
  

  

Abstract—The properties and chemical composition of the 

solid-electrolyte-interface (SEI) layer have been a subject of 

intense research due to their importance in the safety, capacity 

fade, and cycle life of Li-ion secondary batteries. Kinetic Monte 

Carlo (KMC) simulation is applied to explore the formation of 

the passive SEI layer in the tangential direction of the lithium-

ion intercalation in a graphite anode. The simulations are 

found to consistent with observations in the literature that the 

active surface coverage decreases with time slowly in the initial 

stages of the battery operation, and then decreases rapidly. The 

effects of operating parameters such as the exchange current 

density and temperature on the formation of the passive SEI 

layer are investigated. The active surface coverage at the end of 

each charging cycle was initially lower at higher temperature, 

but remained constant for more cycles. The temperature that 

optimizes the active surface in a lithium-ion battery at Cycle 1 

can result in less active surface area for most of the battery life. 

I. INTRODUCTION 

echargeable lithium-ion batteries have been extensively 

used in mobile communication and portable instruments 

due to their high volumetric and gravimetric energy 

density and low self-discharge rate. The lithium-ion battery 

is also promising for electric (plug-in and hybrid) vehicles 

and stationary energy storage applications, which has 

motivated many scientists and engineers to work towards 

developing lithium-ion batteries with improved performance 

and longer life. 

The principal components of a typical lithium-ion battery 

are a carbonaceous anode, an organic electrolyte, and a 

transition metal-oxide cathode (such as LiCoO2, LiMn2O4, 

or LiNiO2). When a carbon electrode in a non-aqueous 
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electrolyte is charged for the first time from the open-circuit 

potential, lithium ions are intercalated into a carbon 

structure. Along with Li-ion intercalation, other (electro) 

chemical reactions such as decomposition of the electrolyte 

and the formation of a surface layer occur. This surface layer 

is often referred as the solid-electrolyte-interface (SEI) layer. 

The properties and chemical composition of the SEI layer 

have been a subject of intense research due to its importance 

in the safety, capacity fade, and the life cycle of Li-ion 

secondary batteries. 

The SEI layer is a key element of Li-ion batteries and acts 

as a safety feature by maintaining a protective barrier 

between the negative electrode and the electrolyte. The SEI 

layer, which forms mainly in the first cycle of charging, 

should be thin, porous, and stable to provide a barrier 

between the electrolyte and electrode while allowing the 

passage of lithium ions. During the life of the battery, the 

battery may be subjected to unwanted conditions such as 

overcharging, fragmenting, and short-circuiting, which leads 

to the formation of byproducts. These byproducts plate the 

pores in the SEI layer and increase its thickness, creating a 

passive SEI layer, which results in increasing the resistance 

to the intercalation/deintercalation of lithium ions and in turn 

results in reducing the capacity of the battery. These 

phenomena can increase temperature and lead to thermal 

runaway. The SEI layer should be highly ion-conductive to 

reduce overvoltage, while being mechanically stable and 

flexible. These objectives require a thin but stable SEI layer 

that will not deteriorate or substantially change its 

composition or morphology with time and temperature 

during cycling and storage. Understanding the mechanisms 

of formation, growth, and reduction of the passive SEI layer 

could be valuable if applied to design lithium-ion batteries 

with increased cyclability, safety, and life. 

To understand the importance of capacity fade in a 

lithium-ion secondary battery system, significant efforts 

have been devoted to the development of mathematical 

models that describe the discharge behavior and formation 

of the active and passive SEI layers. The majority of these 

models are empirical or semi-empirical [1],[2] which 

strongly depend on various empirical parameters fit to 

experimental data with limited predictive capability.  Stamps 

et al. [3] proposed a hybrid estimation algorithm for 

analyzing capacity fade based on the assumption that 

parameters in a simple diffusion model drift slowly in 

between cycles; the model ignored limitations in the 

electrolyte phase. Arora et al. [4] simulated capacity fade by 

considering the lithium deposition as a side reaction during 
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over-charge conditions and extended this modeling concept 

for increasing thickness of the surface film with cycling. 

