electrodes 

that were 500 µm apart from each other and separated by a polymer sealing (see experimental 

section). After initial double layer charging and surface reduction/oxidation the current can be mainly 

attributed to the copper deposition and dissolution. This electrochemical current decays over time as 

the cathodic copper ion concentration depletes (detailed discussion below). After approximately 200 

seconds a steady current is reached for all different concentrations.  

 

Figure 2: Measured current densities at 0.3 V between two copper electrodes with a CuSO4 
concentration of 0.1 M and a variation of the Na2SO4 concentration from 0 to 1 M. 

To calculate the limited currents with the transport model, the simulation is started with a current 

density of 15 mA/cm² that is larger than the expected limited currents, resembling the experimental 

approach. When the concentration of copper ions at the cathode depletes to 1/15 of the initial 

concentration of 0.1 M, the current is decreased. After this initial reduction, the current is continuously 

adjusted so that the cathodic copper ion concentration is ranging between 1/15 and 1/12 of the initial 

concentration. Figure 3 shows an example of the modeled concentration gradients between the 

electrodes for a total CuSO4 concentration of 0.1 M and a Na2SO4 concentration of 0.2 M. In the initial 

state, the concentration of the ions is evenly distributed in the electrolytic solution. In the final state, 

a steady limited current is reached, in which the concentration gradients do not change as a function 

of time and in which the copper ion concentration at the cathode is depleted. The total concentrations 

of the ions in the electrolyte do not change, as the inert ions are not converted at the electrodes and 

as the same amount of copper is deposited and dissolved. Moreover, the sum of the charges of the 

cations and anions is locally and globally zero, fulfilling the framework of electroneutrality of the 

electrolyte (see detailed discussion in reference 24). 



 

Figure 3: Modeled concentration gradients (using the parameterization case iv as defined in the text 
below) of the limited current for an electrode distance of 500 µm, a CuSO4 concentration of 0.1 M, 
and a Na2SO4 concentration of 0.2 M. The cathode is located at the left side (distance = 0) and the 

anode at the right side (distance = 500 µm).  

In contrast to the copper ion starvation at the cathode and its accumulation at the anode, the sodium 

ion concentration gradient is converse, with an enlarged amount at the cathode and a reduced amount 

at the anode. The sodium ions are transported by the electric field in the electrolyte to the cathode 

where they cannot be converted. In the steady state, the sodium ion current by the electric field is 

balanced by diffusion into the opposite transition, leading to no net sodium ion transport. As the 

sulfate ions are transported by the electric field towards the anode, the amount of sulfate ions is 

decreased at the cathode and increased at the anode. As the sulfate ions are the only anions in this 

system, their amount reflects the total amount of dissolved ions with respect to the charge. Similar to 

the sodium ions, in the steady state the net sulfate ion transport equals zero so that the copper ions 

as the only electrochemical active ion type constitute the net current. The electric-field and diffusion-

driven ion transport of the copper ions point in the same direction from the anode to the cathode. 

From the measurements graphed in Figure 2, the limited current was determined by the mean current 

between 300 and 400 seconds after the experiments started. In addition to the data graphed in Figure 

2, two repetitions were made. Figure 4 shows the mean of these measurements with the standard 

variation as the statistic error of the experiments. Moreover, Figure 4 shows the modeled data, which 

is considered for four different approaches of the parameterization, which all show similar trends to 

the experiment with decreasing limited currents towards higher Na2SO4 concentrations. The four 

different parameterizations are characterized by the following features: 

(i) The first case is modeled with a constant parameterization, resembling previously reported models 

in the literature 36–41. The values of Figure 1 at 0.1 M concentration of CuSO4 and Na2SO4 serve as model 

input parameters. When the concentration of copper ions near the cathode is thinning out, their local 

conductivity, diffusion coefficient and transfer number increase with reference to Figure 1 which 

increases the limited current in pure CuSO4 electrolytes 24. By neglecting these concentration 

dependencies, the current is up to a Na2SO4 concentration of 0.5 M underestimated (similar to that in 

binary solutions 24), as the locally higher diffusivity and ion transport number (see Figure 1) of the 

copper ions at the depleting cathodic concentration is not taken into account. At higher Na2SO4 

concentrations, the decrease of the conductivity, diffusion coefficients and transfer number becomes 

significant so that the model with the constant parameterization overestimates the limited current.  



