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two topics in order to achieve a new gener-
ation of environmentally friendlier energy 
technologies, focusing on clean genera-
tion, conversion, and storage.[1]

Since the first renewable energy gen-
eration system, important developments 
have been achieved not only in sustain-
able energy generation but also in energy 
storage systems. In the latter, electrochem-
ical devices such as lithium-ion batteries 
are widely used for a large variety of appli-
cations, such as small portable electronic 
devices and electric vehicles, mainly based 
on their high energy density.[2] Lithium-ion 
batteries are therefore one of the most rel-
evant energy storage devices due to their 
advantages when compared to other battery 
systems as they are cheaper, lighter, show 
higher energy density, have no memory 
effect, less self-discharge, higher number 
of charge/discharge cycles, and improved 
safety.[3] Lithium-ion batteries are typically 
based on three main components (anode, 

cathode, and separator) and two mains’ processes (charge and 
discharge of the battery). These processes are driven by elec-
trochemical processes, lithium-ion, and electrons movement 
between electrodes allowing to storage/deliver energy.[4]

With the need for further improving lithium-ion batteries as 
an efficient way to match the ever-developing needs of portable 

For the proper design and evaluation of next-generation lithium-ion batteries, 

different physical-chemical scales have to be considered. Taking into account 

the electrochemical principles and methods that govern the different processes 

occurring in the battery, the present review describes the main theoretical elec-

trochemical and thermal models that allow simulation of the performance of 

lithium-ion batteries, including different materials and components (electrodes 

and separators) and battery geometries. As the separator plays an essential 

role in the performance and safety of lithium-ion batteries, the recent theo-

retical simulation work for this battery component are shown, with particular 

emphasis on morphology, dendrite growth, ionic transport, and mechanical 

properties. Further theoretical simulations and modeling of this battery com-

ponent are still required for improving performance, taking into consideration 

varying geometric parameters such as pore size, porosity, and tortuosity as 

well as the optimization of the lithium diffusion process and ionic conductivity 

value. Theoretical simulations of battery separators will play an essential role 

in the new generation of lithium-ion batteries, allowing the improvement of 

their performance while reducing experimental probes and time.

1. Introduction

The two topics, energy and environment, will be the most 
relevant global challenges that society will face for the years 
to come. Thus, the main focus of research and development 
should be to address these critical challenges by combining the 
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device technologies, simulation, and computational modeling 
are essential tools for supporting the development and optimi-
zation of batteries and battery components.

Computational simulation of lithium-ion batteries has a sig-
nificant impact on the prediction of the performance of these 
energy storage systems as well as on the behavior and bonding 
of elements generated during their use. This area of research 
promotes a deeper theoretical knowledge of the operation of the 
devices, and existing theoretical models supporting materials 
development by modeling the main processes that occur in the 
operation of the battery.[5] In this review, we wish to describe 
the recent framework and theoretical advances in modeling 
lithium-ion battery operation.

2. Theoretical Modeling and Simulations of 
Lithium-Ion Batteries

Theoretical models at the macro and micro-scales for lithium-
ion batteries aim to describe battery operation through the 
electrochemical model at different battery dimensions and 
under several conditions. Studies have further implemented 
coupled models to evaluate thermal, mechanical, and magnetic 
parameters in correlation with the electrochemical variables. 

Thermal, mechanical, and magnetic models have been coupled 
to the electrochemical model, establishing proper interrela-
tions between their corresponding parameters, as illustrated in 
Figure 1. In most coupled models, the Doyle/Fuller/Newman 
electrochemical model represents the base model that describes 
the electrochemical processes (Electrochemical Battery Model).
Table 1 shows the main equations of the Doyle/Fuller/

Newman electrochemical model that describe the electrochem-
ical phenomena that occur in the battery components (current 
collectors, electrodes, and separator) during its operation pro-
cesses. In the electrochemical model, liquid, solid, and porous 
phases are considered. The electrodes (cathode and anode) are 
studied as porous phase and the electrolyte is in a liquid phase 
and is present in the electrodes and separator pores.[6]

In the electrochemical model (Table  1), interpolation func-
tions of several active materials parameters are introduced, 
such as the solid phase potential value (ϕE) as a function of 
the lithium-ion concentration in the electrode solid (CE) and 
the potential value of the solid phase (ϕE) as a function of tem-
perature (T). Regarding the electrolyte, interpolation functions 
of ionic conductivity (Kl) and lithium-ion concentration at the 
liquid phase (CL) are also taken into account.

At all three cell components (anode, cathode, and separator) 
occurs the diffusion of lithium-ions through the electrolyte, 

Figure 1. Different models coupled to the electrochemical model for the simulation of lithium-ion batteries.
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however, the current collectors are a wall impermeable to the 
electrolyte, so the flow of lithium-ions is null at these limits. 
The interfaces between the three components show a condition 
of continuity that is expressed as an equal mass that flows on 
both sides of the interface. Table 2 shows the boundary con-
ditions adopted for the different equations at the interfaces 

between the regions that will be presented for the battery model 
in 1D (Figure 2) where La, Ls, and Lc are the width of the anode, 
separator, and cathode, respectively.

To evaluate the thermal parameters, thermal models are cou-
pled,[8] allowing to measure the internal temperature reached by 
the battery and three important sources of heat produced by the 

Table 1. Main equations of Doyle/Fuller/Newman Electrochemical Model of the battery.[6] The identification of the symbols is provided in the nomen-
clature section.

Battery Component Equation Description

Electrodes (Cathode and Anode) − ∇. (σef,i∇ϕE) =   −FaJLi +,  i  =  a, c Electrode potential calculated by the Ohm Law where the current 

density gradient is substituted by its equivalent in terms of lithium-

ion flux according to Faraday’s Laws.

K FaJ kRT
F

t C i a cef i Liϕ−∇ ∇ = + − ∇ ∇ =++( ) 2 (1 ) ( ln( )), ,, L
0

L

This equation relates the potential of the electrolyte with the local 

current density in the cathode and anode (Ohm Law).

C
t

D C a t J i a ci ef i Liε ∂
∂ = ∇ ∇ + − =+ +( ) (1 ) , ,L

, L
0

Diffusion of lithium ions in the electrolyte applied to the cathode 

and anode (Fick Diffusion Law).

C
t

D C
r r

C
rLi

∂
∂ = ∂

∂
+ ∂

∂
⎡
⎣⎢

⎤
⎦⎥

2E
2

E
2

E
Diffusion of lithium ions in the active material (solid phase)

D Def i l iε=,
brugg

K Kef i l i
bruggε=,

brugg  =  1.5 and i  =  a, c

 σef,i = σi (1 − εi − εf,i),  i  =  a, c

The effective ionic conductivity and diffusion in the liquid phase, 

applied to the cathode and anode, and the effective electrical 

conductivity in the solid phase. These parameters will depend on 

the porosity of the electrodes, εi, and the Bruggeman coefficient 

(brugg).

Separator
K FaJ kRT

F
t Cef s Liϕ−∇ ∇ = + − ∇ ∇++( ) 2 (1 ) ( ln( )), L

0
L

This equation relates the potential of the electrolyte with the local 

current density (Ohm Law).

C
t

D Cs ef sε ∂
∂ = ∇ ∇.( )L

, L
Lithium-ion diffusion in the electrolyte.

