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A threedimensional kinetic Monte Carlo model for ssmulating the carbon/sulfur

mesostructural evolutions of discharging Lithium sulfur batteries
ABSTRACT

The carbon/sulfur composite cathodes of lithiumfusubatteries undergo mesostructural
evolutions during discharge due to the precipitdtissolution reactions of solid sulfur and
Li,S. Furthermore, the cathode design and dischargameters also impact the
mesostructural evolutions of carbon/sulfur compssiin order to compare and study these
mesostructural evolutions, we have developed alribkee dimensional kinetic Monte Carlo
(kMC) model based on an algorithm called Varialitpssize method (VSSM). Our model
describes mechanisms such as reactions and drfusibdifferent polysulfides, dissolution
of solid sulfur and electrodeposition of,&i The initial carbon/sulfur mesostructure used in
our model is created based on its desired strdc@nchgeometric properties usingiarsilico
method. In this paper, we present the theoretiealebpment of our kMC model and
demonstrate its capabilities using discharge sitiua of a model carbon/sulfur
mesostructure under two different rates (C-ratespely C/2 and 2C. Furthermore, we also

present the impact of initidk ) loading on the 2C discharge simulation.

Keywords: Lithium sulfur batteries, carbon/sulfuresostructures, cathode mesostructural

evolutions, kinetic Monte Carlo model, stochastmdeling, discharge simulations.
1. Introduction

Li-ion batteries (LIBs) are currently used to poweectric vehicles (EVs). However to
enhance their driving ranges, [1] development aoft rgeeneration of batteries with high
specific capacities and energy densities are caoid [2]. Lithium sulfur (Li-S) batteries

constitute a promising technology among them, dugstviability [3], cheapness, abundance

of materials [4] and very high theoretical energysity (2570 Wh/Kg of solid sulfur in the
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cathode) [5]. The cathodes of conventional Li-Sdyas are carbon/sulfur (C/S) composites,
where the inert carbon in the cathode exists aslestron conducting porous matrix which
holds solid sulfur and electrolyte, whereas Li-rh&d is used as anode [6—8]. Unlike Li-ion
batteries, the cathode of the Li-S batteries urmkggsignificant mesostructural changes

during discharge due to its unique operational rapism.

During discharge, the solid sulfur in the cathodsalves and undergoes multiple subsequent
reduction reactions producing solvated polysulfideermediates in the electrolyte and
precipitation of L}S over the carbon surface [9,10]. The morphologthefLLS precipitates
depends on the operation and cathode designs sudiseharge rate, sulfur loading, etc.
[11,12]. Since these i$ precipitates are insulating they impact the disgh performance

due to phenomena such as surface passivationftl3)@re-clogging [14].

Due to the complicated nature of its operating@ples, different phenomena of Li-S battery
cathode are often assessed using mathematical srfd&el6] Continuum Li-S batteries
models have been useful in identifying differentfpemance limitations. However, most of
them only consider the effective cathode structpraperties and thereby they overlook the
three-dimensional nature of the C/S mesostructncethe LpS deposits. [17-21] Recently,
Renet al. developed a one-dimensional continuum discharggeiiacorporating nucleation
and growth dynamics which predicts the particlee sisstributions of LiS precipitates that
are dependent on the discharge rate [22]. FurthresniMistry et al. developed a modeling
framework where the precipitates are grown on tadigeensional porous carbon
microstructures based on deposition energy and gphotogy parameter [23]. They have
also calculated the effective cathode structuradlgions of those microstructures and

incorporated them in their continuum discharge rhade predict the impact of kb



morphologies, sulfur loadings, etc. on the perforoga Contrary to the aforementioned
continuum models, Beltraet al. developed a classical reactive molecular dynammosdel

which explicitly simulates the discharge of a thrdenensional (3D) graphene/sulfur
microstructure [24]. This model is capable of petidg the reduction of sulfur, interactions
between different atoms, discharge potential anthime expansion of graphene/sulfur
microstructures upon on lithiation. However, it do@ot provide details about the

mesostructural evolutions such as porosity, covetdd.i,S precipitates on carbon, etc.

Kinetic Monte Carlo (kMC) models have been adopiedrecent years to predict the
mesostructural evolutions of next-generation big$esuch as Li-@ slurry redox flow
batteries, etc. [25-27]. In the context of Li-Steaeés, Liuet al. developed a kMC model
which includes phenomena such as adsorption, desorgnd surface diffusion of £$ over

a flat carbon substrate to predict the impact afperature, $ concentration, etc. on the
mesoscale deposition of S [28]. Although this model provides details abth& mesoscale
evolutions of L4S deposition such as coverage, thickness, etanitat be used to study the
direct impact of the discharge on the depositianc&this aforementioned model does not
consider any electrochemical reduction processrefbee, we have developed a 3D kMC
model which explicitly simulates structural the kitmns C/S mesostructure and,&i
precipitation during discharge. Our model inclugesnomena such as dissolution reaction of
solid sulfur, diffusions and reduction reactions swlvated sulfur and polysulfides and
electrodeposition of L5. The main objective of this paper is to preskatdevelopment our
kMC model as a methodology towards the understgntirS discharge process at every
scale. In the theoretical methodology section, vilefitst introduce ourin-silico method to
create the model C/S mesostructure (subsection lgwing which we will discuss the
kMC algorithm called Variable Step Size Method (W§Sused in our model along with the

equations for rate constants of different phenonaththe assumptions (subsection 2.2). In



the results and discussions section, we will preenvisualization and quantification of the

general observables of the discharge simulationgwio different C-rates (subsection 3.1).

Furthermore, we will also discuss the post-proaksssults generated by the computational
tools such as radial distribution function and tdusecognition algorithm. These results are
used to compare the impact of the discharge ratbtemesoscale deposition opgiover the

carbon surface (subsection 3.2). Finally, the impafcinitial Sgy loading on the 2C

discharge simulation is presented in the subse@ti®n

2. Theoretical methodology

2.1 Creation of initial C/S mesostructure

2. Export as

images in grey
‘ scale (*.png)
1. Create porous
carbon mesostructure
using Geodict

“J:

l 3. Convert images
into trajectory a file
4. Add Sgg to (*-xy2)
. the trajectory
Solid sulfur file (*.xyz)
(Ss(s)) .