 

Figure 4: Measured (black lines with scatter and error bars) and modeled (colored lines) limited 
currents for a CuSO4 concentration of 0.1 M under a variation of the Na2SO4 concentration. The four 
different parameterization scenarios for the model are discussed in the text. The measured data is 

recorded with a voltage of 0.3 V between the electrodes. A) Linear increment of the x-axis. B) Square 
root spacing of the x-axis to more clearly resolve the small concentrations. 

(ii) In the second case, the model is parameterized with the individual concentration dependencies of 

CuSO4 and Na2SO4 respectively, without taking their interaction into account. Thus, the molar 

conductivity, diffusivity and cation transport number of the CuSO4 component decreases towards 

higher CuSO4 concentrations, whereas it is not affected by the Na2SO4 concentration. Likewise, the 

properties of the Na2SO4 component are influenced by its concentration and does not interact with 

the CuSO4 component. The modeled data is overestimating the measured limited current. At Na2SO4 

concentrations below 0.05 M the differences between the modeled and measured data is with less 

than 5 % moderate, however, it increases towards higher concentrations. As expected from the Debye-

Hückel theory, the interaction of the ions is expected to decrease the molar conductivity and diffusion 

coefficients, explaining the modeled overestimation of the limited currents. 

(iii) In the third parametrization scenario, the parameters of the CuSO4 and Na2SO4 components are 

calculated as a function of the total concentration of sulfate ions, assuming that the interaction 

between the sulfate ions and the cations is equal. However, this parametrization underestimates the 

measured limited current. Thus, the assumption that the ions influence one another in the same 

amount does not hold valid. Figure 1 showed a more pronounced concentration dependence of molar 

conductivity, diffusion coefficient and transfer number of CuSO4 than that of Na2SO4. Thus, the ion-ion 

interactions in CuSO4 are different from that in Na2SO4 and the influence of the different components 

on one another is therefore also not that easy to describe.  

(iv) The fourth case stands for a concentration-dependent parameterization that displays a mixture 

between the second and third approach. Hereto, the parameters for the CuSO4 component are 



calculated for the concentration of CuSO4 plus 20% of the concentration of Na2SO4. Analogously, the 

parameters for the Na2SO4 component are calculated for the concentration of Na2SO4 plus 20% of the 

concentration of CuSO4. Thus, an interaction between the different ion types is partly included, 

however, to a smaller extent than that between the ions of the same type. Using this parameterization, 

a good fit of modeled and measured data is obtained.  

The scenarios discussed above are based on the experimental data on binary electrolytes and do not 

represent a physicochemical approach to characterize the ion-ion interactions in mixed ion systems. 

Based on these data, however, the ion-ion interaction is shown to crucially impact the ion transport in 

supporting electrolytes and the related limited currents. In the literature 53, the Debye-Hückel theory 

based physicochemical models that are used to describe the complex interaction between the ions are 

non-trivial and typically do not exactly describe the concentration dependence of the electrolyte 

parameters. However, using such approaches a physicochemical description of the ion-ion interactions 

for the electrolyte parameterization may be possible. Theoretical works to address the prediction of 

the ion-ion interaction in multi-ion systems have to follow and may lead to more precise 

parameterization procedures as the presented approaches that is based on the experimental data of 

binary electrolytic solutions. 

3.2 Computational Sensibility Analysis 
Thus far, measured and modeled data showed that limited currents decrease towards higher 

concentrations of the inert ions. The aim of the following section is to consider the modeled limited 

currents under a variation of the electrolyte parameters, aiming to display the physicochemical 

relations that are described by the differential equations of the transport model. Hereto, two cases 

are considered, a polar solvent in which the salts are dissolved and an ionic liquid (or ionic melt). The 

first case resembles the above discussed CuSO4 - Na2SO4 system, where water displayed the polar 

solvent. 