D Def s l sε=,
brugg

K Kef s l sε=,
brugg

The effective diffusion and conductivity of the ions in the separator

General Equations Equation Description

Faraday’s law (electrodes) ∇ iE =   −FaJLi + Faraday’s law express the relationship between the insertion/extrac-

tion of lithium ions into the electrodes with the electrical charge 

flow. Relation between the lithium ions flux and the current density 

in the electrodes.

Faraday’s law (electrolyte) ∇ iL =  FaJLi + Relation between the lithium ions flux and the current density in 

the electrolyte (Faraday’ s Law).

Total current density

(electrodes and electrolyte)

iE +  iL =ITOTAL Conservation of charge. The current density is preserved between 

the electrode and the electrolyte.

Butler–Volmer equation (kinetics)

J F u
RT

F u
RTi

η η{ }= −⎛
⎝

⎞
⎠− − −⎛

⎝
⎞
⎠exp ( )

2
exp ( )

2

0 0

i k C C C C i a ci i i i
S

i
Sa j c i a i= − =α α α( ) ( ) ( ) , ,0, E,

max
E, E, L

, , ,

Kinetics of the heterogeneous reaction at the electrode/electrolyte 

interface, described by the Butler–Volmer equation.

Variable over- potential η  =ϕE  −ϕL −u0 The variable over-potential relates the potential of the electrodes/

electrolyte and the open circuit voltage.

Overall mass balance. C
t

M R
∂
∂ = − ∇ +.L

Overall mass balance.

Term of the reaction
R a

V
t J= − −

+
+ +(1 )0

Li

Reaction term of the mass balance equation.

Mass transport process

M D
dlnC
dlnC

C
i t
F

= − − ∇ + +(1 )L

L
L

L
0

0

Mass transport flux.
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electrodes such as reversible and reaction heat and ohmic heat. 
Regarding the separator, the dissipated heat associated with 
internal resistance on charge transport can be measured. These 
models take into account heat exchanges with the external envi-
ronment at several thermal conditions.

For the thermal model, several equations are applied 
describing the main thermal phenomena that occur at the dif-
ferent battery components (electrodes and electrolyte/sepa-
rator). The following are the main equations governing the 
thermal behavior of the battery.[12–15] Equation  (1) shows the 

energy balance in all battery components through the first law 
of thermodynamics:

d

d
, , ,p,i

2

2

2

2 total,iρ λ λ= ∂
∂

+ ∂
∂

+ =C
T

t

T

x

T

y
Q i a s cl i i

 
(1)

where ρ, Cp,I, and λi are the density of battery components, 
heat capacity at constant pressure of battery components, and 
thermal conductivity of battery components, respectively. The 
Qtotal,i is the total heat generation rate at each battery compo-
nent. For electrodes, the Qtotal,i is the sum of all heat produced 
by electrodes such as the total reaction heat generation (irre-
versible), Qreaction,i, total reversible heat generation (reversible), 
Qreversible,i, and total ohmic heat generation, Qohmic,i, and is 
expressed by Equation (2):

, ,total,i reaction,i reversible,i ohmic,i= + + =Q Q Q Q i a c  (2)

The total reversible heat generation (reversible), Qreversible,i, is 
related to the reversible entropy loss in electrodes, and the total 
reaction heat generation (irreversible), Qreaction,i, is related to 
concentration polarization, activation polarization, and ohmic 
polarization. Equations  (3) and (4) allow to determine, respec-
tively, the reversible and irreversible heat generation produced 
by the electrodes.

, ,reversible,i = ∂
∂

=Q FaJT
U

T
i a c

 
(3)

, ,reaction,i E Lϕ ϕ( )= − − =Q FaJ U i a c  (4)

with the parameters T, U, ϕE, ϕL, F, U, and dU/dT, which rep-
resent the temperature, the open-circuit voltage, the potential of 
the electrodes, the potential of the electrolyte, the Faraday’s con-
stant, the open-circuit voltage and the coefficient of open-circuit 
voltage varying with temperature, respectively.

At the electrodes, the total ohmic heat generation, Qohmic,i, 
corresponds to the heat dissipated, produced by the internal 
resistance associated with the charge transport and is defined 
by the following Equation (5):

Table 2. Summary of the boundary conditions or limits of the mathematical model 1D adopted by.[7]

Boundary Conditions

Battery Component Governing Law x = 0 x =La x =La +Ls x =La +Ls +Lc

Electrolyte Li+ Diffusion C
x

∂
∂ = 0L

Continuity Continuity C
x

∂
∂ = 0L

Ohm’s Law  ϕL =ϕL,0 Continuity Continuity

x
ϕ∂
∂ = 0L

Electrodes Ohm’s Law  ϕE = 0

x
ϕ∂
∂ = 0E

 ϕE =ϕE,0 

x
Iϕ

σ
∂
∂ = −E TOTAL

Governing Law r = 0 r =RS

Li+ Diffusion r  =  0
C
r

∂
∂ = 0E r  = RS 

C
r

j
D

∂
∂ = − +E Li

Li

Figure 2. Schematic representation of the 1D model applied to lithium-
ion batteries.

Adv. Energy Mater. 2023, 13, 2203874

 16146840, 2023, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203874 by U
niversidade D

o M
inho, W

iley O
nline L

ibrary on [09/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advenergymat.dewww.advancedsciencenews.com

2203874 (5 of 22) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

2
1

ln 2
1

ln
, ,

ohmic,i ef,
E

2

ef,
E

2

ef,
L

2

ef,
L

2

ef,i L ef,i L

σ ϕ σ ϕ ϕ ϕ

ϕ ϕ( ) ( )( ) ( )

= ∂
∂

⎛
⎝⎜

⎞
⎠⎟ + ∂

∂
⎛
⎝⎜

⎞
⎠⎟

+ ∂
∂

⎛
⎝⎜

⎞
⎠⎟ + ∂

∂
⎛
⎝⎜

⎞
⎠⎟

+ −
∂

∂
∂
∂

+ −
∂

∂
∂
∂

=+ +

Q
x y

k
x

k
y

k RT

F
t

c

x x

k RT

F
t

c

y y
i a c

i i i i

i i

 
(5)

where σef,i is the effective electronic conductivity of the solid 
phase of the electrode and κef,i is the effective ionic conductivity 
of the electrolyte.

Regarding separator, the total heat generation, Qtotal,i, corre-
sponds only to the contribution related to the total ohmic heat 
generation, Qohmic,i, produced by the internal resistance associ-
ated with the flow of lithium-ions, as shown in Equation (6):

,total, ohmic,= =Q Q i si i  (6)

where the total ohmic heat generation, Qohmic,i, produced at the 
separator is defined by the following Equation (7):

2
1
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2
1
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,

ohmic, ef ,
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ϕ ϕ ϕ

ϕ

( )

( )

( )

( )

= ∂
∂

⎛
⎝⎜

⎞
⎠⎟ + ∂

∂
⎛
⎝⎜

⎞
⎠⎟

+ −
∂

∂
∂
∂

+ −
∂

∂
∂
∂

=

+

+

Q k
x

k
y

k RT

F
t

c

x x

k RT

F
t

c

y y
i s
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(7)

The electrochemical parameters of electrodes such as open 
circuit potential, U, reaction rate coefficient, kLi, and diffusion 
coefficient of Li ions, DLi, as a function of temperature are 
shown in Equations (8)–(10), respectively,

d

d
, ,ref , ref( )= + − ⎡

⎣⎢
⎤
⎦⎥

=U U T T
U

T
i a ci i  (8)

1 1

298.15
, ,Li t298,15

E /,( ) = −⎛
⎝

⎞
⎠ =−k T k e

T
i a ci

Rak i

 
(9)

1 1

298.15
, ,Li t298,15

E /ad ,( ) = −⎛
⎝

⎞
⎠ =−D T D e

T
i a ci

Ri

 
(10)

with the parameters Ead,i and Eak,i, which represent the activa-
tion energy for diffusion and the activation energy for reaction 
of electrodes, respectively.