Ramadass et al. [5] presented a semi-empirical model for 

capacity fade that included the state of charge, solid-phase 

diffusion coefficient, and film resistance as a function of 

cycle number. Capacity fade was estimated by either 

accounting for active material loss, by adjusting the state of 

charge of the limiting electrode, or rate capacity loss, using 

an effective diffusion coefficient [6]. Ramadass et al. [7] 

studied capacity fade for spinel-based lithium-ion batteries 

through incorporation of side reaction mechanisms in the 

lithium-ion intercalation model. Their model assumed that 

the loss of the active materials with continuous cycling was 

attributed to a continuous film formation over the surface of 

the negative electrode. The model indicated that, over time, 

the active SEI layer becomes stable while resistance 

increases due to formation of the passive SEI layer. Ploehn 

et al. [8] presented a first-principles model of solvent 

diffusion describing the growth of a passive SEI layer. The 

model assumes that solvent reduction produces an insoluble 

product that contributes to the growth of a passive SEI layer. 

Their results indicate that the passive SEI layer thickness 

increases with the square root of time. Their findings suggest 

that the initial formation of a 10-100 nm thick passive SEI 

layer can accompany a 10-20% initial capacity loss. Zhang 

and White [9] considered the major mechanisms for capacity 

fade to be the loss of lithium ions by film formation and loss 

of active material in the cathode.  

Bhattacharya and Van der Ven [10] performed a first-

principles investigation of the concentration-dependent Li-

diffusion coefficient in spinel Li1+xTi2O4 using the Kinetic 

Monte Carlo (KMC) simulation model proposed by Bortz et 

al. [11] They concluded that the octahedral sites are 

activated states for Li hops between neighboring tetrahedral 

sites for low lithium concentration, and that the migration 

barrier decreased with increased lithium concentration. The 

authors also provided insights into the effect of 

crystallographic features in spinel and layered intercalation 

compounds on Li mobility. First-principles investigations of 

lithium diffusion within the layer form of LixCoO2 were 

explored by Van der Ven and Cedar [12]. KMC simulation 

was used for predicting the lithium diffusion through a 

deviancy mechanism for low to high concentration of 

lithium with isolated vacancy dilution. They concluded that 

migration to the adjacent vacant octahedral sites is governed 

by a divacancy mechanism and the migration path of this 

mechanism passes through a tetrahedral site. They also 

concluded that the activation barrier associated with the 

divacancy hop mechanism increases with decreasing 

concentration of lithium. Van der Ven et al. [13] studied 

diffusion of Li in LixTiS2 for various lithium-ion 

concentrations using a mixed-basis cluster expansion 

approach. They analyzed the collective transport in 

concentrated intercalation compounds using atomic-scale 

energies to parameterize the cluster expansion Hamiltonian 

function, which then was used in thermodynamic and kinetic 

(Monte Carlo) simulations. They used the Monte Carlo 

algorithm proposed by Bortz et al. [11] with 12×12×12 Li 

sites. The Monte Carlo simulation used 1000 passes, where 

each pass corresponded to as many Li hops as there are Li 

sites. They postulated that the migration barriers for Li hops 

are very sensitive to the local environment with a lower 

migration barrier occurring when Li hops into a divacancy as 

opposed to an isolated Li vacancy. Wagemaker et al. [14] 

studied the thermodynamic and structural properties of 

LixTiO2 spinel using a cluster expansion based on pseudo-

potential ground-state energy calculations in the generalized 

gradient approximation. Monte Carlo simulation was used to 

predict the configuration space and predict thermodynamic 

quantities. Their Monte Carlo cell contained 10,368 Li sites 

with 6000 Monte Carlo passes per lattice site for each 

chemical potential and temperature step.  

