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Важливість і актуальність акумулювання електричної енергії підтверджується подіями в світі, тен-

денціями розвитку та використання різноманітних електричних енергетичних систем, побутових приладів, 

комп’ютерною технікою, приладами  зв’язку тощо. Окрім зростання ринків споживання метал-іонних 

акумуляторів, простежуються тенденції на пошуки металів, які в подальшому будуть мати дешеву проми-

слову базу видобутку, та необхідні характеристики щодо акумулюючих систем. 

В роботі розглядаються питання іонообміну між електродами метало-іонних акумуляторів, у яких 

носіями зарядів є іони металів, що дифундують у процесі розряду від негативного електрода до позитив-

ного. Створена та опробована математична модель, яка базується на системі рівнянь дифузійного перено-

су, в якій рівняння для потенціалу у формі Нернста–Планка–Пуассона замінено рівнянням потенціалу з 

еквівалентною провідністю. Розглядаються квазі рівноважні режими. 

Вся робоча область складається з порового простору електродів і нейтрального сепаратора. Матема-

тична модель, яка використовується, складається з рівнянь розподілу потенціалів, рівняння розподілу 

концентрацій електроліту, доповнюється залежністю поверхневого електричного струму електрода від 

перенапруги та рівняннями, що визначають структуру пор електрода в залежності від перенесених мас 

всередині електрода. 

Рівняння електричних потенціалів та масообміну дифузного компонента записані в рамках сучасної 

теорії ефективної електропровідності в акумуляторах з урахуванням струмообміну між твердими електро-

дами та рідким електролітом. 

Результати досліджень показали таке. Зміна опору сепаратора (зміна порозності) практично не приз-

водить до зміни густин струмів в електродах, але призводить до деякої зміни самих потенціалів. Зміна 

опору електроліту впливає як на величини потенціалів в електродах, так і на розподіл внутрішніх струмів 

між електродами та електролітом. 

Ключові слова: метал-йонний акумулятор, сепаратор, анод, катод, система рівнянь, порозність, 

потенціал, дифузійний перенос. 

The importance and relevance of the storage of electrical energy is confirmed by events in the world and 

trends in the development and use of various electrical energy systems, household appliances, computer equip-

ment, communication devices, etc. In addition to the growth of the metal-ion battery markets, there are trends 

towards a search for metals that in the future will be inexpensive and will have characteristics required for storage 

systems. 

This paper considers ion exchange between the electrodes of metal-ion batteries whose charge carriers are 

metal ions, which diffuse in the process of discharge from the negative electrode to the positive one. A mathemat-

ical model was developed and tested. The model is based on a system of diffusion transport equations with the 

Nernst–Planck–Poisson potential equation replaced by an equivalent conductivity potential equation. Quasi-

equilibrium regimes are considered. 

The entire working area consists of a pore electrode space and a neutral separator. The mathematical model 

employed consists of potential distribution equations and an electrolyte concentration distribution equation sup-

plemented by the dependence of the electrode surface current on the overvoltage and equations that determine the 

electrode pore structure depending on the masses transferred inside the electrode. 

The electric potential and diffuse component mass transfer equations are written within the framework of 

the modern theory of effective electrical conductivity in batteries with account for current exchange between the 

solid electrodes and the liquid electrolyte.  

The research results showed the following. A change in the resistance of the separator (a change in porosity) 

has little effect, if any, on the electrode current densities, but it causes some change in the potentials themselves. 

A change in the resistance of the electrolyte affects both the electrode potentials and the internal current distribu-

tion between the electrodes and the electrolyte. 

Keywords: metal-ion battery, separator, anode, cathode, system of equations, porosity, potential, diffusion 

transport. 
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Introduction. A feature of metal-ion batteries is that charge carriers in a liq-

uid medium are metal ions such as Li, Na, K, Mg, Al, which, when discharged, 

leave the negative electrode in the form of positive ions, move to the positive one 

and intercalate into it [1, 2]. The electrochemical scheme of operation of such a 

battery using the example of lithium-ion can be written here, for example, in the 

form of the following reactions [3, 4] 

CLix = C + xLi+ + xe-,  

Li1-xCoO2+xLi+ +xe- = LiCoO2. 

The first reaction takes place on the negative electrode, the second - on the 

positive. It can be seen from the diagram that the amount of mass Li in the nega-

tive electrode determines the capacity of the battery, which decreases during dis-

charge. When the battery is charged, the reactions go in the opposite direction, and 

the capacity returns, with the exception of losses, to its previous state. The mass 

content of the ion-forming metal in the electrode and in the electrolyte solution, of 

course, largely determines the magnitude of the voltage between the electrodes. 

