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Abstract

In this study, the lithium-ion (Li-ion) battery type, which has a high-power density and
utilizes lithium as the primary conductive terminal, has been employed. Within the scope
of this research, a one-dimensional isothermal Li-ion battery model has been investigated
under various electrolyte (both liquid and solid) and electrode materials using the COMSOL
Multiphysics software. The obtained simulation results have been corroborated with
information sourced from the literature and establish a foundational framework for future
studies. The average range of electrolyte salt concentration in battery components is slightly
higher for batteries utilizing polymer electrolytes compared to those with liquid electrolytes.
During discharge at five different C-rates, Li-ion batteries with liquid electrolytes displayed
higher voltage than those with polymer electrolytes. On the other hand, the one with the
lithium iron phosphate (LFP) positive electrode exhibits the greatest variation in lithium
concentration at the surface of the positive electrode at the end of discharge. Conversely, the
battery using a LiNiO, cathode shows the smallest surface lithium concentration variation
during the same period. This pattern is similarly observed for the lithium concentration at
the center of the electrode particles. The presented model can be used to explore innovative
electrolyte and electrode materials to improve the design of Li-ion batteries.

Keywords: Li-ion battery; electrolyte material; positive electrode material; numerical
model; COMSOL multiphysics

1. Introduction

Since the onset of the industrial revolution, there has been a significant increase in
worldwide energy usage [1]. Battery technologies enable the storage and on-demand
utilization of energy derived from renewable and clean sources, thereby contributing to
the reduction of fossil fuel consumption and consequently mitigating harmful effects [2].
Moreover, they provide an essential energy storage (buffer) function to stabilize electric
grids against ever-fluctuating power generation from renewable energy sources (RES).
Rechargeable secondary batteries encompass nickel-cadmium and nickel-metal hydride,
as well as Li-ion and lithium-polymer variants [3]. The Li-ion battery examined within
the context of this study represents a rechargeable energy storage system based on the
reversible electrochemical reduction of lithium ions. Conventionally, Li-ion batteries are
constructed with a graphite negative electrode juxtaposed with a metal oxide positive
electrode, while the electrolyte solution typically comprises a lithium salt dissolved within
an organic solvent medium [4,5]. This technology finds extensive utility across several
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domains, including the military, aviation, and mass-market electronic devices such as
computers and mobile phones [6].

When the literature is examined, the electrolyte in Li-ion batteries typically consists
of organic components known for their stability. It is primarily composed of lithium salts,
solvents, and additives, with the concentration and type of these constituents significantly
influencing the electrolyte and battery’s overall performance. A “mixed solvent system”
is commonly employed, where 95% comprises “carbonate solvents.” These solvents are
categorized into cyclic carbonates and chain carbonates, including dimethyl carbonate
(DMCQ), diethyl carbonate (DEC), ethyl methyl carbonate (EMC), ethylene carbonate (EC),
and propylene carbonate (PC). The primary role of the solvent is to dissolve lithium salts,
such as lithium hexafluorophosphate (LiPF¢), and to generate the conductive paths for the
generated ions. The electrolyte’s viscosity, which impacts its wettability, is determined by
both the lithium salt and the solvent. Organic solvents with high dielectric constants and
low viscosity are generally preferred for Li-ion battery electrolytes. A higher dielectric
constant facilitates the dissolution and dissociation of lithium salts, whereas lower viscosity
enhances ion mobility. However, there is often a trade-off: solvents with high dielectric
constants tend to have higher viscosity, while those with low viscosity exhibit lower
dielectric constants. To address this, a mixture of solvents is typically used to optimize the
electrolyte system. Studying the performance of single-solvent systems is fundamental to
developing more complex mixed-solvent systems [7].

In recent studies, gel electrolytes made from widely available polymers such as
polyethylene oxide (PEO), polyvinylidene fluoride (PVDF), PVDF-hexafluoropropylene
(HFP), polymethyl methacrylate (PMMA), polyacrylonitrile (PAN), polyvinyl chloride
(PVQC), and polyacrylates, along with lithium salts such as LiPFg, LiClOy4, LiBF4, and
LiN(CF350,);, and organic solvents such as EC, PC, DMC, EMC, and DEC, have gained
significant attention. For practical applications, polymer gel electrolytes must exhibit key
properties, including high ionic conductivity, robust mechanical strength, a wide electro-
chemical stability window, and an extensive operating temperature range. Additionally, the
components for these electrolytes must be commercially accessible, aligning with lithium
cell technology. These gel electrolytes function as both separators and electrolytes, effec-
tively preventing dendrite growth and facilitating the formation of the solid electrolyte
interphase (SEI) film. Among the various options, gel electrolytes based on PVDF and poly-
acrylates show considerable promise for lithium cell development. Recent advancements
focus on modifying polymer matrices through copolymerization and cross-linking to re-
duce crystallinity, thereby enhancing their compatibility with organic solvents and enabling
higher liquid electrolyte absorption. For instance, the PVDF-HFP copolymer combines the
mechanical stability of crystalline PVDF with the electrolyte-absorbing properties of HFP
units. Bellcore technology-based PVDF-HFP gel electrolytes are extensively used in lithium
cell production. Polymers capable of forming network structures are particularly suitable
as matrices for uniform gels, as they retain the ability to hold liquid electrolytes even with
minimal polymer content. Network gel electrolytes can be synthesized in situ through
radiation or thermal polymerization, introducing only minor adjustments to the manufac-
turing processes of lithium cells using liquid electrolytes [8]. Organic liquid electrolytes
typically exhibit low electrical conductivity. However, when a gel polymer electrolyte
diaphragm absorbs the liquid electrolyte, it undergoes full gelation. This process enhances
the electrolyte’s thermal stability and mechanical strength, addressing issues such as battery
leakage while balancing the requirements of energy storage devices for both high ionic
conductivity and robust mechanical properties. In gel polymer electrolyte Li-ion batteries,
plasticizers and similar additives are incorporated into the solid polymer electrolyte. These
additives promote ion conductivity, enabling the batteries to operate effectively at room
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temperature [9]. LiPFg is an inorganic compound appearing as a white crystalline powder.
It is produced through a chemical reaction involving phosphorus pentachloride, hydrogen
fluoride, and lithium fluoride [10,11].