Regarding separator/electrolyte and liquid phase of both 
electrodes (anode and cathode), the diffusion coefficient as a 
function of temperature, Di(T), is established by Equation (11):

10Li

0.22 4.43
54

229 5
, , ,

( ) =
( )− − −

− −
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

=
D T

c
T c

i a s c

 (11)

where c is the concentration of lithium-ion.
Finally, all boundaries between the battery and the external 

environment, the heat flux transfer between the battery and the 
external environment, is described by Equation (12):

, , ,externalλ ( )− ∇ = − =T h T T i a s ci  (12)

where h is the heat transfer coefficient.
In recent years, with the replacement of the typical liquid 

electrolyte with a solid electrolyte, a new type of battery desig-
nated solid-state lithium-ion batteries appears. The investigation  

of this type of lithium-ion battery has been increasing. Then, 
the main electrochemical equations that govern the phenomena 
of solid-state lithium-ion battery[9] will be presented.

Regarding the separator with the presence of a solid elec-
trolyte, the transport of lithium-ions (Li+) and negative ions 
(n−) is described by the Nernst-Planck equation, as shown in 
Equation (13):

.
.

.
. . , Li ,Eϕ= − ∇ + ⎛

⎝⎜
⎞
⎠⎟

∇ = + −N D c
z F

R T
D c i ni i i

i
i

 
(13)

where Di is the diffusion coefficient of ions (negative and posi-
tive) and zi is charge of ions.

In the solid electrolyte occurs the ionization reaction which 
causes the presence of mobile Li-ions and uncompensated 
negative charges (n−). The dissociation rate for this reaction is 
designated by kdiss, and the recombination reaction rate by krec. 
In this context, lithium-ion recombination/dissociation rate is 
described by Equation (14):

Li diss 0,Li Li rec Li( ) ( )= − −+ + + + −r k c c k c cn  (14)

where cLi+ an cn- are concentration of lithium-ion and concen-
tration of negative ion, respectively.

The relation between the dissociation reaction rate (kdiss) 
with recombination reaction rate (krec) is shown in the following 
Equation (15):

Li diss 0,Li Li rec Li( ) ( )= − −+ + + + −r k c c k c cn  (15)

Equation (16) shows the fraction of total lithium dissociated 
at equilibrium, δ:

Eq Eq
0δ= =+ −c c cLi n  (16)

Within the scope of electrodes, the transport of solid lithium 
through the positive electrolyte (Fick’s law) is described by the 
following Equation (17):

.Li ,solid Li= − ∇N D cLi  (17)

where DLi, solid is the diffusion coefficient for solid lithium 
through the electrolyte at positive electrode.

At the electrode/electrolyte interface, the kinetics reactions 
at the negative electrode (Equation  (18)) and positive electrode 
(Equations  (19) and (20)) described by the Butler–Volmer 
kinetics equations are:

. .
0 ,

/ 1 /
=

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

+⎛
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α
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+
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i
neg F k
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c
e eneg
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c c
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c

 

(20)

where cLi,max and cLi,min are the maximum and minimum 
concentrations of lithium in the solid electrode, respectively. 
Finally, the overpotential, η, is defined by Equation (21):
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0 E eq,η ϕ ϕ= − − E i  (21)

with the parameters Eeq,i, ϕE and ϕL, which represent the equi-
librium potential in the electrode, the potential of the electrodes 
and electrolyte, respectively.

2.1. Theoretical Modeling of Lithium-Ion Batteries

Modeling of battery components, processes, and materials have 
been studied at different physical-chemical scales. Different 
physical levels—molecular scale, nanoscale, microscale, mes-
oscale, and macroscale—of the batteries operation, which are 
studied with different models and theoretical approaches, are 
presented in Figure 3.[10]

Theoretical models are based on equations that reflect the 
physical and electrochemical principles that govern the dif-
ferent processes and phenomena that define the performance 
and life cycle of lithium-ion batteries. Computer simulation 
methods have encompassed a wide range of spatial and tem-
poral scales as represented in Figure 3.

Multiscale calculation methods, microscale methods (first-
principles (FP) calculations,[11] molecular dynamics (MD),[12] 
quantum mechanics (QM),[13] and Monte Carlo (MC)[14]), 
mesoscale (phase-field (PF) method,[15] and force-field (FF) 
approach),[16] and macroscale approaches (Finite Element 
Methods (FEM)[5c]) have been applied in the area of recharge-
able lithium-ion batteries.

With the development of computational efficiency, simula-
tions based on density functional (DFT) theory and MD have 
been applied to predict molecular interaction,[17] interfacial reac-
tions,[18] ion transport mechanisms,[19] and to study material 
properties to improve battery performance, leading to the devel-
opment of material databases. Some of these databases are: 

Cambridge Structural Database,[20] Inorganic Crystal Structure 
Data-base (ICDS),[21] Open Quantum Materials Database,[22] 
and Materials Project database,[23] among others.

However, with the investigation of more complex materials, 
theoretical studies of DFT and MD become ineffective due to 
the high computational demand,[24] and the enormous obsta-
cles that DFT and MD face with the increase in system size and 
necessary precision. The lag between the results obtained in the 
simplified theoretical models and the reality makes it difficult 
to apply computer simulations to describe the complex inter-
face processes that occur in batteries, such as the solid electro-
lyte interface (SEI) formation, thermodynamics and kinetics 
of internal reactions, ionic transport behavior at liquid-solid or 
solid-solid interfaces, among others.

Computer simulations, when resorting to simplified theo-
retical models in order to lower the computational cost, often 
neglect a high amount of data on battery materials available 
in databases.[25] In this context, with the emergence of Artifi-
cial Intelligence (AI), more specifically the branch of Machine 
Learning (ML), new opportunities arise within the scope of 
theoretical and experimental studies in the area of lithium-
ion battery development.[26] Compared to the traditional one-
by-one approach, high-throughput technologies can generate 
a large and high-quality database in a short time at low cost. 
The design, selection, and integration of materials determined 
by ML also demonstrate to be a suitable approach with rel-
evant contributions also in relation to other simulation tech-
nologies. ML technologies allow exploring new resources for 
DFT calculations and new potentials for MD simulations, 
significantly improving the study of phenomena that occur at 
amorphous and complex interfaces and structures. ML has a 
high potential to explore and reveal valuable information from 
experimental and theoretical data sets, improving prediction 
in the behavior of ionic conductivity, solid–solid interfaces, 

Figure 3. Different physical-chemical scales in the modeling of battery materials and battery operation.
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liquid–solid interfaces, and battery life, as well as allowing to 
optimize and accelerate research procedures in the area of 
Li-ion batteries. Further, ML may facilitate the combination of 
multiscale simulations.[27]

ML statistically interprets data contained in a database to pro-
duce reliable and repeatable decisions and results.[28] Generally, 
any ML-based approach starts with building an adequate and 
complete dataset. Subsequently, the ML model must be trained 
and evaluated for accuracy. In the most common case, super-
vised methods are obtained using a portion of the dataset to 
train the algorithm (training stage), where the predictive ability 
is evaluated by comparing the values predicted by the method 
and the remaining data that were not used in the training stage, 
being designated as the test stage.