A simplified test system is considered in the following, in order to focus on the physicochemical 

interactions of the transport mechanisms rather than the complex parameterization that is discussed 

above. The test system is characterized by the following properties: 1) The electrolyte is comprised by 

two different salts, with two different types of cations (denoted as C1 and C2) and one type of anion 

(denoted as A). 2) Cation type C1 is pushed at the anode into the electrolyte and it is removed at the 

cathode, the other ions are inert. 3) Both salts have an equal density. 4) The molar conductivity, 

diffusion coefficient and transfer number of both salts are assumed as concentration independent with 

constant values of 𝛬 = 100 S cm2 mol−1, 𝐷 = 10−5 cm2 s−1, 𝑡+ = 0.5 and initial concentrations 

of 𝑐 = 0.1 M. One of these parameters of the supporting salt (C2 and A) are varied, while the other 

remain constant.  

Figure 3 showed, that the net concentration of all ions at the cathode in the system decreases near 

the cathode. However, in the case of ionic liquids or salt melts, the depletion of the ions at an electrode 

means that the entire electrolyte vanishes whereas it concentrates at another electrode. For the test 

system with the ionic liquid an encapsulated volume is considered (such as in a battery). As both salts 

in the test system have the same type of anions and the same density, only the positions of the cations 

can change whereas the concentration of the anions is constant over the entire electrolyte. Hence, the 

differential equations that describe the anion transport are neglected and deleted from the source 

code. 

Figure 5A shows the modeled concentration gradients of the test system with a polar solvent. Despite 

the different parameterization, a similar shape of the concentration gradients compared to Figure 3 is 

obtained. Figure 5B graphs the limited currents that are obtained under the parameter variation of the 

electrolyte with the polar solvent. With a negligible concentration or conductivity of the inert cations 



C2, the same limited current as in the case of the unsupported electrolyte is reached. With an 

increasing concentration or conductivity the limited current drops to the value described by Fick’s first 

law, in which diffusion is the only driving force. Thus, in this case the conduction of C1 has a minor 

impact on its net transport. Without the supporting salt, the limited current is approximately 2 times 

higher than that described by Fick’s first law. In the case of a variation factor of unity (equal properties 

of inert and active salt), the limited current is 1.25 higher than the diffusion-limited current.  

 

Figure 5: Modeled data to examine the influence of the electrolyte parameters on the limited current 

for an electrode distance of 0.1 𝑐𝑚, an initial concentration of 𝑐 = 0.1 𝑀, a molar conductivity 𝛬 =
100 𝑆 𝑐𝑚2 𝑚𝑜𝑙−1 and a diffusion coefficient of 𝐷 = 10−6 𝑐𝑚2𝑠−1 of the supporting salt and the 
reactive ion pair. A) Concentration gradients obtained for the polar solvent. B) Parameter variation 
for the polar solvent. The variation factor on the x-axis is multiplied to one of the properties of the 

supporting salt. Blue lines: Diffusion-limited current calculated by Fick’s first law and the limited 
current without addition of supporting salt. C and D) Same as (A) and (B) but for an ionic liquid, 

where the ion displacement is confined as described in the text in more detail.  

In binary diluted electrolytes (polar solvent) the conductivity does not influence the limited current, as 

the entire current is anyway carried by the ions 24. However, as here defined by the conductivity ratio, 

now the conductivity is decisive as it determines how much of the active ions C1 are actually carried 

by the conduction. The conductivity is shared between the different types of ions. When the 

conductivity of the inert ion C2 type becomes much larger than that of the active ion C1, the ion C1 is 

mainly transported by the driving force of the concentration gradient as the conduction is mainly done 

by C2. The limited current increases towards higher values of the diffusion coefficient of the inert salt. 

In this case, a depletion of ions at the cathode is avoided, from which also the limited current benefits.  