The theory introduces the SOC value [5], which determines the relative capaci-

tance of the electrodes. In our case, we will consider it a local value depending on 

the location of the point in the electrode.  

Currently, there are two types of theories to describe the operation of batteries 

- these are applied, based on the theory of electrical circuits (equivalent circuits) 

[5, 6] and physical (electrochemical) theories based on the theory of ion exchange, 

for example [6, 7]. In this paper, we present a theoretical system developed in [8-

10] and somewhat modified for metal-ion batteries. The entire area of the liquid 

accumulator can be schematically divided into three parts: the area of the negative 

electrode, the area of the positive electrode and the area between them occupied by 

the separator. The regions of the positive and negative electrodes consist of two 

different media - a porous solid with ohmic resistance and a liquid medium with 

almost diffusional ion transport.  

Diffusion processes in solid electrodes [11] associated with the intercalation 

and deintercalation of the charge-carrying component are not considered. The use 

of the equations of diffusion transfer of ions in electrolytes, taking into account the 

Nernst-Planck-Poisson equation, encounters great mathematical difficulties [12], 

as a result of which simplifications are used in the battery theory associated with 

the replacement of the equation for the potential in the Nernst-Planck-Poisson 

form by the potential equation with equivalent conductivity.  

The purpose of the work is a numerical analysis based on the known equa-

tions of the influence of certain parameters on ion exchange in batteries, as well as 

refinement of the mathematical model itself. 

Mathematical model. Based on the developed theoretical provisions of works 

[8, 10], we write the basic equations in the following form, and we assume that the 

density of the electrolyte is considered constant: 
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The equation (1) determines the potential distribution in the solid part of the 

electrode (Ohm's law); equation (2) – potential distribution in the pore space of the 

electrode; equation (3) is the distribution of electrolyte concentrations in the pore 

space; the fourth expression establishes the dependence of the electric surface cur-

rent of the electrode on the overvoltage; the fifth determines the pore structure of 

the electrode depending on the transferred masses inside the electrode. 

The following notation is adopted in the equations: u, v – are electrolyte ve-

locities; ε – porosity; 
E – is the potential at the electrode, V; 

R  – is the potential 

in the pore space of the electrode, V; F – is Faraday's constant, C/mol; c – is the 

mass concentration of the current-forming component; DRef  – is the diffusion coef-

ficient, м2 /s; j0 – is the exchange current density, A/m3; s – is the specific surface 

area, 1/m; η  =  
E  – 

RE – U – overvoltage, V; 
E  –  is the conductivity in the 

electrode, S/m; 
R – is the equivalent conductivity of the electrolyte, which will be 

taken constant, S/m; U – is the standard equilibrium potential between the elec-

trode and the solution (for ion-metal batteries, this value depends on the capaci-

tance of the electrodes); xm – is the value that establishes the relationship between 

the electric current and the transferred mass, kg/mol. 

Taking into account that the electrodes are thin plates, the thickness of which 

is much less than other sizes, while the current is collected from the main wide 

area, the written equations can be rewritten in the form of one-dimensional equa-

tions: 
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where, the parameters with –, + signs at the top refer to the corresponding elec-

trodes, and without the index – to the separator. 

With regard to system (1) – (5), these equations are supplemented with pa-

rameters
+−, [10] that play the role of local relative capacitances of electrodes 

(
+− ,

0Ec - are some limiting concentrations of ion-forming metal in electrodes, 
+−,

E - 

are electrode densities); reactions on the electrodes (intercolation on the positive 

and deintercolation on the negative). Let us now write out the boundary condi-

tions. On the left border of the electrochemical cell (negative electrode axis): 
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where: i is the current density at the current collector. 

At the border of the negative electrode - separator: 
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At the separator-positive electrode boundary: 
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On the right border of the electrochemical cell (positive electrode axis): 
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Results of calculations and their discussion. The results presented here are 

of a qualitative nature, due to the fact that the parameters underlying the calcula-

tions, taken from literary sources, such as [7–9, 13, 14], are not tied to specific de-

vices, but are used in the form of some approximate values. Numerical calculations 

are based on an explicit numerical scheme, which is convenient for counting con-

trol and has proven itself in such problems [10, 12]. The calculation results are 

shown in Figs. 1 – 4. The main issue that was put before this study is to determine 

the influence of some basic parameters (electrical resistance of the medium, over-
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voltage) on the distribution of potentials and current densities in the electrodes and 

separator. 