After obtaining the ideal model, the supervised ML algo-
rithm will be used to predict the results.[29] ML algorithms 
are classified as supervised learning, unsupervised learning, 
or reinforcement learning methods.[30] Supervised learning 
methods use pre-treated data sets to define certain variables as 
inputs and others as outputs. This procedure does not occur 
in the case of unsupervised learning ML algorithms, whose 
objective is to find patterns in the dataset. In ML-supervised 
learning, it is possible to achieve regression and classifica-
tion, where a classification is an ML approach that analyzes the 
dataset into classes, while regression analyzes the data as con-
tinuous values.[29]

In ML supervised learning, the classes used can be 
obtained from ML unsupervised learning. Figure 4 shows the 
ML algorithms used in supervised learning, unsupervised 
learning, and reinforcement learning methods applied in lith-
ium-ion battery research.

Some ML algorithms applied in lithium-ion battery research 
to obtain predictive models include:[29] artificial neural network 
(ANN), Decision Tree (DT), Random Forest (RF), Boosting and 
Bagging Approaches, Support Vector Machine (SVM), U-Net, 
k-Nearest neighbors (kNN), Naive Bayes (NB) Classification, 
Generative Models and Inverse Design (class of unsupervised 
ML algorithms), K-Means and Gaussian Mixture.

Briefly, in the first step, data can be collected from existing 
databases resulting from experimental measurements and/or 
theoretically obtained values from computer simulations. Then, 
the data are submitted to the process of data cleaning and 

data engineering (Feature Engineering) which is based on the 
extraction and selection of data. Briefly, the original data can 
be converted into samples to train the ML model; the mapping 
relationship between the conditional attributes and the decision 
attributes can be simulated by selecting the appropriate and 
optimal ML algorithm. Finally, the models obtained from the 
ML will allow to be explored with the aim of predicting new 
results for the development of rechargeable batteries.

In many cases, there is an interaction between conventional 
theoretical simulations (DFT, MD, and FEM) with ML methods. 
DFT/MD-assisted ML methods have been developed that con-
tribute to DFT/MD-based predictions. FEM-assisted ML pre-
diction methods have been applied, showing great predictive 
potential, however, FEM-assisted ML is still in the implemen-
tation phase, a path still to be explored.[31] It is important to 
emphasize the fundamental role of the interaction and con-
tribution of all current three workflow cycles: experimental 
discovery cycle for batteries, computation model cycle, and 
ML learning cycle (Figure 5). These three work cycles should 
synergistically interact with each other in order to improve the 
overall battery research.

In the development of studies to predict and optimize the 
performance of lithium-ion batteries, the ML Cycle, the Com-
putational Model Cycle, and the Experimental Discovery Cycle 
domains interact with each other, as represented in Figure  5. 
The results obtained in the experimental battery domain and 
in computational simulation (FEM, DFT, among others) are 
introduced in databases that will be used in ML. After the 
implementation of the learning algorithm, new predictions and 
optimization results are obtained that will be validated through 
the experimental component, leading to an improvement of the 
empirical knowledge for the development of new prototypes. 
Further, experimentally obtained results allow to validate the 
models developed in the field of Computational Simulation 
which in turn will also produce theoretical results to under-
stand and guide the Experimental Design and the development 
of advanced materials and prototypes.

The combination of databases and ML approach has been 
applied to design and predict material properties of electrodes, 
including crystallinity, chemical stability, and voltage, from 
the atomic scale to mesoscale. Bearing this in mind, ML can 
be applied to design new solid-state electrolytes (organic and 

Figure 4. Schematic representation of ML methods and algorithms.
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inorganic) with fast Li-ion transport and mechanical properties, 
providing an opportunity for exploring material properties at a 
lower cost and accelerating the material discovery processes.

There are an increasing number of works based on the appli-
cations of ML in battery research, essentially with respect to the 
characterization and discovery of new materials with predicted 
specific properties. The discovery and optimization of materials 
applied to batteries have been a powerful tool for analyzing 
experimental and theoretical data and, from them, extracting 
the relationships between their structures and functional prop-
erties, with a wide range of review articles addressing this 
topic.[27,32]

ML methods have been applied to predict and develop mate-
rials for rechargeable battery electrodes, solid electrolytes, and 
liquid electrolytes.

For the electrode dimensions and structure, ML simula-
tions have been performed to find optimal designs that allow 
highest possible combination of capacity and power output. For 
improving power performance, a homogeneous electrochem-
ical activity between the electrodes in the 3D design is essential. 
In the case of materials for battery electrodes, ML methods have 
been applied to predict voltage profiles of a wide range of active 
materials for Li-, Mg-, Ca-, Al-, and Zn-ion batteries through the 
implementation of different algorithms.[33] About 5000 electrode 
materials were proposed to be used in sodium and potassium 
ion batteries based on voltage profile diagrams and comparing 
them to the DFT calculations (a website was developed for the 
estimation of the voltage of electrode materials).[34] Research has 
been also performed for the design of new organic materials 
for electrodes based on the prediction of quantum mechanical 
quantities (redox potentials) and electronic properties (electron 
affinity, lowest unoccupied molecular orbital (LUMO), highest 

occupied molecular orbital (HOMO)) through artificial neural 
networks using the quasi-Newton method.[35] Calculations of 
lattice constants for fully lithiated and delithiated structures 
have been also performed to design low-strain cathode mate-
rials, based on ML models combining ab initio calculations and 
partial least squares (PLS) analysis with the Quantitative Struc-
ture–Activity Relationship (QSAR) formulations, allowing to 
predict the percentage change in volume of spinel and layered-
type oxides (Figure 6a).[36] Further, significant achievements 
have been presented in predictive studies related to crystalline 
cathode systems,[37] the configuration energy of LiNiO2 (LNO) 
and LiNi0.8Co0.15Al0.05O2 (NCA) cathodes,[38] the redox potentials 
of electrodes,[35] and to the impact of manufacturing parameters 
on the final characteristics of the electrodes (porosity and mass 
loading).[39] Takagishi et al.[40] used ANN simulations to predict 
the charge/discharge specific resistance in porous structures by 
analyzing the effects of porosity, components volume fraction, 
calendering process, and electrolyte compatibility parameters 
in the electrode preparation. It was observed that the packing 
process should be around 50%, that small active material par-
ticles are more suitable, and that their volume fraction should 
be between 0.5 and 0.8. 3D U-Net architecture simulation was 
used to create an accurate 3D LIB electrode image taking into 
account the electrode particles (active particles and binder) and 
the pore phases. The originated database and further improve-
ment of this database by the scientific community will allow to 
further improve electrodes.[41]

ML simulation have been applied to study the separator 
structures of LIBs. The prediction of the mechanical behavior 
of the separators was studied by combining FEA and ML strate-
gies. The proposed method shows that applying a unidirectional 
force during mechanical stress allows to predict the growth of 

Figure 5. The three workflow cycles of battery research: experimental discovery cycle for batteries, computation model cycle, and ML learning cycle.
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the voids, important to understand the failure mechanism of 
thermal runaway of the battery when subjected to an external 
force.[42] ML has been also applied to the optical inspection of 
the separators, preventing in this way structure defects. The 
objective is to distinguish between defect classes as non-quality 
optical effects and faults.[43]

Within the scope of the development of liquid and solid 
electrolytes, studies have been increasingly carried out with 
the application of ML methods in order to predict coordina-
tion energies and melting temperatures of solvent molecules 
(Figure  6b),[44] predict the diffusion barrier of lithium ions 
from a set of compositions,[45] prediction of the ionic conduc-
tivity of nanocomposite polymer electrolyte systems (PEO-
LiPF6-EC-CNT),[46] prediction of the transport characteristics 
of lithium-ions and identification of the descriptors that are 
responsible for the high conductivity of lithium-ions in garnet-
structured oxides,[47] evaluation of possible reactions and ther-
modynamic stability of Li|Li7La3Zr2O12 (LLZOM, M = dopant) 
interfaces under various chemical conditions,[48] prediction of 
the low-temperature ionic conductivity of a large variety (72) 
of compounds,[49] reproduction of 3D electrode structures 

(Figure  6c),[50] and effect of electrolyte channel geometrical 
parameters,[51] among others.