PCls + LiF + 5HF — LiPFs + 5HCI (1)

LiPFg is primarily used in commercial secondary batteries due to its high solubility in
polar aprotic solvents. It is a key component in modern Li-ion battery electrolytes, typically
dissolved in carbonate mixtures such as EC, DMC, DEC, and EMC. These formulations
often include small amounts of additives such as fluoroethylene carbonate and vinylene
carbonate to enhance performance [12-14]. The hexafluorophosphate anion ([PF¢™]) is
chemically inert to strong reducing agents, such as lithium metal, and contributes to
the passivation of the aluminum positive current collector, which is crucial for battery
stability and efficiency [15]. LiPFg dissolves easily in various solvents, particularly in
dipolar aprotic organic solvents such as cyclic carbonates (e.g., EC) and linear carbonates
(e.g., DMC, DEC, and EMC), enabling high ionic conductivity. When dissolved in a 1:1
mixture of EC and DEC, LiPF4 achieves a conductivity of 10.7 mS/cm [16]. The size of
the anion significantly impacts ionic conductivity, with LiPFg¢ having an anionic size of
0.255 nm. Smaller anion sizes generally enhance ionic conductivity. LiPF4 exhibits excellent
electrochemical properties, including high electrochemical stability and the ability to form
a protective passivation layer on the aluminum current collector, preventing corrosion [17].
It also offers notable anionic mobility, contributing to its effectiveness as an electrolyte
component. Choosing the right electrolyte is a crucial step in optimizing Li-ion battery
performance. Over the past few decades, solid polymer electrolytes (SPEs) have garnered
significant attention for their enhanced properties, including high conductivity, excellent
stability, and improved safety. SPEs consist of a polymer matrix and lithium salt, where the
polymer structure effectively dissolves lithium salts with low lattice energy. Polymer hosts
such as PEO, PAN, PMMA, PVDF, PVDF-HFP, polyvinyl alcohol (PVA), PVC, polystyrene
(PS), and PC have been extensively studied. Recent publications provide detailed insights
into the performance of these polymer hosts when paired with various lithium salts. The
choice of solvent is critical for dissolving lithium salts and ensuring high ion mobility. Solid
polymer electrolytes are considered highly promising for commercial applications, as they
offer a combination of desirable features. These include low leakage, reduced flammability,
superior mechanical strength, flexibility, a wide electrochemical stability range, and higher
thermal stability compared to liquid and gel polymer electrolytes [18].

The energy density of Li-ion batteries has attracted significant interest from researchers
and scientists, particularly for use in electric vehicles (EVs), which face challenges in
achieving high energy density for long-range applications. Lithium is a preferred choice
due to its lightweight nature, enabling the development of batteries with higher energy
density, thus enabling their integration with the ever-tighter vehicle layout constraints (e.g.,
curb weight, cabin volume, vehicle dynamics characteristics, etc.). Li-ion batteries can be
designed using various materials, including iron (Fe), aluminum (Al), cobalt (Co), nickel
(Ni), manganese (Mn), and others [19]. Compared to other cathode materials, lithium
cobalt oxide (LiCoO; or LCO) exhibits a high specific energy. Lithium manganese oxide
(LiMnyO4 or LMO) operates within a voltage range of 3.0-4.2 V with a nominal voltage of
3.7 V, whereas LiFePO, or LFP has a working voltage range of 2.5-3.65 V and a nominal
voltage of 3.2 V. Additionally, despite its lower capacity, LFP is considered one of the most
reliable types of Li-ion batteries due to its exceptionally flat voltage curve. lithium nickel
cobalt aluminum oxide (LiNiCoAlO, or NCA) offers high specific energy, excellent specific
power, and an extended cycle life [20].
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Shim et al. [21] found that as the density of the electrode rose, the capacity retention at
elevated rates exhibited an increase until reaching 0.9 g/cm?, followed by a subsequent
decline. With an increase in electrode density, there was a slight decrease observed in
both charge and discharge capacities. According to Choi et al.’s [22] investigation, it was
noted that the capacity retention improves when the cathode density is reduced. With an
increase in density from 1.5 to 3.5 g/cm3, both rate capability and cyclability deteriorate
notably due to a substantial reduction in porosity, as shown by surface and cross-sectional
scanning electron microscope (SEM) images, notwithstanding enhancements in electrical
conductivity. Increasing the electrode density leads to a reduction in the active surface area
of the positive electrode material. As the electrode density rises, the volume fraction of
electrolyte (or porosity) decreases. The Li-ion battery cells under examination, featuring
high-density positive electrodes, exhibit lower DC resistance (DCR) and marginally higher
discharge capacities at lower current rates. Cells with a higher positive electrode density
demonstrate slightly increased discharge capacities at lower current rates. However, at
higher current rates, cells with a lower positive electrode density demonstrate superior
performance. It is noteworthy that this effect is likely more prominent at lower rates if
the electrodes were composed of more active material per square centimeter of electrode
(higher loading, thicker electrodes, or, in other words, more energy-dense cells). In terms
of DCR, higher-density positive electrodes perform better, showing a reduction of 4% to 5%
in DCR, as found by Smekens et al. [23]. Chabot et al. [24] discovered that the diffusion rate
notably impacts the performance of the cell. Opting for an active material characterized by

0~14 m2 /s results in a marked decline in cell

a lithium diffusion coefficient below 3.9 x 1
performance. Ye et al. [25] demonstrate that a notable concentration disparity within solid
particles can impair the battery capacity. As per Zheng et al.’s study [26], while discharging,
a considerable gradient in Li-ion concentration within the active material particles leads to
a swift decrease in electrode potential towards the cut-off threshold, thereby diminishing
the cell’s discharge capacity.