—

Carbon

Initial carbon/sulfur Porous carbon
mesostructure (Ovito) mesotructure (Ovito)

Figure 1. Schematics of oun-silico method to create the initial C/S mesostructure.

In this paper, we have formalized iamsilico method to create a 3D simulation box based on

the structural and geometric properties of therddsinitial C/S mesostructure used in our



kMC model (Figure 1). Initially, a cubic box comag randomly distributed spherical
carbon particles representing the porous carbonostresture was created using a
commercial software called Geodict. The sensitivity the variation in the random
distribution of spherical carbon particles is dssed in the subsection S4.1 of the supporting
information. The side length of this cubic box d@hd diameter of the carbon particles were
set to 50 and 25 nm respectively. The porosityhef éntire mesostructure was set to 67%.
The cubic box was then meshed along each sidelbfiocubic volumetric elements called
voxels. The side length of each voxel was set fo Which is close to the S-S bond length
(4.1 4) in an isothermally stabilized graphene/S micrastire [24], and therefore it was set
as the resolution between S atoms. The resulthugtste was exported as a stack of images
(*.png). Anin-house developed python code uses the grey scale valutdsese images to
create the simulation box with voxels containingbc&a atoms. Locations of the carbon
atoms in the simulation box were exported to attayy file (*.xyz) along with those of the

solid sulfur Gg(s)) particles (Figure 1). The visualizations in thierk were done using the

open source software Ovito [29].

The locations of each carbof)(and sulfur §) atoms inSg;, were identified using the
integer numbers 1 and 2. Thgy, particles were randomly distributed next to thatoms at
the carbon particle surface since the impregn&tggd sticks to the surface of the carbon

particles [6]. Furthermore, the mass ratio betwéemdS atoms was set to 1:0.27. We have
used this low sulfur loading in our simulationgéduce the computational cost.

Finally, the resulting trajectory file is read bwuran-house developed kMC python code,
which reconstructs the simulation box and utilizess the initial C/S mesostructure. It
should be noted that oun-silico C/S mesostructure creation method and kMC codeatre
specific to the aforementioned dimensions, strattand geometric parameters. In fact, we

can customize the initial C/S mesostructure by ghanthe parameters such as of the shape



and size of the carbon particles, mesostructuresptyr sulfur loading, etc. In the future, this
in-silico method will also be used to transform the tomolgiapmages of a real C/S
composite electrode into a simulation box whichl wilen be used as the initial C/S
mesostructure of our kMC code. Although the canm@sostructure presented here is not tied
to a direct tomographical measurement, its contimdevel descriptors are relevant with the
previously reported carbon host materials. &lal., utilized cauliflower like carbon/sulfur
composite cathode material, in which the size @ ¢larbon particles is 25 nm.[30] The
volume percentage of the pores in their cathodeemahtwith sizes above 20 nm is 63%
which is closer to the porosity of the mesostruei{@.67) presented in our manuscript. Zheng
et al., used Acetylene Black (AB) carbon nanoparticlethm cathode whose surface area is
123.6 nf.g*, [31] which is closer to that of our mesostruct(kt83.3 ni.g*, calculation given

in Supporting information).

2.2 Development of our KMC-VSSM model and its assumptions

In the past, an on-lattice kMC algorithm called \K&%/as utilized to describe the reaction
and diffusion events in Fuel cells [32] and Li-Batteries [25,26] and Brownian motion of
suspended patrticles in slurry redox flow battefiE§33]. Here, we have adopted a similar
method to select and execute the reaction andsbffitevents (Figure 2) during the discharge

simulation of ann-silico created C/S mesostructure (Figure 1).

The reaction events considered in our kKMC modehar®llows,

Ss(s) = Ss() (1)
Say +4e” = 25k, (2)
Sy +2e” > 283y (3)



Sz(l) +4Lit + 2™ - 2Li,Ss) 4)
where, Eq. 1 is the chemical dissolutionSgfs) to solvatedSg(;y and Egs. 2 and 3 are the
electrochemical reduction reactions of solvafég) andSzz(‘l) respectively. Finally, Eq. 4 is
the electrodeposition of solibii,S). Although there could be several reactions invajvi

multiple solvated polysulfide species that occurirtly the operation of Li-S batteries, here
we consider only this reduced set of reaction st@as. 1-4) in order to limit the
computational costs of our simulations and compilexiarising through multiple unknown
parameters. This approximation is common in mangvipusly reported Li-S batteries

models [19,34-37].

‘ ‘ +4e” + 2e” +4Lit + 2e”
= w2 x »2 x( ) mp 2x .
Li,S
S8($) 58(1 4([) L2 (s)
» Direction of diffusion
L L] o
~~A ey S

¥ Ss 4(1)

Figure 2. Schematic representations, of (a) the reactiontevansidered in our model along
with the coarse-grained structures of the diffetgpes sulfur based particles and (b) the six

directions in which the solvated particlég{), 54(1) andSzz(‘l)) can be diffuse.

Similar to Sin S particles, atoms irSgy, Sy, Siq) and Li,S, particles are also
identified using unique set of integer numbers AgrBe4, 5 and 6 respectively. The coarse-
grained structures of the different sulfur basedtigdas along with the schematic

representation of the reaction events between #aanthe directions in which the solvated



particles can diffuse are shown in Figure 2. Amdmg reactions considered in our model
(EQ. 1-4), only the LiS electrodeposition involves solvateq) in the electrolyte. Moreover,
theLi(J;) concentration in Li-S batteries electrolyte is mieiger £1000-5000mM) than that
of 522(‘1) (=10 mM) [17], therefore the kinetics of A9 electrodeposition will primarily depend
on the latter. Since the solvaté:ti(*l) and anion of Li salt are highly concentrated in the
electrolyte, the probilities of our kKMC model seiag their diffusion events are much higher.
This will ultimately increase the simulation coSherefore, the Li salt containing supporting

electrolyte is not explicitly considered in our nebdand we assume that they are uniformly

distributed in the void volume of the simulationxbo
2.2.1 Equations for rate constants of different types of events

According to the VSSM algorithm used in our KMC regcan event is selected and executed
in a given time step or an iteration based on tleated probabilities of all the possible
events which depend on their corresponding ratestaats. Therefore, it is important to

determine the rate constants for different typesveits.