The contribution of this paper, compared to published 

Monte Carlo simulations, is that surface heterogeneity is 

explicitly addressed. This enables an exploration of passive 

SEI layer formation and capacity fade. Many mathematical 

models in the literature attempt to predict capacity fade 

caused by growth of the passive SEI layer in one direction, 

along the intercalation of Li ions. These models are not able 

to predict growth and formation of the passive SEI layer 

across the surface of the electrode particles (along the 

surface of the interface of the electrode and electrolyte) (see 

Fig. 1). It is reported in literature that the formation and 

growth of the passive SEI layer takes place around the 

electrode particle while intercalating Li
+
 in the electrode 

particles [15]. The effect of increasing the passive SEI layer 

thickness along the direction of the intercalation/ 

deintercalation will negligibly affect the performance of the 

battery as compared with increasing coverage across the 

surface of the interface. Continuum models do not account 

for this surface heterogeneity, which is explored in this 

paper using Kinetic Monte Carlo (KMC) simulation. 

The objective of this paper is to apply KMC simulation to 

investigate the formation and growth of the passive SEI 

layer, especially in the area tangential to the surface of the 

anode during charging and discharging cycles of lithium-ion 

battery. The thickness of the passive SEI layer is affected by 

many mechanisms such as byproduct formation, thermal 

runaway, and stresses in the electrodes. This paper considers 

the side reaction mechanism for the formation of passive SEI 

layer. The growth of the passive SEI layer is on the order of 

 

Fig. 1: Schematic representation of the multiple processes in a lithium-ion 

battery and the SEI layer formation at the electrode/electrolyte interface. 

a few nanometers at the anode, and irreversible capacity 

losses due to side reactions occurs at the molecular level and 

are responsible for the nonidealities in the behavior of 

lithium-ion batteries. Hence, formation and growth of the 

passive SEI layer is best modeled with molecular 
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simulations, making KMC a more appropriate simulation 

method than continuum approaches. 

II. KINETIC MONTE CARLO (KMC) MODEL 

In general, it is assumed that the Li-ions generated by the 

electrochemical reaction will move from anode to cathode or 

vice versa, depending on discharge or charge mode given as  
Discharge

2 2

Charge

CoO Li e LiCoO
+ −

+ + ⇌  at Cathode        (1) 

Discharge

6 6

Charge

LiC Li e C
+ −

+ +⇌  at Anode       (2) 

When the Li-ion reacts with the particles of the electrode in 

charging mode, the formation of undesired product occurs 

according to a side reaction such as (S = Surface) 

                    S 2Li 2e P
+ −

+ + →         (3) 

The undesired product (P) contributes to either increasing 

the thickness of the passive SEI layer or blocking the pores 

of the existing stable active porous SEI layer, which 

increases the internal resistance and decreases the rate of 

intercalation/deintercalation, leading to capacity fade.  

KMC is used to simulate the phenomena that take place 

on the surface of the interface of the battery during the 

charging cycles. The paper considers a single electrode 

surface (negative electrode) and phenomena such as 

adsorption, desorption, surface diffusion, and formation of 

passive material that blocks the pores of the active SEI layer 

and increase the thickness of the passive SEI layer. 

Desorption and surface diffusion is related with stable and 

porous active SEI layer whereas adsorption and formation of 

passive materials are related with growth of the passive SEI 

layer. Formation and growth of the passive SEI layer is 

considered as a side reaction represented using the Bulter-

Volmer equation. This equation considers the mechanisms 

of forward and backward reactions [7]. Lithium ions are 

intercalated on the anode surface during the charging mode 

of the battery. This phenomenon can be viewed as the 

adsorption and formation of passive materials over the 

electrode surface in the electrochemical reaction. 