In this study, the Li-ion battery model used for the electrolyte and electrode materials
is considered to have a one-dimensional geometry, and the model assumes uniformity
and constancy in the entire domain. The model was analyzed on COMSOL Multiphysics
6.0 Software under different electrolyte materials, negative electrode solid-phase lithium

diffusivities, and positive electrode materials.

2. Materials and Methods
2.1. Physical and Chemical Properties

Figure 1 [27] depicts a schematic representation of a typical Li-ion battery. The neg-
ative electrode employs graphite intercalation compound (LiCg), whereas the positive
electrode is based on LMO, although alternative materials may be employed for both
electrodes. Throughout the discharge process, lithium ions migrate from the anode through
the electrolyte to the cathode. Conversely, during charging, an external power source drives
electrons to migrate from the cathode to the anode. The chemical reactions taking place
at the negative electrodes during both the charging and discharging stages are elucidated
through the subsequent equations [28]. In the provided equations, the variable ‘x” indicates
the quantity of lithium ions (Li*) and electrons (e™) participating in the reaction for every
formula unit of the graphite (C¢) structure.

LixCe — 6C + xLi™ + xe™ )

6C + xLit +xe” — LiyCs (3)
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Figure 1. The internal configuration of a Li-ion battery, adapted from [27].

The chemical processes unfolding at the positive electrode during both the charging
and discharging intervals are delineated in [28]:

Liy_yMnyO4 + xLi* + xe™ — LiMnyOy (4)

LiMnyO4 — Liy_xMnyOy4 + xLi™ 4 xe™ (5)

The model adopts a one-dimensional (through-electrolyte direction) geometric con-
figuration and maintains isothermal conditions. The applied temperature is 298 K. Ma-
terial properties are representative of those commonly encountered in Li-ion batteries.
The electrolyte consists of a solution comprising 2 M LiPFg salt in a 1:2 volume ratio of
EC:DMC solvent and PVDF-HFP. Carbon-based graphite material serves as the negative
electrode, while LiMny4 is utilized for the positive electrode [27]. Figure 2 illustrates the
one-dimensional battery geometry, featuring labelled components. Three sub-domains are
identified: the negative electrode, electrolyte, and positive electrode [27]. The negative
electrode extends over a length of 10 m, followed by a separator spanning 0.52 x 104
m, and concluding with a positive electrode measuring 1.74 x 10~* m. This depiction
represents a cross-sectional view of the battery within a one-dimensional model, wherein
edge effects along the battery’s length and height are disregarded.

< >« >« >
Negative Electrolyte Positive electrode
electrode
x107*
R ST | T T I P — T ; T
0 0.5 1 25 2 2.5 3

Figure 2. The one-dimensional Li-ion battery model, adapted from [29].

The simulated loading cycle starts with a discharge period lasting 2000 s at 17.5 A /m?
current density, followed by a 300 s interval of open circuit and by a charging phase lasting
2000 s at the same current density, finally concluding with open circuit conditions [30] until
8000 s. The variation in total discharge/charge current density over time is illustrated in
Figure 3.
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Figure 3. The continuous charging process is being conducted on the battery [29].

2.2. Numerical Method

The equations presented in Section 2.2 are derived from the 1D isothermal Li-ion
battery model implemented in COMSOL Multiphysics.

This set of equations describes the current distribution and charge transport in a Li-ion
battery, specifically in the electrolyte and electrode phases. These equations represent the
conservation of mass and charges (both negative and positive):

V-], =R, (6)
V-ip=Q @)
V-is = Qs (8)

J1 is the flux of Li-ions in the electrolyte, 7; is the ionic current density in the electrolyte,
is is the electronic current density in the solid electrode, and R;, Q;, Qs are source terms
related to reactions.

Ji=—D\Ve, + % )
Equation (9) describes the flux of Li-ions in the electrolyte. It consists of:

e A diffusion term, —D;V¢;, which accounts for Li-ion movement due to concentration
gradients.

e A migration term, i’%, which accounts for Li-ion movement due to the electric field.
Dy is the diffusion coefficient of Li-ions in the electrolyte, ¢; is the Li-ion concen-

tration, t, is the transference number (fraction of current carried by Li-ions), and F is

Faraday’s constant.
The following equation describes the current in the electrolyte, consisting of

il = *U'IVQDZ +

20;RT alnf
F (1 + alnq) (1 —t4)Ving (10)

e A conductive term, (—0;V¢y), representing the movement of charged species under an
electric potential.

e A concentration gradient term, ZU’FRT (1 + gll;l{[ ) (1 — t4)VInc;, which accounts for the
variation of ionic conductivity with concentration, and with c; ;,;; being the initial
concentration of that species at the beginning of the simulation.
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07 is the ionic conductivity of the electrolyte, ¢; is the electrolyte potential, R is the
universal gas constant, T is temperature, and f is the activity coefficient.

is = —0osV s (11)

This equation follows Ohm’s law and describes the current in the solid electrode, where
05 is the electrical conductivity of the solid electrode, and ¢s is the electrode potential.