The rate constants of the electrochemical reaction®ur model (egs. 2-4) could be
calculated using Butler Volmer type equations [Bh,2However, the over potentials in the
Butler Volmer equations vary a lot during the desce of Li-S batteries [38]. Since we
intend to simulate the discharge of oursilico created C/S mesostructure under a
galvanostatic condition, we have derived the ratestants of the electrochemical reactions
based on the discharge currehtWhich remains constant at any given time. Theesfthe

kinetic rate constantk}“e) of an electrochemical reactiop) (s given by a Faraday’s law

type equation,



(5)

Kjele = 9(53)

ide
The discharge currertis determined from the discharge C-rate and Initiass ofSg)
present inside simulation box; andgq, in eq. 5 are the number of electrons transfemeahi
electrochemical reaction)(and the charge of the electron respectively. Adiogrto eq. 5,
the applied current is equal to the Faradaic cturegneach iteration. Neidhardt al.,
implemented double layer phenomenon in their comotim Li-S batteries model. We
neglected this phenomenon in our KMC model, sitc@mpact on the simulated results and
mechanisms in the Li-S batteries are still uncléaplementation of double layer dynamics
would increase the computational cost of our moslake it would require us to simulate the
supporting electrolyte explicitly or coupling thaviC model with a physical double layer

model. We intend to work on this implementatiorha future.

In order for the electrochemical reactions to ocdhe solvated polysulfides should be
present within the electron tunnelling distanég) from the carbon surface and the electron

tunnelling probability @(6,)) is given by a simple function [25],

(1, 0<6,<10nm (6)
0(8.) = {0, S, > 10nm

Furthermore, the kinetic rate constant of fhigS., deposition reaction is considered only
when theSzz(‘l) particles are present next to either a carbon aip@Li,S: particle. This
condition mimics the nucleation and growth processfd.i, S, observed in Li-S batteries.
In few chronoamperometric investigationsléfS,, electrodeposition, [39,40] A. Beweick,

M. Fleischman, and H.R. Thirsk (BFT) model [41,42d Scharifker-Hills (SH) Model were
used fit the dimensionless current signals. Thesdefs assume that the charge transfer step

of the electrodeposition is fast and the growtfSLmuclei are controlled by mass transport of
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solvated species to the electrode surface. Howteeemodel developed by Rehal., uses a
modified Tafel equation to calculate current foe growth of LyS nuclei, [37] which is the
rate of charge transfer step. Similarly, we hawuaged that the nucleation and growthSLi

are controlled by the charge transfer steps.

The sensitivity of the tunnelling distancé,) on the 2C discharge simulation results are

discussed in the supplementary information.

Since the electronic conductivities of sofigi;) and Li,S( are quite low [43], we have

neglected them in our model. However, the inclusibelectronic transport rates within the
solid deposits could be further improvement to madel and it will be carried out in the

future.

As mentioned before, our model also considers tffastbn of solvated particles such as
Ss» Sty andS3g, along six directions (Figure 2). The diffusioneraionstant of a solvated

particle §) is given by the Stokes-Einstein’s equation,

gair - el ()
' 6mnT;Z>2

wheren andr; are the viscosity of the electrolyte and radiugyftion of a solvated particle
(i) respectively (see Table S1 in the supporting médion).z is the distance displaced by

the solvated particle along a given direction.

Since our model simulates the redox reaction oftiteated particles in the electrolyte phase
near the electrode surface instead of solid-sikéeréactions, [44] the ionic transport events

throughSgs) andLi, S deposits [43] are neglected.

2.2.2 Working principle of our kMC-VSSM code
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Figure 3. Workflow of our kMC-VSSM code.

Reconstruction of the simulation box containing imusilico C/S mesostructure, is the initial
step of our model (Figure 3), after which the kM@de enters into an iterative loop to
execute the reaction and diffusion events durirsgltrge simulation. In any given iterative
cycle, the entire simulation box is initially scaaghin order to find all the different types of
particles and the possible events which could bfopeed by them. A list containing all the
possible events is then stored in the computer mgnalong with their corresponding
particle types, individual and cumulative sums aterconstants, current and final locations
inside the simulation box. After this step, the sofnall the possible event&() is calculated

as follows,

N (7)
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whereN is the total number of all the possible eventa given iterative cycle anil, is the

rate constant ofith event in the aforementioned ligf, could be either a rate constant of a

diffusion (kidif) or a chemicalK:"®) or an electrochemical reaction evelkflf).

After calculatingK;, a pseudo random number, ) € (0,1) is generated. According to the
conditional algorithm of our kMC-VSSM model — aneev is selected based on the
cumulative sums of the rate constants of all thesfinbe events and the productgfandK;

as follows,

m = ®)
ZKn > p, Ky > z K,

n=1 n=1

where m is the number of the selected event ihisheAccording to the condition above (Eq.
8), in any given iterative cycle, the events welngle rate constants have larger probabilities
to be selected. Since diffusion rate constantsnarenally larger than electrochemical rate
constants, our kMC code has to go through a latgeber of iterative cycles which select
diffusion events before an electrochemical reaceeent is selected. Therefore, in each
iterative cycle, we only consider the diffusionesitof solvated particles which could be
displaced to a particular distance along anyonéhefsix directions within the simulation
box. This criterion will increase the frequencywhich electrochemical events are selected,

and thereby it aids the discharge simulation tgpss faster.