Deintercalation takes place at the anode during discharging 

of the battery. This phenomenon can be viewed as 

desorption of materials from the electrode surface in the 

electrochemical reaction. The rate of diffusion of molecules 

on the surface during electrochemical reactions is modeled 

using a cubic lattice [15]. The intercalation of Li
+
 from 

electrolyte to the electrode can be described by [16] 

Adsorption rate:  
0.5

1 Li
exp( / )K C F RT

+
−α η .    (4) 

The adsorbed Li can intercalate inside or diffuse on the 

electrode surface or form a passive layer (see Fig. 2). The 

liberation of Li from the electrode particle is described by 

[15] 

Desorption rate:  
2 Li

exp ( / )K C F RT
+

α η ,   (5) 

where the nonlinear reaction rate constants K1 and K2 are 

functions of the active surface coverage, θ, and are given by: 

                
1

3 (1 )/
n pn

K k R= − θ ,    
2

3 /
n pn

K k R= θ .         (6) 

The value of kn (electrochemical rate constant typically used 

in a continuum model) is in Table 1 and η is the 

overpotential given by η = V – Un with V being the applied 

voltage with respect to graphite (lower voltages results in a 

faster rate of charge), and the open-circuit potential Un given 

by  

  

0.5 3 1.5
0.7222 0.1387 0.029 0.0172/ 1.9 10 /

0.2808exp(0.9 15 ) 0.7984 exp(0.4465 0.4108)

n
U

−
= + θ + θ − θ + × θ

+ − θ − θ −
 

(7) 

The surface diffusion rate is (1 )/2
D

γ θ − θ and the passive 

SEI layer formation rate is 
3
exp( 0.5 ( 0.4)/ )K F V RT− −  

where 
3 0,

3 /( )
P pn

K i R F=

 

depends on the exchange current 

density 
0,P

i  [15]. The formation of the passive SEI layer is 

assumed to follow Bulter-Volmer kinetics where 
SEI

n
V U− is 

the overpotential for the SEI layer. 

The surface KMC simulation was implemented in which 

the transition rates from one configuration of the lattice sites 

to other configurations were computed from the model in the 

standard way, with acceptable transitions shown in Fig. 2 [7] 

(see Table 1 for the list of parameters). The electrode surface 

was described by a 25×25 molecule mesh for a total of 625 

sites (increasing the lattice size did not change the results 

significantly). Lithium metal formed at a site is assumed to 

intercalate instantaneously. The total number of lithium ions 

was given by the electrolyte concentration (1 M). At each 

KMC step, all possible transitions out of the current 

configuration are considered, along with their corresponding 

transition rates, and the new configuration r is selected that 

satisfies the inequality  

                             

1

0 0

1

0 0

r r

j j

j j

N N

j j

j j

k k

k k

−

= =

= =

≤ χ <

∑ ∑

∑ ∑

               (8)  

where kj is the j
th

 transition rate and χ1 is a uniformly 

distributed random number between zero and one. The 

probability of a transition selected from (8) is proportional to 

its transition rate. The KMC time step is calculated 

according to 
02(ln )/

N

jj
t k

=
∆ = − χ ∑ where χ2 is a uniformly 

distributed random number between zero and one and ∆t is 

the time between transitions, typically ranging from ~10
-9

 s 

for the first step to 0.1 or 1 s for the final time steps [18]. 

The transition to the new configuration r is then executed, 

and the entire process is repeated. This KMC model 

simulates passive SEI layer formation, reduction, and growth 

in lithium-ion secondary batteries including in the 

perpendicular direction of the lithium-ion intercalation 

(tangential to the surface). Molecules of the same type are 

assumed to have an affinity for each other on the surface, 

with the probability of a passive molecule forming on a site 

being twice as high when a passive molecule is at a 

neighboring site. This model is similar to past KMC models 

for electrochemical systems [16,17]. This simulation 

continues until the electrode is fully charged or a time cutoff 
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of 1000 s was reached. The number of KMC steps in each 

simulation depended heavily on the cycle number and the 

buildup of the passive SEI layer, and ranged from several 

hundred to over 10,000 moves per cycle. 

 

Fig. 2: Schematic representation of the phenomena represented in the KMC 

simulations. 