—n-J;=0 (12)

This equation represents a no-flux boundary condition for the Li-ion flux (J;) at a
specific surface, and # is the unit normal vector to the boundary (points outward from
the domain).

—n-i; =0 (13)

—n-ig=0 (14)

This set of equations represents a mathematical model describing the current distribu-
tion and transport phenomena in a porous electrode, commonly used in battery modelling
or electrochemical systems.

The charge conservation in electrolyte and solid phases is expressed by

VLi"!‘,miv,nt

V-I=R, Rj=-Y F

m

+ Rl,src (15)

To represent the consumption or generation of Li-ions in electrochemical reactions,
the following equations are used, with i; (., being the total volumetric current density
(related to reaction rates).

V. il = iv, total T Ql (16)
V. is = _iv, total T QS (17)

iy, total - Total volumetric current density (related to reaction rates).
As for the effective transport properties, these are expressed as in the following
equations, with f; being the volume fraction of the electrolyte phase.

Dieg = fiD1, 01,6 = f101, 05, ef = 05 (18)

The total volumetric current density is expressed as in Equation (19), with i, being
the reaction current density contributions and i, 4; the double-layer current (capacitive
effects at interfaces).

iv, total — 2 iv,m + Z‘z;,dl (19)

M.......

Regarding the potential losses (overpotentials), # is the driving force for electro-
chemical reactions E; is the charge transfer potential (actual potential difference during
operation), and E,; is the equilibrium potential is (material-dependent and relative to a
no-current state. Overpotential ensures the reaction proceeds by overcoming equilibrium
conditions, with the charge transfer potential (E.;) defined as in Equation (21):

1 =Ea—Ey (20)

Ect = ¢s — ¢ (21)
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The difference between the electric potential in the solid phase and that in the liquid
electrolyte drives the charge transfer at the electrode-electrolyte interface. The volumetric
current density (i,) is expressed as

Iy = Ayljoc (22)

e i,: Current per unit volume (A/m?), critical for porous electrodes with high
surface area.

e a4, Specific surface area (m?/m3), representing the reactive surface area per
unit volume.

e i Local current density (A/ m?): current per unit surface area at the reaction sites.

This equation links microscopic reaction rates (i,.) to macroscopic performance (i) in
porous structures.
Equation (23) defines a boundary condition in the context of modeling electrochemical
systems.
¢s =0 (23)

Equation (24) is used as a boundary condition for current continuity at the interface of
a porous electrode.
—N s =iy s (24)

e iy normal current density (scalar value representing current per unit area perpendicu-
lar to the surface).
e  s:surface area factor (may represent specific surface area or a scaling parameter).

3. Results
3.1. Validation of the Experimental Results

To illustrate the concept of C-rate, consider a 20 Ah cell capable of delivering 20 A (1C)
for 1 h or 2 A (C/10) for approximately 10 h, although this relationship is not strictly linear.
For instance, if the cell is discharged at a 10C rate, it would be completely depleted in
roughly six minutes [31]. The model employed in this study is based on research conducted
by Doyle et al. The applied temperature in the experimental model is also 298 K [32].
Experimental findings were corroborated across three distinct C-rates using a numerical
model developed with COMSOL Multiphysics software.

As depicted in Figure 4, the numerical and experimental outcomes exhibited remark-
able similarity, confirming the capacity /voltage relationship for several discharge rates.

= e= (.1CEXP

0.1C SIM = == = (.5C EXP

0.5C SIM = = = |[CEXP

1C SIM

IS

(95)

Voltage (V)
=) )
S L= L N LWLk AL w

o

025 05 0.75 1 125 15 175 2
Capacity (Ah/m?)

Figure 4. Variations in cell potential (V) plotted against capacity (Ah/m?) across different discharge rates.
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3.2. Different Electrolyte Material Effects on Simulation Results

Batteries primarily consist of electrodes and electrolytes. Since batteries function
through electrochemical processes, the inherent properties and chemical behavior of ma-
terials are critically important. In this study six different electrolyte material effects were
examined on a 1D isothermal Li-ion battery module in COMSOL Multiphysics. These
electrolyte materials separate into two groups:

e  Group 1 has two Li-ion batteries having different solvents in polymer electrolytes.
e  Group 2 has four Li-ion batteries having different solvents in liquid electrolytes.

The electrolyte materials and some of their properties used in this study are derived
from the COMSOL Multiphysics battery and design module material library and are
summarized as follows:

e  Polymeric electrolyte consisting of LiPFg salt dissolved in a 1:2 EC:DMC (by volume)
solvent mixture, combined with a PVDF-HFP polymer matrix for Li-ion batteries.
Its main properties include a diffusion coefficient of 7.5 x 10~!! m?/s, a transport
number of 0.363, an electrolyte salt concentration of 1000 mol/m3, and an electrolyte
conductivity of 1000 mol/m3.

e  Polymeric electrolyte with LiPFg salt but in a 2:1 EC:DMC (by volume) solvent with
the same PVDF-HFP polymer structure, exhibiting identical material properties.

e  Liquid electrolyte based on LiPF4 dissolved in a 1:1 EC:DEC solvent system (liquid
electrolyte), with an electrolyte salt concentration of 1000 mol/m?3.

e  Liquid electrolyte with LiPFg in a 1:1 EC:DMC mixture (liquid Li-ion battery).

e  Liquid electrolyte with LiPF4 in a 3:7 EC:EMC solvent system with a salt concentration
of 1200 mol/m?.

e Liquid electrolyte with LiPF4 in a 0.1 PC:0.27 EC:0.63 EMC mixture, also with an
electrolyte salt concentration of 1200 mol/ m3.