Following the event selection process of an iteeatiycle, its corresponding time steyz)is

calculated as follows,

In p, 9)

At = —
Kr

wherep, is the second pseudo random nunbé€0,1). SinceAt is inversely proportional to

Ky, it varies from one iterative cycle to another @&malso makes the calculated tim @fter
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each iteration to be low. However, since we areregted in comparing the simulated results
of two different discharge rates, it is much mogtevant to represent them as functions of
specific capacity@). Therefore, we also calculate the specific cagagained AQ) during
each iteration using the following equation,

njqe

AQ = {Msy
0, else

(10)

: : ele
, if Kmisak;

where the product ofy; and g, in Eq. 10 is the charge transferred during thecet

electrochemical evenj)(andmss(s) is the initial mass ofgs) present in the simulation box.

The final step in the iterative loop our kMC codethe execution of the selected event and
the evolution of the C/S mesostructure inside timukation box. This evolved C/S

mesostructure, once again goes through anotheegust cycle consisting of steps such as
scanning to find all possible events, selection erelcution of an event and evolution C/S
mesostructure. After a selected amount of cyclethisfiterative process, the details of the
simulation box such as number and locations oetbffit types of particles, specific capacity,
time and porosity are saved for further analysiscbharge simulations can go on for several

days and they are stopped either when allSfhg and solvated sulfur based particles are
converted ta.i,S or if they have been running for too long with wéew changes in the

type of sulfur particles inside the simulation box.
3. Resultsand discussions

In this section, we have presented the dischamelation results for two different C-rates
namely C/2 and 2C. The same initial C/S mesostraatreated using oun-silico method
(presented in subsection 2.1) — was used for @hsimulations. The C/2 and 2C discharge

simulations were concludeat! hoc at 1230 and 140hAh. g respectively. Around these

-1
S8(s)
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capacities — diffusion events dominated over reaatvents, resulting in very few changes in
the types of sulfur based patrticles inside the ktran box. However, the results produced
using these simulations were still used to complageimpact of C-rates on the evolutions
inside the C/S mesostructure. Furthermore, we jpitssented the 2C discharge simulation
results of a mesostructure 1:0.54 C/S mass ratloccampared them with those of the 1:0.27
C/S mass ratio in order to investigate the serisitof our KMC model to the initial solid
loading. Due to the stochastic nature of our kMCdelpeach of these simulations were
carried out three times to determine the confideegeon which presented as shaded regions

or error bars.

3.1 General effective evolutions of C/S mesostructure

As mentioned in the subsection 2.2.2, the locatioihthe different types of sulfur based
particles after a selected number of cycles dutireggdischarge simulation are saved in a
trajectory file. This file can be used to track asgbalize the evolution of the simulation (see
video in the supplementary materials). The visadilan of the simulation box could be done
even when the simulation is performing. Figure Boves the visual evolution of the
mesostructure inside the simulation box at diffeidepths of discharge (DoDs) or specific

capacities, during the 2C discharge simulation.
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. LlZS(s)

o) ‘ ,"
mAh. g‘;(s)

1050 mAh. g5}

Figure 4. Visualization of the simulation box at 208, 64050 and 1473nAh. 9_81(5) during
the 2C discharge simulation. The colour map inith@ge shows the colour coding assigned

to different types of sulfur based particle typesiere Sg(s), S57), Say» Saqy and Li,Ss,)

particles are shown in navy blue, sky blue, grgetipw and red respectively.

When the simulation box is visualized, each typsuwfur based particle is assigned a unique
colour (Figure 4). Therefore, it is possible tounally get an idea about the DoD of the
simulation just from the colours of the particleside the simulation box (Figure 4).
Furthermore, this colour coding visually aids ussée the different types of events taking
place inside the simulation box at different DoDa. addition to visualization, the

quantification of the different types of particliesthe simulation box can be used to predict

15



the effective properties such as concentrationssafated particles, porosity of the

mesostructure, etc.

The concentration of a solvated partiatg {(nside the porous volume of C/S mesostructure is

determined using the equation,

N; (11)
Ci = N
€V

where N, andN; respectively are the Avogadro’s number and thal teamber of solvated
particles of typé (i.e.Sg( orSf(‘l) orSzz(‘l)). IV is the total volume of the simulation box and
is the porosity of the C/S mesostructure, whichasermined from the fraction between the
number of voxels which are unoccupied by the atomsolid particles (such as carbdfy,

andLi,S particles) and the total number of voxels in tineugation box.

140

Concentrations solvated particles, mol.m™

T T T T T T T T T T T T T !
0 200 400 600 800 1000 1200 1400
Specific capacity, mAh.g'Sls(s)
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Figure 5. Evolutions of the concentrations 8§ (sky blue Iines)Sf(‘l) (green lines) and

SZZ(‘,) (orange lines) during C/2 (solid lines) and 2Csfa=d lines) discharge simulations.

Since the rate constants of the electrochemicattiozes increase with the C-rates, the
solvated particles during the fast discharge arse@med faster. Therefore, the concentrations
of all the solvated particles during 2C dischargeutation are always lower than those of the
C/2 (Figure 5). The evolutions of concentrationsliffierent solvated particles (Figure 5) and
numbers ofSg(5) andLi,S) particles in the simulation box (Figure 7), assisproviding
insights into the reactions taking place at différetages of discharge simulations. A typical
discharge curve of a conventional Li-S battery,sistis of a high and a low potential plateaus
with an intermediate slopy stage during which tlb# potential decreases. [5,17] The cell
potentials in the continuum models are derived ftbencurrent balance equation. [17,19,20]
However, our kMC model does not have equationsdhattly relate current and potential.
Therefore, here we have predicted the approximegehdrge curves (Figure 6) from the

concentrations of solvated particles sucliigg andS3;, using Nernst equation [17],

RT [ Csz Csz7\? (12)
U=U°+—|In—L _ [ =20
+2F(n1000 "\ 1000

where U is the approximate discharge potential dftlis the standard potential for the
Sf(‘l)/Szz(‘l) electrochemical reaction. A similar Nernst's etuatwas used to predict

equilibrium potentials during the discharge in &lBhed Li-S batteries model [14].
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Figure 6. Approximate C/2 and 2C discharge curves — caledlasing Nernst's equation for

Siay/S3q) electrochemical reaction.