With respect to overall battery performance, ML methods 
have been applied to predict the lifespan of batteries and to 
monitor the state of health of lithium-ion batteries, accurately 
predicting the state of charge (SOC), state of health (SOH), and 
remaining useful life (RUL) parameters and allowing to imple-
ment intelligent battery management system (BMs). As an 
example, a set of ML algorithms such as DT have been imple-
mented to analyze battery lifespan (Figure  6d).[52] A powerful 
ML-based tool has been also proposed to develop safety enve-
lopes for lithium-ion pouch battery cells.[53] Regarding the pre-
diction of battery performance, a model based on the Extreme 
Learning Machine (ELM) method was proposed to predict the 
evolution of battery temperature, voltage, and power.[54] Fur-
ther, some studies have faced the challenge of developing linear 
models that accurately predict the cycle life of commercial 
lithium iron phosphate (LFP)/graphite cells.[55] Also, a multik-
ernel support vector machine (MSVM) model based on poly-
nomial and radial kernel functions was proposed to predict the 
battery remaining useful life (RUL).[56] In order to obtain more 

Figure 6. a) Predicted cathode volume changes for partial least squares as a function of ab initio-derived, where the data from LiX2O4 spinel is rep-
resented by blue circles and LiXO2 layer structure by red diamonds. Reproduced with permission.[36] Copyright 2017, Elsevier. b) Weight diagram of 
descriptors obtained from the top 25 combinations of descriptors, for the melting point prediction. Reproduced under the terms of the CC BY 3.0 
license.[44] Copyright 2018, The authors, published by Royal society of chemistry. c) Periodic microstructure generated for Li-ion cathode (left) and SOFC 
anode (right) with flux maps generated from steady-state diffusion simulations in TauFactor. Reproduced under the terms of the CC BY license.[50] 
Copyright 2020, The authors, published by Springer Nature. d) Prediction accuracy comparison between the different ML algorithms calculated from 
the same data. Reproduced with permission.[52] Copyright 2019, John Wiley and Sons.
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accurate diagnoses of the state of the batteries, ML methods 
have been applied to obtain accurate predictions and moni-
toring of the SOC, SOH, and RUL parameters of lithium-ion 
batteries.[57]

FEM-assisted ML is still in the implementation phase and 
the main objective is the prediction of the operation of the bat-
teries. Thus, the computational simulation of energy storage 
systems will allow to predict battery performance before assem-
bling the prototypes in a laboratory environment, reducing 
costs in terms of material and time.

The first electrochemical model was proposed[58] in the 90’s 
by Doyle/Fuller/Newman and describes the physicochemical 
phenomena that occur during the charge/discharge behavior 
of a battery (equations provided in Table  1). From its original 
proposal, this model has been modified by several authors to 
include in detail all the processes that describe battery opera-
tion, taking into account the innovations in materials and the 
understanding of specific effects, such as the ones at the inter-
faces. The model is based on ordinary and partial differential 
equations, and the FEM is one of the most used methods for its 
numerical resolution. In addition, its resolution has been opti-
mized through computational efficiency.[10b]

During the development steps of computer simulations, it 
is essential to define the dimension of the lithium-ion battery 
model (1D, 2D, or 3D) to be applied, as shown in Figure 7. The 
selection of the model dimension will depend on the study that 
is intended to be implemented, as well as the optimization of 
computational efficiency.

When it is only intended to evaluate and measure the gradi-
ents of the physical and electrochemical variables along the car-
tesian axis of xx, the 1D model of the battery is implemented. 
The battery components (electrodes, separator, and current 

collectors) are represented by a line, as shown in Figure 7a. As 
demonstrated in Figure 7b, when 2D models of the batteries are 
applied, the respective components are represented by planes 
and the gradients of the physical and electrochemical variables 
along two cartesian axis (xx and yy axis) will be measured. In 
the 3D battery representation, its components are represented 
by volumes, allowing the measurement of the gradients of 
physical and electrochemical variables in the three Cartesian 
axis (xx, yy, and zz axis), as shown in Figure  7c. In summary, 
the battery model dimension will be implemented considering 
the optimization study which is intended to be carried out and 
the cost / computational resources associated with computa-
tional efficiency.[10b]

2.2. Computer Simulations Applied to Lithium-Ion Batteries at 

the Macro and Micro-Scales

As described in the previous subchapter, the Doyle/Fuller/
Newman electrochemical model[58] was the first theoretical 
model to describe battery operation, being nowadays still the 
main model used in the field. It includes a large variety of rel-
evant parameters, allowing a large diversity of simulations, as 
shown in Figure 8, depending on the main purpose of the spe-
cific simulation. Figure 8 also shows some of the most relevant 
simulation parameters, including geometrical ones, electrode-
specific characteristics, or separator/electrolytes, among others.

The theoretical models have been developed as a conse-
quence of the need to evaluate different materials for the dif-
ferent battery components (active materials, polymers, and 
electrolytes). Further, the influence of battery geometry on its 
performance and the study of the thermal, mechanical, and 

Figure 7. Representation of the a) 1D, b) 2D, and c) 3D battery model dimensions.

Adv. Energy Mater. 2023, 13, 2203874
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magnetic behavior of a battery has been explored throughout its 
operating process. After the development of the Doyle/Fuller/
Newman electrochemical model, a large number of simulation 
studies were developed. Thus, the deposition of lithium ions 
at the cathode was studied using different geometries (length 
of the electrolyte with respect to the electrodes and the length 
of the cathode with respect to the anode), demonstrating the 
impact of the concentration gradients of lithium within elec-
trodes on electrolytic current distributions, that in turn depend 
on the cell charge level[59] The influence of the electrodes and 
separator dimensions in the generation of overpotential at the 
electrode edges was demonstrated,[60] as well as the effect of the 
porosity of the electrodes[7] and the separator on battery perfor-
mance, the latter being optimized for a degree of porosity above 
50%.[61] The effect of active material particle size on the perfor-
mance and degradation of batteries was addressed, showing 
that the main effect of larger particles is to lead to longer dif-
fusion paths.[62] The porosity of the electrodes also influences 
the capacity fade in lithium-ion batteries, based on its effect on 
both reversible intercalation processes and irreversible parasitic 
reaction.[63] The pore structure of the electrodes also leads to 
variations of the local tortuosity and Bruggeman coefficient, 
which in turn leads to variations in the mass transfer.[64,65] A 
better understanding of the effect of ion conduction and diffu-
sion phenomena in the electrodes[66] and in the separators[65,67] 
on battery performance has been achieved allowing the deter-
mination of the best geometries for the different battery com-
ponents. Studies also have focus on the relevant issue of elec-
trolyte deterioration, for example in Li-air batteries, which leads 
to a decrease of the discharge capacity as a function of cycle 
number due to the irreversible formation of Li2CO3 discharge 
products.[68] Finally, the calculation of discharge overpotential 
distributions allows to analyze the contributors to resistance 
in the anode, cathode, and separator regions, as a function of 
thickness increase, showing that the main overpotential con-

tribution shift from interfacial to ionic, with both originating 
from the electrodes.[69]