These different electrolyte formulations enable a comparative evaluation of ion trans-
port and electrochemical performance in Li-ion battery simulations. The selected obser-
vation instants (1200, 1800, 2200, 2400, and 3000 s) in the ‘Electrolyte Salt Concentration’
graph correspond to critical stages of the battery’s charge-discharge cycle at a 1C rate.

e 1200 s: captures the mid-discharge phase (within the first 2000 s), offering insight into
the concentration profile during active discharge before nearing completion.

e 1800 s: represents the late discharge phase, revealing how concentration changes as
the battery approaches full depletion.

e 2200 s: occurs during the rest period after discharge (300 s), observing the post-
discharge electrolyte relaxation.

e 2400 s: marks the start of the charge phase, providing a baseline for concentration
changes as charging begins.

e 3000 s: reflects the late charge phase (2000 s), showing how lithium ions redistribute
as charging nears completion.

Figure 5 shows the electrolyte salt concentration values through the battery section
with six different electrolytes for 1 C-rate in five different durations. The x coordinate is the
battery cross-sectional dimension (m), and the y axis is the electrolyte salt concentration
values (mol/m?). When looking at the graphs in Figure 5 and Table 1, the electrolyte salt
concentration values of all battery components (negative electrode, electrolyte, and positive
electrode) are similar for batteries with electrolyte material of LiPFg salt in 1:2 EC:DMC
solvent and PVDF-HFP (Case A) and LiPFg salt in 2:1 EC:DMC solvent and PVDF-HFP
(Case B). On the other hand, batteries with electrolyte material of LiPFg in 1:1 EC:DMC
(Case D), LiPFg in 3:7 EC:EMC (Case E), and LiPFg in 0.1 PC:0.27 EC:0.63 EMC (Case F) have
similar electrolyte salt concentration amounts for all of the battery components. Moreover,
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the first two battery types (polymer electrolyte) and LiPF¢ in 1:1 EC:DEC (Case C) have
a higher average electrolyte salt concentration. The top and the lowest electrolyte salt
concentrations of battery components middle point was chosen, and their differences were
calculated as the average electrolyte salt concentration range.

(A) LiPFe salt in 1:2 EC:DMC (by volume) solvent and PVDF-  (B) LiPFs salt in 2:1 EC:DMC (by volume) solvent and PVDF-

HFP (polymer, Li-ion battery)
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Table 1. Average electrolyte salt concentration range of battery components for Li-ion batteries having

different electrolyte materials.

Electrolyte Material Types

Average Electrolyte Salt
Concentration Range of
Negative Electrode
[0-10] X 10~ m

Average Electrolyte Salt
Concentration Range of
Electrolyte
[10-15.2] X 105 m

Average Electrolyte Salt
Concentration Range of
Positive Electrode
[15.2-32.6] x 105 m

LiPFg salt in 1:2 EC:DMC (by
volume) solvent and
PVDEF-HFP (polymer,

Li-ion battery)

2680 mol/m3-1495 mol/m?
Difference = 1185 mol/m3

2095 mol/m3-1970 mol/m3
Difference = 125 mol/m3

2265 mol/m3-1586 mol/m?>
Difference = 679 mol/m3

LiPFg salt in 2:1 EC:DMC (by
volume) solvent and
PVDE-HFP (polymer,

Li-ion battery)

2680 mol/m3-1515 mol/m?>
Difference = 1165 mol/m3

2095 mol/m3-1980 mol/m?>
Difference = 115 mol/m?3

2245 mol/m3-1583 mol/m?>
Difference = 662 mol/m?3

LiPF; in 1:1 EC:DEC (liquid,
Li-ion battery)

2870 mol/m3-1297 mol/m?>
Difference = 1573 mol/m?3

2122 mol/m3-1927 mol/m?>
Difference = 195 mol/m?3

2395 mol/m3-1465 mol/m°>
Difference = 930 mol/m3

LiPF; in 1:1 EC:DMC (liquid,
Li-ion battery)

2436 mol/m3-1659 mol/m?>
Difference = 777 mol/m?3

2037 mol/m3-1947 mol/m3
Difference = 90 mol/m?3

2208 mol/m3-1754 mol/m?
Difference = 454 mol/m?3

LiPF in 3:7 EC:EMC (liquid,
Li-ion battery)

2330 mol/m3-1725 mol/m3
Difference = 605 mol/m?3

2040 mol/m3-1953 mol/m?
Difference = 87 mol/m?

2171 mol/m3-1807 mol/m?
Difference = 364 mol/m?3

LiPFg in
0.1PC:0.27EC:0.63EMC (iquid,
Li-ion battery)

2333 mol/m3-1729 mol/m3
Difference = 604 mol/m?3

2031 mol/m3-1955 mol/m3
Difference = 76 mol/m?

2167 mol/m3-1810 mol/m3
Difference = 357 mol/m?3

Figure 6 is a discharge curve comparison for different C-rates for Li-ion batteries

having different electrolytes. The x coordinate is capacity (Ah/m?) and the y axis is voltage

(V). On the left, two Li-ion batteries with polymer electrolyte have the same chart, whereas

on the right, four Li-ion batteries with liquid electrolyte have the same curve. When we

compare polymer and liquid electrolyte discharge curve graphs, liquid electrolyte Li-ion

batteries have a higher voltage, especially under elevated C-rates. Table 2 presents Figure 6

data for better explanation.
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Figure 6. Discharge curve comparison of Li-ion batteries having different electrolyte materials for

five C-rates.



Energies 2025, 18, 3288

12 of 21

Table 2. Voltage values comparison of Li-ion batteries having different electrolyte materials according
to capacity for five C-rates.