The calculated approximate discharge curves shawirigure 6 qualitatively resemble

certain experimental results with highly slopy tfistage and a relatively flat second stage
(see Figure S1 in the supporting information). Aentioned before, the calculated discharge
curves are only used to correlate the stages osiouulations with the experiments and we
did not make any attempt to predict discharge aurtleat quantitatively match the

experimental results. Since we have used the Nemgtiation, discharge curves correspond
to theoretical equilibrium potentials, which is wthe variation between them are smaller in

comparison with the experiments. The sensitivitytie# discharge curves to the discharge
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rates are due to the phenomena such as the ej¢etrekistance [38], anode and cathode
overpotentials [45] and transport overpotentiaQ,4B] Since, our KMC model simulate the
discharge of a carbon/sulfur composite cathodéentesoscopic level such phenomena are

not considered in our model.

Initially, during the first slopy discharge stagbe concentrations of the solvatég,;, and
Sf(‘,) particles (Figure 5) increase due to the chemdissolution of Sg() particles and
subsequent reduction of somg;,, particles toSfa). This could be understood from the
decrease in the number 6f, during this initial stage in both C/2 and 2C dmsde
simulations (Figure 7). However, at the midway lbé ffirst slopy discharge stagel(Q0
mAh.gggl(s)), the Sg(;y concentrations for both C/2 and 2C simulationst sia decrease
(Figure 5), while the concentrationsif{‘l) continue to increase and those ofﬂﬁgz) start to
increase. This indicates that tﬂf{l} /522(‘[) reduction reaction starts at this stage in both th
discharge simulations. Furthermore, the electrosiéipa of Li, S, also starts at this stage,

since the numbers &f, S, particles for both C/2 and 2C simulations staihtwease.
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Figure 7. Evolutions of number ofg) (navy blue lines) andi,S (red lines) particles and

the porosity of the C/S mesostructure during th2 @blid lines) and 2C (dashed lines)

discharge simulations.

At around 250n4h. g when the approximate discharge curves start torbeaelatively

-1
S8(s)
flat — theSf(‘l) concentrations for both simulations start to dasee whereas the numbers of
Li,Ss, particles start to increase at a faster rate. Shggest that th&;, /S5, and S5,/

Li,S(s) reduction reactions start to become dominant @tirat 250mAh. g in both the

-1
Ss(s)
simulations. The simulated discharge curves remaiatively flat from 250 to 1200

mAh. g this stage in the discharge simulations corredptin the second discharge

-1
Sg(s)’
plateau seen in experiments (Figure S1). The nuwfaéh S, particles continue to increase

during this relatively flat discharge stage andiluhie end of the simulations, whereas the
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-1

concentrations‘f(‘l) particles start to decrease at around 80th. g o)’

which suggest that

the electrodeposition afi,S, particles is the most dominant reaction from thpecific

capacity. Since, theg§, dissolves during the slopy stage first stage efgredict discharge

curve, it corresponds to the high potential plataad slopy intermediate stage of a typical
Li-S battery discharge curve.[47] Whereas, thetingdly flat second stage corresponds to the
low potential plateau of a typical discharge cUd/d. These trends are consistent with the

numerous continuum scale simulation results.

Since the rate constant of thg S, electrodeposition reaction increases with the t€;the
number ofLi, S, particles increase slightly faster during 2C tid@. This impact discharge
rate on the precipitation rate is consistent wille tcontinuum simulation results.[14]
However, an opposite trend is observed for the edese in the number &k, particles
(Figure 7). The rate constant for the chemicalalig®on of S particles does not depend
on the C-rate of the discharge simulation. SinesSgh, particles have more time to dissolve
during the C/2 discharge simulation, the numbe§gf, particles decreases faster with the
specific capacity. Whereas, the numberSgf;, particles decreases very slowly with the
specific capacity sincg sy particles have less time to dissolve. Due to trakined effect
of slow dissolution ofSg) particles and fast precipitation dfi,S, particles — the

mesostructure porosity of 2C is always lower thazet of the C/2 (Figure 7). However, the
mesostructure porosities of both the simulationsragase during the first slopy discharge
stage and decrease during the second relativelgrily, which is consistent with many of the
previously reported modeling results [14,17,36haHly, the decrease of discharge potentials

from around 1200mAh.g‘81(5) (Figure 6) are due to the significant depletion tire

concentrations of all the solvated sulfur basedigdas (Figure 5).

3.2 Mesoscal e evolutions of Li,S deposits over carbon
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Since the deposition dfi,S s over the carbon surface impact the discharge peéioce due

to the surface passivation, it is important to ustéd the impact of the C-rates on the

evolutions of mesoscale properties.

-1 -1 -1
Sate) 1050 mAh. Isss) 1229 mAh. Isgs)

~208 mAh. 950, 648 mAh. g 1050 mAh. g 1229 mAh. g

-1 -1 -1
S8(s) S8(s) S8(s)

Figure 8. Visualizations of.i, Sy deposits (in red) over the surface of the cartamigles at

208, 648, 1050 and 1228Ah. g during (a) C/2 and (b) 2C discharge simulations.

-1
Ss(s)

The visualizations ot.i,S, deposits over the surface of carbon particlesfégrdnt DoDs
during C/2 and 2C (see video in the supplementaayerials) discharge simulations are
shown in Figure 8. Visually the evolution$,S, depositions over the carbon surface look

similar for both simulations. At 20&Ah. g theLi,S ) deposits exist in the form isolated

-1
Ss(s)
nuclei and then at 648nAh. gs_sl(s) clusters ofl.i, S, particles are formed, which then grow
bigger along with the formation of newer clustecewr during the subsequent stages of the

discharge simulations. A similar type bf,S, deposition process over the carbon surface

was experimentally observed by Fairal. [11]. However, it is difficult to make conclusions
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about the impact of C-rates on the mesoscale piepesfLi,S., deposits over the carbon
surface just from the visualizations. Therefore,the following, we have presented the
analysis of the post-processed results oflthé sy deposits produced using computational

tools such as radial distribution function and tdusecognition algorithm.

