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BaxuBicTh 1 aKTyaJbHICTh aKyMYJTIOBaHHs €JIEKTPHYHOI CHepril MiATBEpKYEThCS IMOIsIMH B CBITi, TEH-
JICHI[ISIMH PO3BUTKY Ta BHKOPUCTAHHS PI3HOMAHITHUX €JIEKTPHYHHX CHEPIeTHYHHUX CHCTEM, II00YyTOBUX PHIIALIB,
KOMIT'IOTEPHOIO TEXHIKOI0, MpUiIafaMi 3B’s3Ky Tomio. OKpiM 3pOCTaHHsS PHHKIB CIO)KMBAHHS METalI-iOHHUX
AKyMYJISATOPIB, IPOCTEXKYIOTHCS TCHACHIIT HA MOIIYKH METaiB, SKi B IOAAIBIIOMY OyXIyTh MaTH ACLIEBY HIPOMH-
cioBy 6a3y BHIOOYTKY, Ta HEOOXiJHI XapaKTEePUCTUKH I[O/I0 AKyMYJIFOIOUHUX CUCTEM.

B po6oTi po3rnsfaroThCsl MUTAHHS 10HOOOMIHY MK €IeKTPOJaMH METalo-iOHHHX aKyMyJSTOpIB, y SKHX
HOCISIMH 3aps/IiB € 10HH METAIiB, M0 AUPYHAYIOTH y MpoLeci PO3psay BiJ HETaTHBHOIO €NEKTPOAa 0 MO3UTUB-
Horo. CTBopeHa Ta onpoOoBaHa MaTeMaTHYHA MOJEINb, SKa 0a3yeThesl Ha CHCTeMI PIBHSIHb AU(Y3iiHOTrO epeHo-
Cy, B sKiil piBHAHHS 1l moTeHmiany y ¢opmi Heprcra—Ilianka—Ilyaccona 3amiHeHO PIBHSAHHSM MOTEHLIALY 3
€KBIBaJICHTHOIO ITPOBITHICTIO. PO3MIsAatoThes KBa3i pIBHOBAXKHI PEIKHMH.

Bcs po6ova 061aCcTh CKIaAAETHCS 3 TIOPOBOTO MPOCTOPY EMEKTPOIB 1 HefiTpanbHOro cemaparopa. Marema-
THYHA MOJEIIb, SIKa BUKOPHCTOBYETHCS, CKJIAJAETHCS 3 PIBHSAHB PO3MOALLY MOTEHIIAIB, PIBHSIHHS PO3MOIILY
KOHIIEHTpALIH €JIEeKTPOJITY, JOMOBHIOETHCS 3AJEKHICTIO MOBEPXHEBOTO ENEKTPHYHOTO CTPYMY €JIEKTpPOda Bif
[EPeHANPYTH Ta PIBHSHHIMM, IO BU3HAYAKOTh CTPYKTYPY IOP €JIEKTPOJAA B 3aJICKHOCTI BiJl IIEPEHECEHNX Mac
BCEPE/INHI EIEKTPOIA.

PiBHSHHS eNIEKTPHYHMX MOTEHIiaTiB Ta MacOOOMiHy AM(Y3HOr0 KOMIOHEHTA 3allMCaHi B paMKax CydacHoOl
Teopii eheKTHBHOI eIEKTPONPOBIIHOCTI B aKyMYJIATOPax 3 YpaxyBaHHSIM CTPYMOOOMIHY MiXK TBEpAUMH €IEKTPO-
JIAMH Ta PiKUIM EIEeKTPOIITOM.

PesynbraTi JOCTiIKEHb OKAa3alu Take. 3MiHa Omopy cemnaparopa (3MiHa HOPO3HOCTI) MPAKTHYIHO HE MPU3-
BOJUTH JI0 3MIiHHM T'YCTHH CTPYMIB B €JIEKTPOJax, aje MPHU3BOIUTH JO AEIKOI 3MIHM CaMHX MOTEHIaliB. 3MiHa
OIOPY ENEKTPOIIITY BIUTHBAE SIK HA BENHYMHH MOTCHLIATIB B €IEKTPOAaX, TAK 1 HA PO3MOi BHYTPILIHIX CTPyMiB
MIX EJIEKTPO/IAMH Ta eJIEKTPOIITOM.

Knwouosi cnosa: meman-tioHHUtl aKymyasimop, cenapamop, aHoo, Kamoo, cucmema pieHsaHb, NOPO3HICMb,
nomenyian, ougysitinuii neperoc.

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 lig-
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-xCoOz+xLi+ +xe- = LiCoOs.

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; & — porosity; ¢ — is the potential at the electrode, V; ¢, — is the potential

in the pore space of the electrode, V; F — is Faraday's constant, C/mol; ¢ — is the
mass concentration of the current-forming component; Dgrer — is the diffusion coef-
ficient, M2 /s; jo — is the exchange current density, A/m3; s — is the specific surface
area, 1/m; n = @z — @zz— U — overvoltage, V; o — is the conductivity in the
electrode, S/m; o — 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 y " [10] that play the role of local relative capacitances of electrodes

(Cgy - are some limiting concentrations of ion-forming metal in electrodes, oz -

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):

o0 9% _g %Ry (14)
OX OX OX
where: i is the current density at the current collector.
At the border of the negative electrode - separator:
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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.
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a) — negative electrode; b) is positive
1-¢£=04;2-05;3-0,6;4-0,7;5-0,8.
Fig. 1 — Potential distribution in electrodes
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c)
a) — negative electrode; b) — separator; c) — positive electrode
1-¢=04;2-05;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 e =¢* =0,4;

— conductivity g = 4,8:10° -(1- &) S/m; or* = 8000-(1- &) S/m;

OR = £0R0, Oro = 80 S/m (conductivity of the electrolyte);

— standard equilibrium potentials U =- 3,29V, U* =091V, y* =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.
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a) negative electrode; b) positive electrode.

1-o6ro=40S/m; 2-80S/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.
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a) b)
a) negative electrode,
A — change in the electrical conductivity of the electrolyte:
1A — oro = 80 S/m; 2A —40 S/m; 3A —160 S/m;
B — change in overvoltage:
1B-U=-329V,U*=091V;2B- U=-28V;3B-U=-38V.
b) positive electrode,
A — change in the electrical conductivity of the electrolyte:
1A — oro = 80 S/m; 2A —40 S/m; 3A — 160 S/m;
C - change in overvoltage:
1C-U=-329V,U"=091V;2C-U"=14V;3C-U"=04V.
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) a 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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