Electrolyte Material Capacity  (Ah/m?)
Type C-Rate 0 5 10 15
> 0.1 42V 3875V 3.65V 32V

g % 0.5 4155V 3.8V 355V 3.09V
_§, - 4099V 37V 3419V 293V
2 2 4V 35V 314V 258V

- 3.93V 331V 286V ]

- 0.1 421V 3.87V 3.65V 32V
é > 0.5 417V 3.82V 357V 31V
< £ 414V 374V 347V 298V

8 2 408V 36V 328V 27V
= 402V 347V 3.08V -

3.3. Different Electrode Material Effects on Simulation Results

Among common cathode materials, LCO demonstrates superior specific energy den-
sity. The electrochemical characteristics vary significantly between materials: LMO batteries
function between 3.0 and 4.2 V (nominal 3.7 V), while LFP cells operate at 2.5-3.65 V with a
3.2 V nominal voltage. Although LFP exhibits reduced capacity compared to alternatives,
its remarkable voltage plateau stability makes it one of the most dependable Li-ion battery
technologies. Notably, NCA cathodes combine three key advantages: high energy density,
outstanding power density, and superior cycle durability. LFP demonstrates exceptional
electrochemical performance during high-current operation. LFP exhibits a comparatively
low operating voltage and specific capacity, along with a notably slow reaction rate with
the electrolyte. In contrast, NCA stands out due to its high specific capacity and elevated
operating voltage [20].

Some properties of the five different positive electrode materials from the COMSOL
Multiphysics battery and design module material library are listed in the
Appendix A section.

Figure 7 and Table 3 show that average electrode state of charge (AESOC) amounts
for five Li-ion batteries having different positive electrode materials, under the same load
cycling as the previous set of results and under 1 C-rate. Negative electrodes (porous
electrode 1 in the graphs) have the same AESOC values for all battery types examined in
this paper. In terms of the positive electrode (porous electrode 2 in the graphs), LFP (graph
C) has the biggest AESOC increase with 0.33, followed by lithium nickel oxide (LiNiO,)
with 0.31, LMO with 0.3, NCA with 0.14, and LCO has the smallest AESOC rise with
0.121 in the discharge period. If reference concentration and density of cathode materials
are put in increasing order, the ranking would be LFP, LMO, LiNiO,, NCA, and LCO.
This order is nearly the same as the average SOC increase in the alignment of positive
materials from higher to lower. Finally, LEP exhibits outstanding performance under high-
rate operational conditions, as already indicated in [20]. Variations in AESOC provide
valuable insight into the electrochemical balance, operational efficiency, and durability of
Li-ion batteries throughout charge—discharge cycling. The reference concentration and
density of cathode materials significantly influence AESOC behavior by determining the
Li-ion storage capacity and the mass transport characteristics of the electrode. Materials
with lower reference concentrations and densities, such as LFP and LMO, exhibit greater
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changes in AESOC during discharge. This is due to their lower initial lithium content
per unit volume or mass, which leads to a larger fractional change in SOC during cycling.
On the other hand, high-density and high-concentration materials such as LCO and NCA
have a greater capacity to store lithium but show smaller AESOC variations because their
total lithium content is larger, and the relative change in SOC is more moderate under the
same cycling conditions. These AESOC trends are closely related to battery performance
and health. Materials with higher AESOC fluctuations (e.g., LFP) tend to offer improved
safety, structural stability, and longer cycle life, although at the cost of lower energy density.
In contrast, materials with smaller AESOC variations (e.g., LCO or NCA) enable higher
energy output but may face greater structural stress and degradation over time, potentially
reducing battery lifespan. Therefore, AESOC behavior not only reflects the electrochemical
properties of electrode materials but also provides insight into trade-offs between energy
density, cycling stability, and long-term battery health.

(A) LCO, LiCoO2 (B) LMO, LiMn204
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Figure 7. Average SOC values of porous electrodes for Li-ion batteries having different cathode
materials during discharge and charge periods for 1 C-rate.



Energies 2025, 18, 3288

14 of 21

Table 3. Average SOC values of porous electrodes for Li-ion batteries having different cathode
materials for chosen times of 1 C-rate.

Positive Electrode Material Time (s)
Type 0 2000 4000
s Negati"glgi‘iférc‘l’jf)(POrous 0.56 0.27 0519
S 2 P"Siﬁv%gcefrtéggez)(l)om“s 0.069 0.19 0.087
g 2: N egativglli‘i;::;)edle)(Porous 056 027 0.519
= i Positivi: {Eelcetcrtég(:; )(Porous 017 047 021
. § Negativ;lgifzsct’g)edle)(l’orous 056 027 0.519
= % Positiv?5 ]lielstcrtcl;gg; )(Porous 018 051 023
8 Negaﬁv&i‘:gf;’jf)(l)oro“s 0.56 027 0519
= Pos1t1viE ils;tégcel; )(Porous 016 047 021
5 éf Q; Negf’f"&gﬁgﬁ’jﬁ(P"“’“S 0.56 027 0519
4 E = Pos1t1viE ils;tégcel; )(Porous 0.08 0.22 01

Positive and negative electrode surface and center particle lithium concentration
values of five different Li-ion batteries for a 1 C-rate are reported in Figure 8. Moreover,
Table 4 provides expanded knowledge about Figure 8. When focusing on Table 4, LFP has
the biggest difference in electrode particle lithium concentration of the positive electrode
surface for the beginning and end of the electrode with 1200 and 1800 s. LiNiO;, has the
smallest difference in electrode particle lithium concentration of the positive electrode
surface for the beginning and end of the electrode at chosen times. These comparisons are
also the same for electrode particle lithium concentration of the center.