3.2.1 Distribution of Li,S ) particles from the carbon surface

Due to the discrete nature of our model, we decidedpproximate the radial distribution
function (RDF) as a histogram of the distances betwthe particles and the carbon surface.
Therefore, RDF assist in determining the distribuitdf the number oti,S, particles at
different distances from the the carbon particlkegyre 10). At first, we used the results of

the RDF to predict the coverage bf,S(, particles over carbon surfacéL,(gs(s)), which

quantifies the fraction of carbon surface thatireatly blocked byLi, S, and it is calculated

using the following equation,

NCLizs(s) (12)
HLiZS(S) = Ng"

Where,NCL 250 and NT respectively are the number of surfatetoms covered bYi,S(s)

particles and the total number of surfat@toms in simulation box. It should be noted that

LLZS(S) .

N, is also the number dfi, S, particles present at & from the surface of the carbon

c

particles, since this distance refers to the votteds are present right next to theatoms.
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Figure 9. The evolutions of coverages ki, S ) over carborsurface for both C/2 (black line)

and 2C (red line) discharge simulations.

The increase oki,S, coverage over carbon surface during 2C dischadaster than C/2
(Figure 9). This trend is consistent with the poexsly observed modelling results of Andrei
et al. [13]. Furthermore, the distributions 6f, S, particles at different distances from the
carbon surface (Figure 10), show that EagS 5, deposits, produced during both C/2 and 2C
discharge simulations are multi-layered — whicl i®ason for the low coveragesiofS s,

over carbon surface. Although there is only a sldjfference between the average numbers
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of Li,S() particles produced at around 12294h.g‘81(5) during 2C and C/2 discharge

simulations (Figure 7), the difference between dverage coverages @f,S., over the
carbon surface is much larger at this specific capaFigure 9). This suggests that the

Li,S(s) deposits, produced at 12284h. g during C/2 discharge simulation, are slightly

S
more multi-layered than those produced during 2iis Tould also be understood from the
distributions ofLi, S, particles on the carbon surface at 12249h.g‘81(5) during C/2 and 2C
discharge simulations (Figure 10). At this capacibe average number of 8 particles
present at distances beyond 2.5 nm from the casbdace during C/2 — are slightly larger

than those of the 2C.
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Figure 10. The distributions otLi, S, particles at different distances from the carbarfese

at 208 (grey lines), 648 (red lines), 1050 (blueed) and 1229 (green Iines)lAh.g‘Sl(s)
during C/2 (lines with squares) and 2C (lines vaten circles) discharge simulations. The

error bars in the plot are shown in black.

The impact of C-rates on the nucleation and groaythamics ofLi, S, deposition during
discharge simulations, could be understood fromcirparisons of the evolutions of the
Li, S distributions on the carbon surface (Figure 10)e Tpeaks of all theLi,S,
distributions for the both discharge simulationsare situated at 1 nm from the carbon
surface. This indicates that thg,S., electrodepositions during C/2 and 2C discharge
simulations are dominated by the nucleatiorL.@f,, deposits since they are very close to

the carbon surface (Figure 10). Initially, at 208l &48mAh. g theLi, S, distributions

-1
Sg(s)!
of C/2 discharge simulation are all lower than ¢ho§2C. Furthermore, at 105ﬂ4h.g‘81(5)

Li, S distributions for both C/2 and 2C discharge sirafes are relatively close to each
other. Moreover, the numbers b, S, particles beyond 2 nm for both C/2 and 2C disobarg

simulations start to overlap each other at mam.ggsl(s) (Figure 10). Finally, at

1229mAh. g the average numbers bf, S, particles beyond 2.5 nm for C/2 discharge

St
simulation are slightly larger than those of the(Egure 10). These evolutions show that the
broadening of distribution ofi,S particles over carbon during C/2 discharge ishslyg
faster than 2C. Therefore, this indicates thatgitwevth process oki, S, deposits is slightly

faster during C/2 discharge simulation, which isoalconsistent with the modelling

predictions of Remt al.[22].
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Since the rate constant of thg Sy, electrodeposition reaction increases with thet€ 84~
particles tend to react more when they come cltwséne carbon surface during 2C than C/2
(see Figure S2 in the supplementary informationheW¥as, they tend to diffuse more during
C/2 than 2C. Therefore, this competition betweeactien and diffusion events df?-
particles, could be the reason — why kg 5y deposits of C/2 discharge simulation are more

multi-layered than those of the 2C.

3.2.2 Szedistribution of Li,S s clusters

As mentioned in subsection 3.2, clustersLofS, particles are formed during discharge
simulations (Figure 8). The sizes of these clgspgovide us details about the proximity of
the Li, S, deposits with each other. Here, the size of a&tusfers to the number 6t,S )
particles in that cluster and it assists in prawdinsights about the local passivation of
carbon surface. Since a larfjg S, cluster could cover a large area of the carbofaser—
locally the surface passivation by that clustett i higher than if a small cluster is formed
at that same area. This local passivation of cahofaces could have an impact on the
electrochemical performance towards the end ofhdigee when the concentrations of
solvated polysulfides are low and unevenly disteblu Therefore, we have estimated the size

distributions ofLi, S, clusters formed at 122'94h-«9_81(5) (Figure 11 and 12), using a cluster

recognition algorithm called Density-base Spatikistering of Applications with Noise

(DBSCAN) [48].