On fig. 1 and 2 show the potential distributions in the electrodes and electro-

lyte for the case when the resistance of the separator changes due to its porosity at 

a constant current density set in the current collector. 

    
a)                                                                      b) 

a) – negative electrode; b) is positive 

1 – ε = 0,4; 2 – 0,5; 3 – 0,6; 4 – 0,7; 5 – 0,8. 
Fig. 1 – Potential distribution in electrodes 

 

  
a)                                                             b) 

 
c) 

a) – negative electrode; b) – separator; c) – positive electrode 

1 – ε = 0,4; 2 – 0,5; 3 – 0,6; 4 – 0,7; 5 – 0,8. 

Fig. 2 – Potential distribution in pore spaces 

 

The following values were taken in the calculations: 

– plate thicknesses h– = h+ = 3 mm, h = 1 mm; 

– electrode porosity ε– = ε+ = 0,4; 

– conductivity σЕ
– = 4,8·105 ·(1– ε–) S/m; σЕ

+ = 8000·(1– ε+) S/m;  

σR = εσR0 , σR0 = 80 S/m (conductivity of the electrolyte); 

– standard equilibrium potentials U- = – 3,29 V,  U+ = 0,91V,   χ-,+  = 1.  

It follows from these figures that an increase in the conductivity of the separa-

tor (increase in porosity) leads to a slight increase in the absolute value of the po-

tentials in the solid part of the electrodes, but to a decrease in the potentials in the 

corresponding pore spaces. However, these variations in the electrical resistance of 

the separator do not lead to a change in the current densities in the electrodes. 
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Figure 3 shows the distribution curves of the current densities, of which the 

number 2 shows the curves corresponding to the above series of calculations, i.e. 

changes in the electrical resistance of the separator practically do not change the 

distribution of current densities in the electrodes.  

 
a)                                                                  b) 

a) negative electrode; b) positive electrode. 

1 – σR0 = 40 S/m;  2 – 80 S/m; 3 – 160 S/m. 

Fig. 3 – Current density in electrodes 

However, if the electrical conductivity of the electrolyte is changed, then, as 

can be seen from Fig. 3 according to curves 1, 3, this noticeably affects the density 

distribution. In this case, a decrease in the conductivity of the electrolyte leads to a 

greater inhomogeneity of the distribution. In current collectors (in fig. a) - on the 

left; in fig. b) - on the right), the densities slightly decrease in absolute value, and 

at the opposite ends of the electrodes, the values increase sharply. 

A change in the conductivity of electrolytes affects not only the distributions 

of current densities, but also the distributions of potentials in both electrodes, as 

evidenced by curves a) in Fig. 4.  

  
a)                                            b) 

а) negative electrode, 

А – change in the electrical conductivity of the electrolyte: 

1A – σR0 = 80 S/m;  2A – 40 S/m; 3A – 160 S/m;  

В  –  change in overvoltage: 

1B – U- = – 3,29 V, U+ = 0,91 V; 2B –  U- = – 2,8 V; 3B – U- = – 3,8 V.   

b) positive electrode, 

А – change in the electrical conductivity of the electrolyte: 

1A – σR0 = 80 S/m;  2A – 40 S/m; 3A – 160 S/m;  

С  – change in overvoltage: 

1C – U- = – 3,29 V, U+ = 0.91 V; 2C – U+ = 1,4 V; 3C – U+ = 0,4 V. 

Fig. 4  – Potential distribution in the electrodes 

It follows from it that a decrease in the electrical conductivity of electrolytes 

leads to a certain decrease in the absolute value of the potentials of the electrodes. 

Curves b) in fig. 4 A and curves c) in Fig. 4 b) show the effect of changing the 

standard potentials, from which it follows that an increase in the absolute value of 

U leads to an increase in the potential of this electrode, respectively. All other pa-

rameters change only slightly. Thus, the calculations showed that the electrical 
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conductivity of the electrolyte has a significant effect on the distribution of param-

eters. To some extent, this indirectly confirms the conclusions made in [15] about 

the role of electrolyte in electrochemical transformations. 

Conclusions. As a result of the theoretical studies carried out, the following 

results were obtained: 

1) the calculations performed showed that a change in the resistance of the 

separator (change in porosity) leads to some change in the potentials in the 

electrodes and in their pore spaces, but practically does not change the distribution 

of current densities; 

2) а change in the electrolyte resistance affects both the magnitude of the 

potentials in the electrodes and the distribution of internal currents between the 

electrodes and the electrolyte. 
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