(A) LCO, LiC00O2 (B) LMO, LiMnz04
Electrode particle lithium concentration, surface (solid) and center (dashed) o Electrode particle lithium concentration, surface (solid) and center (dashed) o
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Figure 8. Cont.
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(C) LFP, LiFePOx (D) LiNiO2
Electrode particle lithium concentration, surface (solid) and center (dashed) CJ Electrode particle lithium concentration, surface (solid) and center (dashed) o
18000 18000
—10s
17000 17000 | 1200s |4
— 1800 s
16000 16000 |- 1
15000 === 15000 M=
== ===
14000 14000
13000 13000 |
= 12000 = 12000 |-
3 11000} 3 11000}
2 10000F % 10000F — T
e s
~ ~
9000 ¢ 9000 - =S
8000 8000
7000 \ o0 \
6000 6000
5000 5000
4000 e e e e 4000+ e e
. L L L L .
0 5 10 15 20 25 30 x10° 0 5 10 15 20 25 30 x10°

(E) NCA, LiNiosCo00.15Al0.0502

Electrode particle lithium concentration, surface (solid) and center (dashed)

o

18000 |
17000 -
16000
15000F
14000 -
13000 -
12000

11000 -

cs (mol//m?)

10000 - — o
9000 - e
8000 -
7000 -
6000 -
5000 -

4000+

—10s

1200s |
— 1800 s

Figure 8. Surface and center solid lithium concentration for Li-ion batteries having different cathode
materials during discharge periods for 1 C-rate.

Table 4. Difference of electrode particle lithium concentration of the positive electrode surface at
two chosen points for Li-ion batteries having different cathode materials in the discharge period at

chosen times.

Positive Electrode

Material Type

Difference of Electrode Particle Lithium Concentration of the Positive Electrode
Surface Two Chosen Points [(16-30) x 10—> m] According to Times

10

1200

1800

LCO,
0))

4105 mol/m3-3991
mol/m3 = 114 mol/m3

8918 mol/m3-8011
mol/m3 = 907 mol/m3

11034 mol/m3-10108
mol/m3 = 926 mol/m?3

4069 mol/m3-3992
mol/m3 = 77 mol/m?3

11341 mol/m3-7023
mol/m?3 = 4318 mol/m?3

13227 mol/m>-8604
mol/m3 = 4623 mol/m?

LFP, | LMO,
LiFeP | LiMn | LiCo
204

O4

4110 mol/m?3-3975
mol/m3 = 135 mol/m?3

12742 mol/m>3-6465
mol/m?3 = 6277 mol/m?3

16787 mol/m3-7665
mol/m3 = 9122 mol/m?

LiNi
(6))

4059 mol/m3-3997
mol/m?3 = 62 mol/m?

8337 mol/m3-8222
mol/m3 =115 mol/m3

10449 mol/m3-10326
mol/m?3 =123 mol/m?3

Coo.15
Alg o5
0)]

NCA,
LlNlo 8

4122 mol/m3-3971
mol/m?3 = 151 mol/m3

8810 mol/m53-7979
mol/m?3 = 831 mol/m3

10920 mol/m3-10081
mol/m?3 = 839 mol/m3
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Finally, when we look at the Figure 9 and Table 5 discharge curves, LiNiO, has
the highest voltage value; after that, LCO, NCA, LMO, and finally, LFP have the lowest
potential at the beginning of the discharge period. On the other hand, LCO has the
maximum potential; after that, NCA, LMO, LiNiO; and finally, LFP have the minimum
voltage value when examining voltage values according to the increase of capacity toward
the end of discharge. Figure 9 and Table 5 also illustrate that the highest voltage difference
belongs to LiNiO, with 3.58 V for 1 C-rate between 0 Ah/m? and 15 Ah/m?. This can
be advantageous in applications that require high energy but where voltage stability is a
secondary concern. LFP has the least potential difference, with 0.9 V for 1 C-rate between
0 Ah/m? and 15 Ah/m?. On the other hand, although LFP’s low voltage difference indicates
limited energy density, its highly stable voltage profile makes it suitable for applications
that demand safety and long cycle life. LFP is characterized by a relatively low operating
voltage and specific capacity and exhibits a significantly slow rate of reactivity with the
electrolyte. NCA is distinguished by its high specific capacity and operating voltage [20].
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Table 5. Voltage values comparison of Li-ion batteries having different electrode materials according
to capacity for five C-rates.

Positive Electrode Capacity (Ah/m?)
Material Type C-Rate 0 5 10 15
. 0.1 491V 464V 429V 381V
] 0.5 487V 456V 42V 37V
8‘\ 1 481V 446V 407V 355V
S 2 471V 424V 3.79V 319V
= 3 463V 403V 351V -
S 0.1 42V 3.875V 3.65V 32V
) 0.5 4155V 38V 355V 3.09V
% 1 4.099 V 37V 3419V 293V
g 2 4V 35V 3.14V 2,58V
= 3 393V 331V 286V -
. 0.1 332V 318V 296V 261V
o 0.5 328V 31V 2.87V 249V
% 1 322V 3.01V 275V 232V
& 2 313V 281V 248V -
- 3 3.06 V 262V 22V -
0.1 6.33V 483V 3.46 V 292V
o 0.5 6.28V 474V 337V 279V
% 1 622V 461V 324V 2,64V
= 2 6.13V 434V 296V 228V
3 6.05V 408V 2,68V -
8 0.1 46V 427V 3.87V 337V
\ < 0.5 456V 419V 377V 326V
; é o) 1 45V 409V 3.65V 312V
3 2 442V 3.88V 338V 276 V
% 3 435V 3.68V 311V -