With respect to the influence of materials characteristics 
on the performance of the different battery components (elec-
trodes, separator, and electrolyte), different porous active 
materials have been used for the electrodes[64b,66e,70] and dif-
ferent polymer materials,[71] separator thickness,[72] electrolytes 
of different chemical nature,[66a] and lithium-ion concentra-
tions within the electrolytes[7] for the separators. Also, a large 
relevance has been attributed to the influence of the battery 
geo metry on its performance. In particular, the simulation 
of  different battery geometries contributed to a performance 
increase at different discharge rates,[73] the interdigitated geom-
etry being the most studied geometric configuration.[74]

With the emergence and increasing implementation of lith-
ium-ion batteries for electric and hybrid vehicles and energy 
harvesting systems, simulations have been performed at dif-
ferent thermal conditions, mechanical pressures, and external 
magnetic fields. The electrochemical model coupled to the 
thermal model allowed to study the influence of different 
thermal conditions on battery performance,[8a,d] evaluating the 
different sources of heat produced by the batteries along their 
charge and discharge processes,[75] as well as the evolution of 
internal temperature and battery capacity when subjected to dif-
ferent external temperatures.[76] The optimization of the battery 
geometry allowed for improving the heat dissipation efficiency 
and controlling the temperatures reached by the battery during 
its charging and discharging processes, evaluating its impact on 
the degradation of the materials of its components.[77] Mechan-
ical models have been used to study the battery performance 
when subjected to external mechanical pressures.[78] Likewise, 
internal mechanical pressure values generated by the battery 
during its operating cycles[79] were obtained. Recently, studies 
have emerged on the influence of external magnetic fields on 
battery performance.[80]

Figure 8. Effects that have been evaluated through the theoretical simulation of lithium-ion batteries.
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Furthermore, in order to replace conventional liquid  
electrolytes with solid polymer electrolytes (SPEs), computer 
simulations play an important role to reach the next gen-
eration of more efficient and safer solid-state lithium-ion  
batteries.[9]

3. Battery Separators: Main Role and Relevant 
Properties

An important component in battery devices is the separator, 
placed between electrodes, and for lithium-ion batteries, acts as 
the lithium-ion transfer medium between the electrodes, while 
providing mechanical stability, thermal resistance, and avoiding 
short-circuit of the battery.[81] There are different types of sepa-
rators, including microporous membranes, nonwoven films, 
electrospun membranes, membrane with surface modifica-
tions, composites, and polymer blends.[82]

The most used separators rely on a porous membrane wetted 
by an electrolyte solution,[67] which consists of non-aqueous 
solvents with high dielectric constant (ε), low viscosity (η) and 
that are in a liquid state in the battery temperature range.[83] 
Figure 9 shows the main characteristics of the separator divided 
by structural and chemical.

The thermal stability of the separator is critical for the migra-
tion of ions in LIBs and to keep stable the separator mor-
phology, as dimensional variations by compression decrease 
the ion transport channels and their migration, decreasing the 
value of the discharge capacity.[84]

Separators are typically manufactured based on polymer 
materials, the most used being polyethylene (PE), polypro-
pylene (PP), polyvinyl chloride (PVC)), and polyvinylidene 
fluoride (PVDF) and co-polymers and different processing 
techniques such as wet processes and dry processes such as 
extrusion,[85] electrospinning,[86] nonwoven techniques,[87] 
atomic layer deposition,[88] solvent casting with thermally 
induced phase separation,[89] and non-solvent phase separation 
processes (NIPS),[90] among others[91] where its surface can be 
modified by plasma treatment.[92] The thickness of the separa-
tors typically varies between 25 and 40 μm, depending on the 
type of battery, they show a degree of porosity larger than 40% 

with an average pore size below 1  μm and are stable at tem-
peratures up to 150  °C. Additionally, to improve the thermal 
and mechanical properties and wettability of the conven-
tional separators based on PE and PP, new separators based 
on covalent organic framework (COF) into poly(arylene ether 
benzimidazole) (OPBI),[93] polyacrylonitrile (PAN) composite 
separators with cellulose acetate and nano-hydroxyapatite,[94] 
PAN with aluminum diethylphosphinate (ADEP),[95] polyimide 
(PI) polymer,[96] PI with polyethylene oxide (PEO) processed 
by electrospinning technique,[97] PI with zirconia (ZrO2),[98] PI 
with graphene,[99] PI with hexagonal boron nitride,[100] PI with 
nano-tiO2,[101] PI with organic montmorillonite (OMMT),[102] 
PEO with para-aramid nanofibers (ANFs),[103] PVDF/SiO2,[104] 
poly(ethylene glycol) diacrylate (PEGDA),[105] polyurethane 
separator coated Al2O3 particles,[89a] and poly(vinyl alcohol) 
with nano architecture halloysite nanotubes (NHNTs) com-
posite separator (OPVA/NHNTs separator,[106] and new coat-
ings of boehmite (γ-AlO(OH)) nanofibers,[107] inorganic oxide 
solid electrolyte layers (Li1.3Al0.3Ti1.7(PO4)3, LATP),[108] SiO2 
with acrylamide (AM),[81a] Ca3(PO4)2 inorganic layer,[91] poly-
imide microsphere,[109] and plasma treatment plus zwitterion 
grafting[110] were developed. Further, it has been also explored 
the replacement of these synthetic polymers by natural poly-
mers such as, natural wood,[111] cellulose,[96,112] silk fibroin,[113] 
silk fibroin with sericin,[114] poly(vinyl alcohol) (PVA),[115] 
lignin,[116] carrageenan,[117] among others.

Furthermore, the development of different separators 
allowing to restrain of Li dendrite growth, such as, gra-
phene oxide onto electrospun polyacrylonitrile (HGO-PAN) 
(Figure 10a).[118] In this work, Li dendrite retain were veri-
fied experimental and theoretically by FEA simulation, where 
the electrostatic field and Li-ion transport were simulated (by 
Nernst-Einstein equation) and confirmed a uniform distribu-
tion of Li-ion flow due to the HGO layer.