DBSCAN does not require prior knowledge about thepes and amounts of clusters, which
is its main advantage over other cluster recogmisitgorithms. Here, we have implemented
the DBSCAN algorithm in a python code and we spcadjusted it to analyse the, Sy,

particles data which were produced using our kM@ecoThe input parameters that
DBSCAN requires are — minimum number of particleguired for a region to be considered
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as a cluster (MinPts) and minimum distance betwberparticles to be considered belonging

to the same clustee); In this paper, MinPts andwere set to 5 particles and 1.5 voxel sides

(7.5A) respectively, in order to reduce the backgrouside

The visualizations and size distributionsLofS,, clusters formed at 1228Ah. g during

S
the both discharge simulations are shown in Fidureand 12. The cluster sizes vary from 4
to 367, which is too wide a range, to visualizengsa single image and to represent its
distribution in a single histogram. Therefore, vaaé classified clusters based on their cluster
size classes such as 4-8, 9-13, 14-18 and so 0893 Li, S, particles per cluster (Figure
11). There are a large number of small cluster®)<tbrmed during both C/2 and 2C
simulations. Therefore, to clearly differentiatee tlifferences between the cluster sizes
formed during C/2 and 2C discharge simulationse-viBualizations and size distributions of

the clusters with sizes above 43, are shown inrEigi2. Here, we classified the clusters

based on the cluster size such as 44-79, 80-1%5,131 and so on until 332-364%,S

particles per cluster.
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Figure 11. Visualizations of Li, S clusters of belonging to size classes of 4-8, 914318

and so on until 39-43 formed at 122%¥h. g during (&) C/2 and (b) 2C discharge

S
simulations and (c) their corresponding clustere sizstributions, where the cluster size

distributions of C/2 and 2C are given in grey aimkpars respectively. The error bars over
the histograms are shown in black. The colour nmahé image shows the colour coding

assigned to different cluster size classes (e§and 39-43 are shown in navy blue and red)
during visualization.
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Figure 12. Visualizations of Li, S, clusters of belonging to size classes of 44-79] B

116-151 and so on until 332-367 formed at 1228h. g5 during (a) C/2 and (b) 2C

8(s)
discharge simulations and (c) their correspondingter size distributions, where the cluster
size distributions of C/2 and 2C are given in gagyl pink bars respectively. The error bars
over the histograms are shown in black. The coloap in the image shows the colour
coding assigned to different cluster size classas 64-94 and 95-125 are shown in navy

blue and red) during visualization.
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On average, the number of very small clusters (##@hed during 2C discharge simulation is
larger than that of C/2. However, the numbeLLfS ., clusters with sizes betweénto 38
during 2C and C/2 discharge simulations are simiiagure 11). Whereas, the average
number of Li,S) clusters produced during 2C discharge simulati@me-larger in most of
cluster size classes beyond 34-38. These diffeserimween C/2 and 2C discharge
simulations are more evident in cluster size ckesseh as 39-43 (Figure 11), 44-79, 80-115
and 116-151 (Figure 12). Therefore, we can conclidg on average relatively larger
number ofLi, S, clusters with moderate (39-43) and big sizes @A)are formed during

2C (Figure 12).

Li,S(s) clusters with big sizes represent S, deposits which are closer to each other.
Therefore, the.i, S deposits produced during 2C are relatively cldsan those produced
during 2C, which means the local passivation obgarsurfaces are relatively high for 2C.
This effect could also be due to the competitiotwken reaction and diffusion events of
SZZ(‘,) particles during 2C and C/2 discharge simulaticSiaceSzz(‘l) particles diffuse more
during C/2 discharge, they get separated more &ach other, which could result in isolated

deposits ofLi,Ss).
3.3 Sensitivity of solid sulfur massloading

This subsection presents the 2C discharge simaolagsults of a C/S mesostructure with
1:0.54 C/S mass ratio. The structural parameterh ag the shape and size of the carbon
particles, and the carbon porosity of this mescstne are same as the one with 1:0.27 C/S

mass ratio (Figure 1). Therefore, the dischargeaukition results of the aforementioned C/S
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mesostructures (i.e. 1:0.27 and 1:0.54 C/S magsyaire compared to assess the impact of

the sulfur loading on the overall and, S, mesostructural evolutions.
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Figure 13. Evolutions of the normalized amounts %, (navy blue lines) andi,S (red

lines) particles and the porosities of the C/S me@aotures with 1:0.27 (solid lines) and

1:0.54 (dashed lines) C/S mass ratios during 2€hdrge simulation.

The number ofS particles in the mesostructure with 1:0.54 C/S snaatio (highS$
mesostructure) is twice the lafvene (i.e. 1:0.27 C/S mass ratio). Therefore, togare the
evolution rates ofSg(5) and Li,S() particles in high and loW- mesostructures, we have

normalized their amounts with the corresponding imar possible number of particles
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(Figure 13). During discharge, the porosity of kigh-S mesostructure is significantly lower

than that of the lows one (Figure 13). This is because the absoluté totaber ofSg;) and

Li,S(s) particles in the higls-mesostructure are always larger than that ofahes one.

The rate of dissolution dfg(s) in highS mesostructure is slower than that of the bwne.

Since the discharge current increases with $hiading, the absolute rates of all the
electrochemical reactions will also increase with(Rigure 13). Therefore, around 200
mAh.g_;Bl(s) the normalized amount dfi,S, particles in the higls- mesostructure start to
increase significantly even when there is large @mhaindissolvedyg s, in it. Initially, the
increase in the normalized amount Ia§S, particles in highs mesostructure is relative
slower than that of the low-one, which is due to the slow dissolutig, particles.
However, beyond 10061Ah.g‘81(5) much of theSg) particles are dissolved, therefore the
rate of increase in the normalizeg S ) particles in high-S mesostructure become relativel
faster. The visual comparison of thg S ) deposits over the carbon surface during discharge

in the mesostructures with differesloading show that the absolute numbg&ssS,,, particles

are always higher in the highmesostructure (Figure 14).
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Figure 14. Visualizations ofL.i, S, deposits (in red) over the surface of the carbamigles

in the mesostructures with (a) 1:0.27 and (b) Z0C3S mass ratios and at different DoDs

during 2C discharge simulations.