4. Conclusions

Electrodes and electrolytes are the main components of batteries. A model-guided
selection of these basic components is an effective development strategy to design more
efficient battery types and operation modes. Electric batteries depend on electrochemistry,
so functional materials (in terms of physical and chemical properties) have a first-order
importance. This paper researched material effects on 1D isothermal Li-ion battery simula-
tion results with the battery and design module of COMSOL Multiphysics 6.0 software.
According to this study, the average electrolyte salt concentration range of electrodes is
approximately 70% higher for batteries with polymer electrolyte material compared with
liquid electrolyte material battery species, except for the battery with LiPFg in 1:1 EC:DEC
(liquid) electrolyte material. On the other hand, the average electrolyte salt concentration
range of electrolyte components is approximately 40% higher for the same situation. The
battery with LiPFg in 1:1 EC:DEC (liquid) electrolyte material has the widest range of
average electrolyte salt concentration, with 195 mol/m? for the electrolyte component.
The discharge profiles of Li-ion batteries with liquid electrolyte materials exhibited higher
voltage, with around 0.05 V for 1 C-rate, compared to those with polymer electrolyte ma-
terials. This difference is similar to the other C-rates. Subsequently, variations in positive
electrode materials were investigated. Throughout the discharge duration, the material
type demonstrating lower concentration and density values exhibited a more pronounced
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elevation in AESOC values, whereas during the charging duration, a more substantial
decline in AESOC values was observed. The Li-ion battery with LFP positive electrode
material shows the largest variation with 9122 mol/m3 in lithium concentration at the
surface of the chosen two points across the battery for 1800 s. In contrast, another Li-ion
battery having LiNiO, cathode material exhibits the smallest variation, with 123 mol/m?3
in lithium concentration for the same case. This trend also holds true for the lithium
concentration in the center of the electrode particles. Finally, the highest voltage difference
belongs to the LiNiO, with 3.58 V, and LFP has the least potential difference with 0.9 V for
1 C-rate between 0 Ah/m? and 15 Ah/m?. The highest potential belongs to the LiNiO,
with 6.17 V, and the lowest voltage is 3.21 for LFP at the beginning of the discharge period.
On the other hand, LCO has the highest voltage, and LFP has the smallest potential at the
end of the discharge time.

In addition to revealing the material-based variations in battery performance, the
outcomes of this simulation study provide critical insights for battery designers and mod-
elers. The observed differences in electrolyte salt concentration ranges and discharge
voltage profiles suggest that selecting between polymer and liquid electrolytes can sig-
nificantly impact battery efficiency and operational stability, depending on the intended
application. Furthermore, the analysis of positive electrode materials demonstrates how
different material properties, such as lithium diffusion rates and density, influence the
battery’s state of charge dynamics and overall voltage behavior. These insights can help
battery modelers to enhance the accuracy of their simulations, particularly when designing
batteries for applications requiring high power output, fast charging, or long cycle life.
For high-energy applications such as electric vehicles, LiNiO; and NCA emerge as the
most promising candidates due to their high initial discharge voltages and superior energy
density characteristics. In contrast, for applications where long-term stability, operational
safety, and extended cycle life are of paramount importance, LFP stands out as the most
suitable material, offering a balanced trade-off between performance and reliability. By
understanding the relationship between material choice and electrochemical performance
characteristics, designers can make more informed decisions during the material selection
and design process. This ultimately supports the development of more efficient, reliable,
and application-specific Li-ion batteries. The findings of this study thus serve as a reference
for both practical battery engineering and future simulation-based research in the field.
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Abbreviations

The following abbreviations are used in this manuscript:

Li-ion Lithium-ion
LFP Lithium Iron Phosphate
RES Renewable Energy Source

DMC Dimethyl Carbonate
DEC Diethyl Carbonate

EMC Ethyl Methyl Carbonate
EC Ethylene Carbonate

PC Propylene Carbonate
PEO Polyethylene Oxide
PVDF Polyvinylidene Fluoride
HFP Hexafluoropropylene
PMMA  Polymethyl Methacrylate
PAN Polyacrylonitrile

PVC Polyvinyl Chloride

SEI Solid Electrolyte Interphase
SPE Solid Polymer Electrolyte
PVA Polyvinyl Alcohol

PS Polystyrene

EV Electric Vehicle

Fe Iron

Al Aluminum

Co Cobalt

Ni Nickel

Mn Manganese

LCO Lithium Cobalt Oxide

LMO Lithium Manganese Oxide

NCA Lithium Nickel Cobalt Aluminum Oxide
SEM Scanning Electron Microscope

DCR Direct Current Resistance

AESOC  Average Electrode State of Charge

Appendix A

Table A1l. Five different positive electrode material properties.

Maximum-

Elec.tmde Eleclnfa% Referenc.e Minimum Poisson’s Ratio Young’s Modulus Density leflfs?on Some Other Properties
Material Type Conductivity Concentration Electrode SOC Coefficient
1 Coefficient of Thermal Expansion
LCO, LiCoOy 1.13 mS/cm 56250 mul/m3 043 0.24 191 GPa 5000 kg/m3 5% 10*13 m2/s
’ 13 %1073 1/K
LMO, LiMn, Oy 3.85/m 22860 mol/m3 g?g; 026 194 GPa 4140 kg/m3
Thermal Heat Capacity at
LFP, LiFePOy 915/m 21190 mol/m3 o0 03 1178 GPa 3600 kg/m> 3.2 x 1(/’713 Conductivity Constant Pressure
. m=/s
1W/(m x K) 881]/(kg x K)
Temperature Derivative of Equilibrium
. 1 i
LiNiOy 100S/m 23000 mol/m 045 4650 kg/m3 Potential
0V/K
NCA, 915/m 48000 mol/m3 : 4740 kg/m? 1510713
LiNig g Cog,15Al9,0502 oy 025 /m m?/s
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