Figure 5C shows the concentration gradient modeled for an ionic liquid. In this case, the amount of 

anions is constant over the distance (see discussion above). Figure 5D shows the modeled limited 

currents for the ionic liquid scenario. Without the supporting salt, the limited current is infinite as the 

boundary condition of the constant anion concentration does not allow a concentration gradient. With 

small additions of the supporting electrolyte, the supporting salt accumulates at the cathode and high 

concentration gradients of C1 over small distance close to the cathode result, for which the limited 

currents are orders of magnitude higher than those in the case of the polar solvent. Towards infinite 



concentrations or conductivities of C2, the limited current drops to the diffusion-limited current 

described by Fick’s first law (see reference 24).  

3.3 Application of the Results in Electrochemical Devices 
The results on the copper based model system can find direct application in the design of 

electrochemical processes and devices such as copper refining4,5 or aqueous copper/sulfur 

batteries55,56. However, the aim of this article is to conclude physicochemical relations that are 

applicable to a wider scope which are independent of the parameterization of the presented model 

system that may help in the design of electrochemical applications. With knowledge that the limited 

current decreases with the amount of supporting ions, the addition of inert ions displays a compromise 

between an increased conductivity and a decreased limited current. When the electrolyte is 

mechanically mixed by convectional forces, the concentration gradients formed by the electrochemical 

current are partly equilibrated. Thus, the diffusion-limited currents increase in comparison to the case 

of static electrolytes. Causes for such convection can be found in: (i) Macroscopic density difference, 

where the gravitational force leads to shear forces. (ii) Bubble formation and ascending bubbles. (iii) 

Mechanical mixing of the electrolyte by stirring or pumping.  

In ionic liquids, the electrode is always in contact with the electrolyte, which reduces with reference 

to Figure 5 the depletion of the active ion type at the electrode in comparison to solvent based 

electrolytes. However, high viscosities typically cause smaller diffusion coefficients and conductivities 

of the active ion types in ionic liquids than that those of solvent based electrolytes. As a result, limited 

currents can display a severe limitation for electrochemical devices and processes that operate with 

ionic liquids.  

4 Conclusion 
This study examined the ion conduction, current-driven concentration gradients and related limited 
current in supporting electrolytes. A computational model is developed to characterize the ion 
transport and the related spatiotemporal ion concentrations in supporting electrolytes. This model is 
equipped with different concentration-dependent parameterization scenarios and evaluated with 
measured limited currents of CuSO4 - Na2SO4 supporting electrolytes. The comparison of measured 
and modeled data shows that a complex concentration-dependent parameterization of the interaction 
between the different ion types in the supporting electrolyte is required to adequately model the ion 
transport. A computational study on the variation of the electrolyte parameters reveals the ion 
transport mechanisms and the interplay of electric-field and diffusion-driven ion motion. With an 
infinite amount of supporting salt in the electrolyte, the conduction-driven transport of the active ion 
becomes negligible and the limited current drops to the diffusion-limited current that is described by 
Fick’s first law. By changing the framework of the developed model, the transition from supporting 
electrolytes to ionic liquids (and ionic melts) is examined, revealing similarities and differences of the 
transport mechanisms and their impact on limited currents. 
 

5  Data availability  
All data of the computational model generated or analysed during this study are included in this 

published article and its supporting information as it can be calculated and reproduced with the 

provided source code. The experimental datasets used and/or analysed during the current study are 

available from the corresponding author on reasonable request 

6 Supporting Information 
The supporting information contains: 



 Differential equations of the ion transport model  

 Fit equations and parameters for the concentration dependence of the electrolyte properties 

 Computer code (programming language Python) of the ion transport model 

7 Acknowledgement 
This work was supported by the German Federal Ministry of Education and Research (BMBF) within 

the Project iNEW (03SF0589A). 

 

References 

1. Colvin, E. W. The Effect of Supporting Electrolyte on the Electrochemical Synthesis, 
Morphology, and Conductivity of Polyaniline. Silicon Org. Synth. 111, 15–20 (1981). 

2. Oldham, K. B. Theory of steady-state voltammetry without supporting electrolyte. J. 
Electroanal. Chem. 337, 91–126 (1992). 