An important and widely used separator type relies on 
composites that consist of different filler types, such as, inert 
ceramic and super acid oxides,[119] clays (MMT),[120] mole-
cular sieves,[121] zeolites,[122] and metal–organic frameworks 
(MOFs),[123] among others[124] into the different polymer 
matrix[82b,109] as well as polymer blends (Figure 10b) which are 
the combination of two and/or more different polymers to tailor 
specific properties of the separators: wettability, flame retar-
dancy, mechanical properties, and ionic conductivity, among 
others.[82b,c,125] Currently, one of the most explored fillers in 
composites is MOFs as they add flame-retardant properties to 
the separator membrane.[82e,126]

Thus, composite separator membranes based on 
poly(vinylidene fluoride-cohexafluoropropylene) (PVDF-HFP) 
with different MOFs (MOF-808, UiO-66-NH2, and MIL-125) 
show that MOFs also promote lithium migration across the 
separators during the battery operation.[127]

In addition, the conventional electrolyte has been replaced 
by ionic liquids in order to improve battery safety, as in the 
separator electrospun membranes of polyhedral oligomeric 
silsesquioxane (POSS)/polyvinylidene fluoride (PVDF).[127] 
As previously mentioned, the separator plays an impor-
tant role in the overall battery performance, with simulation  
studies being required both at the structural and chemical 
levels.

Figure 9. Main characteristics of the battery separators for lithium-ion 
batteries.
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3.1. Theoretical Simulation of Battery Separators

The simulation of the main properties of battery separators 
has been typically performed at a structural (macro-scale) and 
chemical (lithium-transport time scale in seconds). MD has 
been widely used to study the different types of electrolytes in 
order to evaluate the solvation process, strongly dependent on 
both the salt and solvent, the Li+ diffusion, and the existing 
chemical reactions[128] as well as on the thermal properties 
linked to the ionic transport.[129] Furthermore, molecular scale 
simulations have been also performed with different electro-
lyte solvents such as ethylene carbonate (EC), dimethyl car-
bonate (DMC), and EC+DMC for cellulose lignin separator 
structure. It was verified that lignin positively affects the sepa-
rator structure probably due to new hydrogen bonds created 
between cellulose and lignin molecules.[130] MD simulation on  
polyacrylic acid (PAA) has shown that the thermal conduc-
tivity of the separator increases with increasing polymer chain 
length elongation.[131] Also, discrete atomistic models at the 
molecular level, allowed to analyze the microstructure of the 
separator under different conditions such as in DMC, water, 
and vacuum, where the mechanical response depends on the 
interaction of the amorphous phase with the solvent. It was 
observed that the DMC solvent decreases the mechanical prop-
erties since it can penetrate the amorphous nanofiber against 
the water solvent which increases Young’s modulus through 

the squeezing of the amorphous phase due to repulsive 
interactions.[132]

It has been shown that a decrease in electrolyte conductivity 
is related to changes in the microviscosity of the electrolyte 
near the separator surface, which restricts the mobility of ions 
in the separator pores. Thus, the interactions between the ions  
in the electrolyte solution and the separator membrane can be 
tailored, as it depends on the structural and chemical proper-
ties of the separator.[133] On the other hand, through the FEM 
simulation, it was demonstrated that the separator surface 
chemistry interactions with solvent molecules and ions of the 
electrolyte increase the degree of ion pair dissociation and  
consequently enable faster ionic transport, increasing the lith-
ium-ion transference numbers.[134]

In the scope of concentrated binary electrolyte within porous 
separators, ion transport simulations show that long-term relax-
ation experiments in a two-electrode cell are the most reliable 
method to determine the concentration.[135]

To study the performance of ionic liquid-based lithium bat-
teries by atomistic simulation, a mathematical model was 
developed to describe their transport of the ionic components. 
Mutual diffusion phenomena using Maxwell–Stefan diffusivi-
ties allow to describe the transport of lithium ions, leading to 
a correlation between the porosity and length of the separator, 
the low rate transport causing a lithium depletion zone in the 
regions of the porous cathode.[136]

Figure 10. a) Simulation study of Li+ distributions through PAN separator and HGO-PAN composite separator. Reproduced with permission.[118]  
Copyright 2022, Elsevier. b) Electrolyte state and lithium-ion transport paths with the corresponding SEM images for a PI/PAN/PI separator. Repro-
duced with permission.[125] Copyright 2022, Elsevier.
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The ionic transport in Li-ion battery liquid electrolytes (1.5 m 
LiPF6) within a perforated separator has been studied by a FEM 
using the Nernst-Planck equation, the concentration gradients 

in 3D being shown in Figure 11a,b, 100 s after the current has 
been switched on (A) and under steady-state (B) to assess the 
diffusion and migration overpotentials.[137]

Figure 11. Development of the ionic concentration distribution in the electrolyte layer with inserted separator. a) Corresponds to 100 s after applying a 
constant current, b) corresponds to the steady-state. The applied current is 0.72 A. Reproduced with permission.[137] Copyright 2012, Elsevier. c) Con-
centration profiles and d) concentration density maps from steady-state Fickian diffusion simulations across the through-plane direction of artificially 
generated and recorded datasets of 3 μm edge length with a concentration difference of ≈50 mm between top (1.25 m) and bottom (1.20 m). Reproduced 
with permission.[138] Copyright 2018, Royal society of chemistry.
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Figure  11a,b shows that Li+ ions start to accumulate at one 
side of the obstacle, resulting in steep concentration gradients 
in the vicinity of the pore opening which depends on the pore 
size. In the perforated separator, the ionic mobility and trans-
port depend on the pore shape.[137]

The electrolyte filling of the separator is a critical parameter 
to obtain high battery performance and in an experimental and 
simulation/theoretical work for a polyethylene (PE) separator, 
it has been observed that it can be up to 30% gas entrapment 
upon infilling the separator due to its geometry, which results 
in a reduction of effective transport by > 40%. Furthermore, 
it was found that the electrolyte properties, such as viscosity, 
affect the infilling process, with high viscosity leading to high 
values of trapped gas and consequently decreasing the ionic 
conductivity value.[139]

Through numerical diffusion simulation, the effect of the 
topological parameters and node structure of commercial sep-
arators (PE and PP) with comparable porosity, tortuosity, and 
effective transport was evaluated, and the high connectivity of 
the pores of the PE separators enabling ion gradients at the 
top of the separator (Figure  11c,d). In this work, it was dem-
onstrated the role of connectivity density for the homogeniza-
tion of the ion concentration, through the microstructure of the 
separators.[138]

The optimization of the separator properties by FEM com-
puter simulations is key for optimizing performance. The 
optimal value of the degree of porosity of a separator has been 
established to be above 50% and the thickness should range 
between 1 and 32 μm for improved battery performance inde-
pendently of scan rate,[61] in order to assure also the mechanical 
stability of the battery.[140]

Considering that additive manufacturing, photolithography, 
and replica molding techniques methods allow to achieve  
different morphologies, the effect of different types of micropat-
terned separators (arrays of hexagons, lines, zig-zags, and pil-
lars) on battery performance was also evaluated by theoretical 
simulations through the electrochemical model based on the 
Newman/Doyle/Fuller equations as shown in Figure 12.[141]

It was demonstrated that the high ionic current density of 
patterned microstructures is attributed to a better diffusion of 
the ions in the separator channels that affects the ionic conduc-
tivity value and lithium-ion transference number.[141]

Furthermore, considering the advantage of patterned micro-
structures to improve battery performance, separators with tai-
lored pillar diameter, height, and bulk thickness were analyzed 
by experimental and theoretical simulations using FEM. It was 
observed that the parameter with the greatest influence on bat-
tery performance is the bulk thickness of the separator.[142] The 
effect of polymer electrolytes into 3D-Microbatteries was evalu-
ated through simulations based on a fully coupled 3D thermal-
electrochemical model and it was demonstrated that the sepa-
rator plays an important role in the associated heat generation. 
Thus, the higher heat sources appear near the regions with 
more active charge transfer processes and the generated heat 
can be mitigated by using a more diffusive electrolyte system 
that is important for thermal management.[143] Porous anodic 
aluminum oxide (AAO) has been studied as a separator by 
computer-aided simulation modeling by FEM method, showing 
improved performance with respect to electrolyte current path-

ways when compared with PP separators. This new separator 
allows to suppress the Li dendrite formation due to the porous 
framework and low tortuosity, leading to improved battery 
performance.[144]