The charging cycle of a lithium-ion battery is assumed 

under constant potential. Simulation under constant current 

operation is computationally more challenging [18], but can 

be implemented using the same KMC model [1]. All 

simulations in this work were implemented in 

Maple/MATLAB with an in-house KMC code using a 

personal computer with a 2.4 GHz processor and 2 GB of 

RAM. The results are obtained for first 100 cycles of 

charging. When starting each charging cycle, the surface is 

filled partially with active and passive atoms of the SEI 

layer. The surface coverage of passive atoms in the SEI layer 

is estimated from the previous cycle of charging and the 

surface coverage of active atoms is estimated using 

Faraday’s law for discharge, which means that all the 

intercalated Lithium comes out during discharge. The kinetic 

parameters and reaction schemes are obtained from 

continuum models and experiments following procedures 

described by Drews et al. [19]. 

This type of data and analysis will help in predicting the 

value of the exchange current density based on the total time 

required for the battery to encounter failure assuming that 

passive layer formation is the cause of failure. The 

simulations were carried out at high applied potential for 

charging (equivalent to high currents). This paper only 

examines a constant potential charging protocol, rather than 

a constant current followed by constant potential protocol. 

The constant potential protocol results in a much higher 

charging rate during the initial seconds of any charging 

cycle, which tapers to zero as the battery becomes fully 

charged. Future work will incorporate a constant current 

charging protocol. Constant potential is easy to implement 

because the same potential is applied for main reaction and 

the side reaction (like two resistors in parallel). However, in 

a constant current charge, a fraction of the applied current 

would drive the main reaction, while the remainder would 

drive the side reaction. Furthermore, this ratio between the 

main and side reaction will change with time and the state of 

charge. Due to the high rates of charging, the time required 

for charging and the simulation time was reduced. Low rates 

of charging would make the KMC simulations 

computationally expensive. However, such high rates of 

charging enhance the rates of both intercalation and de-

intercalation, which results in a high rate of byproduct 

formation. If the byproduct formation rate is high, then the 

surface coverage of the passive SEI layer IS high and 

capacity fade will occur at a faster rate causing the life cycle 

of the battery to be reduced significantly. 

 

III. RESULTS AND DISCUSSION 

For the first charging cycle of the simulation, the active 

surface coverage was observed to increase with time, 

reaching nearly a steady-state value in ~178 s (see Fig. 3a). 

The rate of growth of active surface is high initially and 

slowly decreases. Fig. 3b shows the active surface coverage 

for various charging cycles. The steady-state active surface 

coverage is observed to decrease with increasing cycle 

number. The initial rate of formation of active surface is 

similar in each cycle, with the time to reach the steady state 

decreasing with increasing cycle number. The decrease in 

the active surface coverage is due to formation of atoms of 

the passive SEI layer on the same surface that is in the 

tangential direction to the lithium-ion intercalation. 

The time required for charging decreases with the number 

of cycles (see Fig. 3b) due to the growth of the passive SEI 

layer and the reduced surface area available for the 

electrodeposition of active atoms and reduced capacity. Fig. 

4 more clearly illustrates the dominant dynamics occurring 

during charging. The time scales of variation in the active 

surface coverage range from 0.01 to 100 s. These results 

suggest that the simulation time may be reduced by applying 

a quasi-steady-state assumption and solving the system 

within above mentioned time scales only, which is an 

 

ADSORPTION 

DESORPTION DIFFUSION 

INACTIVE LAYER 

TABLE I 

PARAMETER VALUES USED IN THE KMC SIMULATION 

Symbol Quantity Values 

an 
specific surface area of the  

negative electrode, m2/m3 
723,600 

ctn electrolyte concentration, mol/m3 30,555 

Dsn 
lithium-ion diffusion coefficient  in the 

intercalation of negative electrode, m2/s 
3.9×10-14 

F Faraday’s constant, C/mol 96,487 

io exchange current density, A/m2 1.5×10-9 

kn 

intercalation/deintercalation reaction  

rate constant, mol/(mol/m3)1.5 
5.0307×10-11 

ln thickness of negative electrode, m 8.8×10-5 

R universal gas constant, J/(mol K) 8.314 

Rpn 
radius of  intercalation of negative 

electrode, m 
2×10-6 

T operating temperature, K 303.15 

Un, SEI open-circuit potential of the SEI layer, V 0.4 

V 

applied potential, V, vs. graphite 

(equivalent to 4.2 − 0.001 = 4.199 V for a 

lithium-ion battery with the cathode 

operating at 4.2 V with no limitations) 

0.001 

α symmetry factor for Butler-Volmer eqn. 0.5 

V = volt, s = second, mol = mole, m = meter, A = ampere, J = joule, 

K = kelvin, C = coulomb. 
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approach that has been applied in KMC simulations of other 

electrochemical processes [20]. 