3. Selman, J. R. & Newman, J. Free-Convection Mass Transfer with a Supporting Electrolyte. J. 
Electrochem. Soc. 118, 1070–1078 (1971). 

4. Price, D. C. & Davenport, W. G. Densities, electrical conductivities and viscosities of 
CuSO4/H2SO4 solutions in the range of modern electrorefining and electrowinning 
electrolytes. Metall. Trans. B 11, 159–163 (1980). 

5. Ibl, N. Optimization of copper refining. Electrochim. Acta 22, 465–477 (1977). 

6. König, M., Vaes, J., Klemm, E. & Pant, D. Solvents and Supporting Electrolytes in the 
Electrocatalytic Reduction of CO2. iScience 19, 135–160 (2019). 

7. Daniele, S., Baldo, M. A., Bragato, C., Denuault, G. & Abdelsalam, M. E. Steady-state 
voltammetry for hydroxide ion oxidation in aqueous solutions in the absence of and with 
varying concentrations of supporting electrolyte. Anal. Chem. 71, 811–818 (1999). 

8. Brudzisz, A. M., Brzózka, A. & Sulka, G. D. Effect of the supporting electrolyte on chloroform 
reduction at a silver electrode in aqueous solutions. Molecules 26, 1–11 (2021). 

9. Yin, H. et al. Capture and electrochemical conversion of CO2 to value-added carbon and 
oxygen by molten salt electrolysis. Energy Environ. Sci. 6, 1538–1545 (2013). 

10. Al-Juboori, O., Sher, F., Khalid, U., Niazi, M. B. K. & Chen, G. Z. Electrochemical Production of 
Sustainable Hydrocarbon Fuels from CO2Co-electrolysis in Eutectic Molten Melts. ACS Sustain. 
Chem. Eng. 8, 12877–12890 (2020). 

11. Kruesi, W. H. & Fray, D. J. The electrowinning of lithium from chloride-carbonate melts. 
Metall. Trans. B 24, 605–615 (1993). 

12. Nkuku, C. A. & LeSuer, R. J. Electrochemistry in deep eutectic solvents. J. Phys. Chem. B 111, 
13271–13277 (2007). 

13. Zhang, Q., De Oliveira Vigier, K., Royer, S. & Jérôme, F. Deep eutectic solvents: Syntheses, 
properties and applications. Chem. Soc. Rev. 41, 7108–7146 (2012). 

14. Liu, Q. X., El Abedin, S. Z. & Endres, F. Electroplating of mild steel by aluminium in a first 
generation ionic liquid: A green alternative to commercial Al-plating in organic solvents. Surf. 
Coatings Technol. 201, 1352–1356 (2006). 

15. El Abedin, S. Z., Moustafa, E. M., Hempelmann, R., Natter, H. & Endres, F. Additive free 



electrodeposition of nanocrystalline aluminium in a water and air stable ionic liquid. 
Electrochem. commun. 7, 1111–1116 (2005). 

16. Abbott, A. P. & McKenzie, K. J. Application of ionic liquids to the electrodeposition of metals. 
Phys. Chem. Chem. Phys. 8, 4265–4279 (2006). 

17. Zhang, G. R. & Etzold, B. J. M. Ionic liquids in electrocatalysis. Journal of Energy Chemistry vol. 
25 199–207 (2016). 

18. Van Soestbergen, M., Biesheuvel, P. M. & Bazant, M. Z. Diffuse-charge effects on the transient 
response of electrochemical cells. Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys. 81, 1–13 
(2010). 

19. Zelinsky, A. G. & Pirogov, B. Y. Electrolysis in a closed electrochemical cell with a small inter-
electrode distance. Metal dissolution/deposition in plain electrolytes. Electrochim. Acta 54, 
6707–6712 (2009). 

20. Danilov, D. & Notten, P. H. L. Mathematical modelling of ionic transport in the electrolyte of 
Li-ion batteries. Electrochim. Acta 53, 5569–5578 (2008). 