Another relevant parameter that affects battery performance 
is the mechanical properties of the separator. It has been dem-
onstrated by computer simulations based on a macro-scale 
model in pouch lithium-ion cells that the maximum stress 
in the separator always emerged at its inner side, when the 
lithium-ion battery is fully charged, the rest of the separator 
being in a relatively low and stable stress state. These simula-
tions demonstrate that the local strain and stress in the sepa-
rator membrane decreased with increasing temperature.[145] 
The nested finite element (FE2) multiscale framework has been 
employed to investigate the ionic transport in porous battery 
cell separators during (dis)charge processes. From the micro-
scale solution, homogenized fluxes and their dependence on 
the downscaled macroscale variables have been upscaled, dem-
onstrating the drawbacks associated with currently accepted 
procedures, leading in some cases to severe variations in the 
prediction of field quantities.[146]

The stress analysis of polymeric separators in a lithium-
ion battery was performed using different softwares such as 
Comsol[147] or LS-Dyna.[148] The simulations with a meso-scale 
representative volume element (RVE) reveal that the stress in 
the separator varies in phase with the battery cycles, its state, 
and magnitude depending upon Young’s modulus of the sepa-
rator, electrode particle size, packing, and the pressure of the 
cell. Also, it was observed that particles of the electrodes with 
a loose packing pattern show a tendency to result in tensile 
stresses in the separator.[147a]

The effect of mechanical stresses arising on SPEs on the 
electrochemical performance of lithium-ion (Li-ion) solid-state 
batteries has been studied showing non-uniform ionic con-
centration profiles developing during the discharge process 
that induce stresses and deformations within the SPE. Those 
stresses have been observed to induce ionic redistribution that 
favors ion transport and increases cell conductivity—up to 
15%.[149]

Commercial separators are based on polyethylene (PE) and 
polypropylene (PP) materials and in this experimental work 
the effect of compressive deformation on their microstructure 
was analyzed, showing that deformation affects more negatively 
PE separators than PP ones. Figure  13a shows the ion trans-
port paths remaining connected under compressive loads in 
both in-plane and in-plane directions for both separator types, 
being observed that the separator structure has an important 
role in its mechanical robustness and prevention of battery 
degradation.[150]

Furthermore, for commercial separators (PE and PP), a 3D 
microstructure model was developed to predict the mechanical 
behaviors of the anisotropic battery separator and was used 
to correlate the experimental and theoretical data obtained by 
FEM analysis.[152] It has been shown that large strain and pore 
size in the strain bands can be a potential risk for battery safety 
issues such as thermal runaway.[152]

Furthermore, the effect of compression on lithium-ion bat-
tery separators in different multiscale studies was evaluated at 
different compression ratios (CRs).
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It was observed that the CR affects the mechanical properties 
and performance of the battery from the microscale to the mac-
roscale. Thus, at CR = 40%, the ionic conductivity decreased by 
87.5% leading to a decrease in battery performance.[123b]

High pressure has been also introduced in the electrochem-
ical-mechanical model for studying the compressibility and 
ionic conductivity of the polyethylene separator. It was shown 
that the ionic conductivity decreases in the porous structure, 
the intercalation and deintercalation at the separator interfaces 
of the electrodes become more accelerated, and therefore, the Li 
concentration gradient within the electrodes increases with pres-
sure and enhances the Li deposition on the electrode surface 
during the charging behavior, resulting in the aging process.[153]

Inhibition of lithium dendrites can be also controlled by the 
separator. The effect of separator pore size in lithium dendrite 
growth has been evaluated by the phase field method (PFM) 

and fifth regimes of dendrites growth were verified, as shown 
in Figure 13b, serving as a guideline to design improved sepa-
rators. Dendrites growth depends on the separator chemistry, 
morphology, and transport properties.[151]

The dendrite growth in separators has been also addressed by 
phase-field simulations as a function of pore size showing that 
separators with smaller pore sizes are beneficial to smoother elec-
trodeposition.[154] Further, it has been also demonstrated that tor-
tuosity significantly affects the growth rate of dendrites, resulting 
in a shorter lifetime in the battery. Also, it was observed that the 
different dendrite growth rates are related to the degree of hetero-
geneity of the separator with same bulk physical properties.[155]

In addition, a nano-shield (NS) protected separator has been 
developed by coating SiO2 nanoparticles, the FEM theoretical 
simulations, and experiments demonstrate that the NS sup-
presses Li dendrites growth because of the formed narrow 

Figure 12. Discharge capacity a) for batteries with different separators at 50C-rate and b) for each battery for all C-rates. Color mapping of ionic cur-
rent density for c) conventional, d) pillar, and e) zig-zag separators. f) Electrolyte current density across a line for each separator. Reproduced with 
permission.[141] Copyright 2019, Elsevier.
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channel and mitigates short-circuiting by the reduction of the 
voltage intensity due to surface effects.[156]

In conclusion, the separator plays an essential role in 
improving battery performance and its proper selection, design, 
and interaction with the electrolyte solution provide improved 
ion transport paths between the electrodes.

4. Conclusions

Lithium-ion battery technology has strongly supported modern 
technology development by powering small portable and elec-
tronic devices and, more recently, electric vehicles. Lithium-ion 
batteries already represent a reliable and widely used energy 
storage system, where their functioning/behavior at different 
levels is described by fundamental laws of physics such as, 
mass transport, electromagnetism, and thermodynamics.

The performance of Li-ion batteries must be nevertheless 
further improved in terms of energy and power density, by 
relying on a deeper understanding of their operation princi-
ples. In this scope, theoretical simulation at different levels is 
playing an increasing role in designing, optimizing, and pre-
dicting battery performance.

The theoretical simulation of the battery at different levels 
from the sub-atomic (nano) scale to the macro-scale allows the 
selection, optimization, and prediction of different properties 
including the selection and amounts of active material in the elec-
trodes, geometrical effects, or properties of the separator mem-
branes, the performance of each component being described 
through the different equations that govern its functioning.

In lithium-ion batteries, the battery separator is an important 
component that affects their behavior, being within the scope 
of recent theoretical simulation works focusing on separator 
parameters such as morphology, ion transport, mechanical 
properties, and dendrites growth.

The perspectives for further theoretical works on battery sep-
arators are focused on the effect of the interface with the elec-
trodes, ion concentration gradients, and varying morphologies 
to prevent dendrites growth, among others.

Considering the recent works for this component, it results 
evident that more theoretical works are still needed addressing 
the former issues, supported by the increasing number of avail-
able data and ML algorithms.

Theoretical simulation will allow a decrease in resources 
and time consumption in next-generation battery development, 
leading to a more sustainable and rapid evolution of energy 
storage systems. Theoretical simulation will thus play a central 
role in the selection of materials, improving the safety and per-
formance of the new generation of lithium-ion batteries with a 
focus on sustainability.

Future battery science and engineering should foster interdis-
ciplinary collaboration allowing to overcome the current issues on 
battery development and properly address one of the global prob-
lems of our time in the scope of energy transition and sustainability.
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