    
Fig. 3: (a) Time variation of the active surface coverage during the first 

charging cycle. (b) Time variation of the active surface coverage for 20, 30, 

40, 50, 60, 70, 80, 90, 97 cycles from top to bottom (green to pink). One 

cycle corresponds to charging and discharge at a very low rate to avoid any 

current limitation (modeled using Faraday’s law). 

 
Fig. 4: (a) Time variation of the final active surface coverage at various 

charging cycles. (b) Time variation of the final SEI surface coverage at 

various charging cycles. 

The active surface coverage at the end of each charging 

cycle is plotted with the number of charging cycles in Fig. 

4a. An interesting observation is that the active surface 

coverage remains constant for the initial ~10 charging 

cycles, that is, the capacity of the lithium-ion battery does 

not fade for the initial cycles of charging. After this initial 

period, the active surface coverage decreases with cycle 

number and the battery capacity reduces with number of 

charging cycles. This behavior is consistent with 

observations of capacity fade in real batteries. It is generally 

observed experimentally that the active surface coverage 

decreases with time slowly in the initial stages of the battery 

operation, and then decreases rapidly [3]-[9]. As a battery 

undergoes several charging and discharging cycles, the 

amount of passive SEI layer on the surface becomes 

substantial, and less active surface area is available. This 

leads to a greater resistance to intercalation and 

deintercalation of the lithium ions and the rate of charging/ 

discharging drops significantly. More unwanted byproducts 

are formed, and active surface coverage decreases rapidly in 

the middle to latter stages of the battery life cycle. These 

experimental observations agree with the KMC simulation 

results in Fig. 4a.  

Fig. 4b is a plot of the surface coverage of the passive SEI 

layer at the end of each charging cycle with number of 

charging cycles. The rate of formation of the passive SEI 

layer is initially high and reduces in latter cycles of charging. 

The short-time behavior of the initial charging involves the 

rapid formation of the first few atoms of the passive SEI 

layer. Though the formation of atoms of the passive SEI 

layer is faster initially, its concentration is not significant for 

making an impact on the capacity fade of the battery and we 

observe that the capacity of battery does not fade during first 

few cycles of charging. Fig. 5 shows the initial and final 

morphology of the surface of the anode. This shows the 

growth of the passive SEI layer as the battery is cycled. In 

the first cycle of charging, the atoms of the passive SEI layer 

are scattered on the surface. In the final surface structure, the 

passive SEI layer is formed in clusters. In this simulation, 

the initial surface coverage of active sites was kept at a 

constant value before starting the KMC simulation. 

Researchers have investigated the effect of various operating 

parameters on the formation of the passive SEI layer [3]-[9]. 

The effect of the exchange current density (i0) and 

temperature (T) on the evolution of the active and passive 

surface coverages of the SEI layer are shown in Fig. 6. 

 
Fig. 5: (a) Initial lattice configuration of the first cycle: Magenta represents 

virgin sites, Red represents sites with passive SEI layer, and Green 

represents absorbed lithium sites. Exchange current density i0 = 1.5×10-9 

A/m2. (b) Final lattice configuration of the last cycle: Magenta represents 

virgin sites, Red represents sites with passive SEI layer, and Green 

represents absorbed lithium sites. Exchange current density i0 = 1.5×10-9 

A/m2. 