21. Sethurajan, A. K., Krachkovskiy, S. A., Halalay, I. C., Goward, G. R. & Protas, B. Accurate 
Characterization of Ion Transport Properties in Binary Symmetric Electrolytes Using In Situ 
NMR Imaging and Inverse Modeling. J. Phys. Chem. B 119, 12238–12248 (2015). 

22. Klett, M. et al. Quantifying mass transport during polarization in a Li Ion battery electrolyte by 
in situ 7Li NMR imaging. J. Am. Chem. Soc. 134, 14654–14657 (2012). 

23. Krachkovskiy, S. A., Pauric, A. D., Halalay, I. C. & Goward, G. R. Slice-selective NMR diffusion 
measurements: A robust and reliable tool for in situ characterization of ion-transport 
properties in Lithium-ion battery electrolytes. J. Phys. Chem. Lett. 4, 3940–3944 (2013). 

24. Schalenbach, M. et al. Ionic Transport Modeling for Liquid Electrolytes - Experimental 
Evaluation by Concentration Gradients and Limited Currents. Electrochem. Sci. Adv. in print, 
(2022). 

25. Zhang, Z. et al. pH Matters When Reducing CO2in an Electrochemical Flow Cell. ACS Energy 
Lett. 5, 3101–3107 (2020). 

26. Lu, X. et al. In Situ Observation of the pH Gradient near the Gas Diffusion Electrode of 
CO2Reduction in Alkaline Electrolyte. J. Am. Chem. Soc. 142, 15438–15444 (2020). 

27. Sun, Y., Wang, Y., Liu, Y. & Xiang, X. Highly Efficient Lithium Extraction from Brine with a High 
Sodium Content by Adsorption-Coupled Electrochemical Technology. ACS Sustain. Chem. Eng. 
9, 11022–11031 (2021). 

28. Palagonia, M. S., Brogioli, D. & Mantia, F. L. Influence of Hydrodynamics on the Lithium 
Recovery Efficiency in an Electrochemical Ion Pumping Separation Process. J. Electrochem. 
Soc. 164, E586–E595 (2017). 

29. Kaneco, S. et al. High efficiency electrochemical CO2-to-methane conversion method using 
methanol with lithium supporting electrolytes. Ind. Eng. Chem. Res. 41, 5165–5170 (2002). 

30. Kyriacou, G. Z. & Anagnostopoulos, A. K. Influence of CO2 partial pressure and the supporting 
electrolyte cation on the product distribution in CO2 electroreduction. J. Appl. Electrochem. 
23, 483–486 (1993). 

31. Bozhkov, C., Petrova, M. & Rashkov, S. Nickel and cobalt synergism effect in zinc 
electrowinning from sulphate electrolytes. J. Appl. Electrochem. 22, 73–81 (1992). 

32. Yu, B. C. et al. Electrochemical behaviour and electrowinning of rhodium in acidic chloride 



solution. J. Appl. Electrochem. 44, 741–745 (2014). 

33. Xiao, Z. L. et al. Tuning the Architecture of Mesostructures by Electrodeposition. J. Am. Chem. 
Soc. 126, 2316–2317 (2004). 

34. Nieszporek, J., Gugała-Fekner, D. & Nieszporek, K. The Effect of Supporting Electrolyte 
Concentration on Zinc Electrodeposition Kinetics from Methimazole Solutions. Electroanalysis 
31, 1141–1149 (2019). 

35. Wang, X., Issaev, N. & Osteryoung, J. G. A Novel Gold Electroplating System: Gold(I)‐Iodide‐
Thiosulfate. J. Electrochem. Soc. 145, 974–981 (1998). 

36. Hazlebeck, D. A. & Talbot, J. B. Modeling of additive effects on the electroplating of a through‐
hole. AIChE J. 36, 1145–1155 (1990). 

37. Awakura, Y., Okada, M. & Kondo, Y. Profile of the Refractive Index in the Cathodic Diffusion 
Layer of an Electrolyte Containing CuSO4 and H2SO4. J. Electrochem. Soc. 124, 1050–1057 
(1977). 

38. Jaworski, A., Donten, M. & Stojek, Z. Chronoamperometry of uncharged species in the 
presence of a very low concentration of supporting electrolyte. A simulation. J. Electroanal. 
Chem. 407, 75–81 (1996). 

39. Hauser, A. K. & Newman, J. Potential and Concentration Variations of a Reacting, Supporting 
Electrolyte. J. Electrochem. Soc. 136, 3319–3325 (1989). 

40. van Soestbergen, M. Diffuse layer effects on the current in galvanic cells containing 
supporting electrolyte. Electrochim. Acta 55, 1848–1854 (2010). 

41. Streeter, I. & Compton, R. G. Numerical simulation of potential step chronoamperometry at 
low concentrations of supporting electrolyte. J. Phys. Chem. C 112, 13716–13728 (2008). 

42. Schalenbach, M., Lueke, W., Lehnert, W. & Stolten, D. The influence of water channel 
geometry and proton mobility on the conductivity of Nafion®. Electrochim. Acta 214, 362–369 
(2016). 

43. Owen, B. B. & Gurry, R. W. The Electrolytic Conductivity of Zinc Sulfate and Copper Sulfate in 
Water at 25°. J. Am. Chem. Soc. 60, 3074–3078 (1938). 

44. Bešter-Rogač, M. Electrical conductivity of concentrated aqueous solutions of divalent metal 
sulfates. J. Chem. Eng. Data 53, 1355–1359 (2008). 

45. Emanuel, A. & Olander, D. R. Diffusion Coefficients of Copper Sulfate in Water and Water in n-
Butyl Alcohol. J. Chem. Eng. Data 8, 31–32 (1963). 

46. Noulty, R. A. & Leaist, D. G. Diffusion in aqueous copper sulfate and copper sulfate-sulfuric 
acid solutions. J. Solution Chem. 16, 813–825 (1987). 

47. Woolf, L. A. & Hoveling, A. W. Mutual diffusion coefficients of aqueous copper(II) sulfate 
solutions at 25°. J. Phys. Chem. 74, 2406–2408 (1970). 

48. Rard, J. A. & Miller, D. G. The Mutual Diffusion Coefficients of Na2S04-H2O and MgSO4-H2O 
at 25°C from Rayleigh Interferometry. J. Solut. Chem. 8, 755–766 (1979). 

49. Pikal, M. J. & Miller, D. G. Hittorf Transference Numbers in Aqueous Copper Sulfate at 25 °C. J. 
Chem. Eng. Data 16, 226–229 (1971). 

50. Longsworth, L. G. Transference Numbers of Aqueous Solutions of Some Electrolytes at 25° by 
the Moving Boundary Method. J. Am. Chem. Soc. 57, 1185–1191 (1935). 



51. Çetin, M. Electrolytic conductivity, Debye-Hückel theory, and the Onsager limiting law. Phys. 
Rev. E 55, 2814–2817 (1997). 

52. Ferguson, A. & Vogel, I. On the agreement with experiment of the dilution formula deduced 
from the Debye-Hückel theory. Trans. Faraday Soc. 23, 404–408 (1927). 

53. Kontogeorgis, G. M., Maribo-Mogensen, B. & Thomsen, K. The Debye-Hückel theory and its 
importance in modeling electrolyte solutions. Fluid Phase Equilib. 462, 130–152 (2018). 

54. Liu, J. L. & Li, C. L. A generalized Debye-Hückel theory of electrolyte solutions. AIP Adv. 9, 
(2019). 

55. Wu, X. et al. A Four-Electron Sulfur Electrode Hosting a Cu2+/Cu+ Redox Charge Carrier. 
Angew. Chemie - Int. Ed. 58, 12640–12645 (2019). 

56. Wang, Y., Chao, D., Wang, Z., Ni, J. & Li, L. An Energetic CuS-Cu Battery System Based on CuS 
Nanosheet Arrays. ACS Nano 15, 5420–5427 (2021). 

 

 