The processes of formation of the active and passive SEI 

layer are a function of temperature such as in (4)-(5). The 

effect of temperature was investigated while keeping all 

other parameters at the base conditions. The active surface 

coverage under the fully charged condition remained 

constant for the lower exchange current density of 1.5×10
-10

 

A/m
2
 (see Fig. 6a). For an exchange current density of 

1.5×10
-9

 A/m
2
, the active surface coverage under fully 

charged conditions was initially somewhat lower for the 

higher temperature of 320 K, but maintained a higher value 

for all subsequent cycles. These results indicate that the 

temperature that optimizes the active surface in a lithium-ion 

battery at Cycle 1 can result in much lower active surface for 

most of the battery life. The coverage of the passive SEI 

layer is less at lower exchange current density and higher 

temperature (see Fig. 7a). It is very desirable to decrease the 

rate of growth of atoms of the passive SEI layer that block 

the pores of the stable SEI layer; on the other hand, it is not 

desirable to increase the temperature of the lithium-ion 

battery above certain values. The effect of the exchange 

current density on the morphology of the lattice of the 

electrode is observed by comparing Figs. 5 and 7a). The rate 

of formation of atoms of the passive SEI layer is 

proportional to the exchange current density, such that a 

decrease in the exchange current density results in a decrease 

in the formation of the passive SEI layer. In the base case the 

passive SEI layer is observed to be in the form of clusters 

with the longest chain containing 17 sites connected with 

each other (Fig. 5b) whereas with lower exchange current 

density the clusters are small and scattered with only 2 sites 

connected with each other (Fig. 7b). 48% of the lattice sites 

are covered for the base case compared to 6.55% for the 

reduced exchange current density. 
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Due to these high rates of charging, the electrode fails in 

less than 100 cycles. To make the simulations efficient, 

some of the important aspects like mass transfer in the 

electrolyte and Ohmic limitations were ignored, which are 

important at high rates of charging. In the future, the KMC 

model will be coupled with reduced order models for the 

continuum phases to perform multiscale simulations for a 

wide range of operating conditions. 

 
Fig. 6: Effect of ECD and temperature on the (a) depletion of active surface 

coverage and (b) growth of the SEI layer in a Li-ion battery (ECD = 

exchange current density). 

 
Fig. 7: (a) Initial lattice configuration of the first cycle and (b) final lattice 

configuration of the last cycle for ECD i0 = 1.5×10-10A/m2. Magenta 

represents virgin sites, Red represents sites with passive SEI layer, and 

Green represents absorbed lithium sites. 

IV. CONCLUSIONS 

Prediction of capacity fade in lithium-ion batteries is a 

challenging research problem. The literature reports that the 

formation and growth of a passive SEI layer is mainly 

responsible for capacity fade in a lithium-ion secondary 

battery [3-6]. Passive SEI layer formation is modeled in this 

paper using Kinetic Monte Carlo simulation. The simulation 

results are in good agreement with observations reported in 

literature for the passive SEI layer. It was observed that the 

active surface coverage remains constant for the initial 

charging cycles and then decreases monotonically with 

number of charging cycles. It was also observed that the rate 

of formation of atoms in the passive SEI layer was high for 

the initial few cycles, but the amount of atoms were not 

significant enough to affect the capacity fade of the battery 

during the initial cycles of charging. The KMC simulations 

were able to simulate the formation of passive SEI layer 

atoms and subsequently the capacity fade of the lithium-ion 

battery. The coverage of the passive SEI layer was less at 

lower exchange current density, as expected. Based on the 

simulation parameters, higher temperature favors the main 

reactions (1)-(2) compared to the formation of the passive 

layer. This relationship may change depending on the 

electrolyte and chemistry. An optimal temperature may exist 

for minimizing the passive layer formation. In addition, the 

dependence of rate constants/exchange current on the 

temperature needs to be included to quantify the effect of 

temperature with reasonable confidence. 

A natural next step is to dynamically couple the KMC 

model with continuum models for the electrolyte and solid 

phase, to obtain a multiscale model [19]. Such a multiscale 

model may enable the prediction of the formation, growth, 

and reduction of the passive SEI layer as well as the analysis 

of capacity fade. The computational cost of the continuum 

models can be reduced by using a reformulated model [21]. 
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