At the initial stage of discharge, the coverageéigf ) over the carbon surface in the high-
mesostructure increase at faster rates than theitow-S mesostructure (Figure 15). This
effect is due to the increase in the dischargeeotimwith theS loading. However, at the mid
stage £800 mAh. gggl(s)), the increase in thei, S coverage in the high-mesostructure
starts to slow down (Figure 15). This is due to lthe availability of free carbon surfaces,
since a significant amount of the surface are @y the previously depositéd,S ) and
undissolved Sg(;, particles (Figure 13). Since, beyond 10@@Ah. g;gl(s) the Li,S
distributions over the carbon surface in the highresostructure are significantly broader
than those in the loW-one (Figure 13), they limit the transpsi™ to the carbon surface.

Therefore, theLi,S., coverage in the high- mesostructure remain relative lower even
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though much of th8g particles are dissolved beyond this specific cipadUltimately,
the Li, S, coverage in higl$- mesostructure at the end discharge is relatilet than the

that of the low-S one (Figure 15).
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Figure 15. The evolutions of coverages ki, S, over carborsurface in mesostructures with

1:0.27 (red lines) and 1:0.54 (blue lines) C/S nmases, during 2C discharge simulations.

During discharge the peaks of the,S, distributions over carbon surface in the high-
mesostructure — shift from 1.0 to 1.5 nm (Figurg T#is indicates that the growth dynamics
of Li,S.) electrodeposition is more dominant than the ntideadynamics in higls
mesostructure. This is also due to the low avditgbof free carbon surfaces in high-
mesostructure during discharge, since most of thwase are covered by previously
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deposited.i, S5y and undissolvedgq, particles. Furthermore, the slow nucleation dyrami
in the high-S mesostructure is also due to thekthigS, deposits over its carbon surface

which limit the diffusion ofs3~.
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4. Conclusion
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In this paper, we presented a novel 3D kMC modeicwhs capable of simulating the
evolutions inside a C/S mesostructure during disghaOur model can predict effective
evolutions inside the mesostructure such as coratents of solvated particle, numbers of
solid sulfur based particles and mesostructure guyto Furthermore, the approximate
discharge curves calculated from the results of kdMC model, assist in assessing the
phenomena taking place at different stages of diggh The evolutions of mesostructure
porosities, such as their increase during the §igpy discharge stage and decrease during
the second relative flat discharge stage are demsigith the previously reported continuum
modeling results [14,17,36]. Furthermore, the réidacof long chain (§ to medium chain
polysulfide (S*) during the first slopy stage and subsequent temuof S* to S* and
precipitation of LySs) during the relatively flat stage are consistenthwthe continuum

simulation [14,37] and experimental results. [49,50

The post-processed resultslofS ) data produced by the simulations our kMC modedisas
in assessing the impact of C-rates on the mesoswalgerties ofLi,S.). The results
produced using the radial distribution functionowhthat Li,S ) coverage over carbon
increases with the C-rate, while thhé,S., deposits formed during slow C-rate (C/2) are
relatively more multi-layered. These effects are do nucleation and growth dynamics of
Li,S(s) electrodepositions, where the evolutions of tharitiutionsLi,S ) deposits on the
carbon surface indicate that growth procesd.ig,, is slightly faster during slow C-rate
(C/2). These aforementioned conclusions made fromk&MC model are consistent with
previously reported modeling and experimental tesof Andrei et al. [13] and Rest al.
[22]. Furthermore, comparison of the size disting of Li,S) clusters of C/2 and 2C

discharge simulations, show that relatively smalhber of big deposits are produced during
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slow discharge. This could be due to the competibetween reaction and diffusi6g-.
Due to the insulating of natuig,S ), the mesoscale properties of its deposits ovdyocar
will impact the surface passivation [13,23]. Sitlee Li,S ) coverage over carbon increases
faster during fast discharge (2C), we believe thatoverall surface passivation is also faster
during fast discharge. Furthermore, since relagidakrge number of bigger clusters are
formed during fast discharge, local passivatiortarbon surfaces are also larger during the
fast discharge. These passivation effects couldsdiee the reasons, why the discharge

capacity decreases when the C-rate increases.

The results of the radial distribution function shthat theLi,S deposits over the carbon
surface in highs mesostructure (i.e. 1:0.54 C/S mass ratio) aedivel thicker than those in
low-S mesostructure. This is also evident from the redat low Li,S) coverage over
carbon surface in high-mesostructure at the end of the 2C discharge atioal Therefore,
the growth process of the, S, electrodeposition in high-mesostructure is more dominant
than theLi, S nucleation process. These phenomena are prindugyto the lack of free
carbon surfaces during simulation in highmesostructure, since most of the surface is
covered by previously depositéd, S, and undissolveds ). Due to the combined effect of
thick Li,S) deposits and coverage of undissolvgg, in highS mesostructure — surface
passivation increases significantly with théoading. This conclusion about the impactSof
loading on the surface passivation is consistetit thie experimental results reported by Fan
et. al. [12]. Furthermore, thiclki,S,deposits will also limit the transport of solvageesies

towards the electrode surface, which could impedecstectrochemical reactions. Finally, our
kKMC results show that porosity of the hi§hmesostructure throughout 2C discharge

simulation is lower than that of the laSvmesostructure. This suggest that the possibifity o
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pore blocking during discharge could increase wh#hS loading. Therefore, the increase in
the surface passivation rate and possibility oepaocking could be some of the reasons —
why the discharge capacity of Li-S batteries desgeavhen thé loading in the cathode is

increased

The new insights of our kMC such as the formatidnLieSe) clusters during discharge,
whose impact on the active surface of the cathodg not be accurately captured by the
Bruggeman relation used in most of the continuur® Lbatteries model. Our model also
predicts the formation anisotropic multi-layeredS.deposits, therefore the overall coverage
over the carbon surface will be different from thad the LpS particles which have identical
size or narrow size range. In order to accuratapture these aforementioned effects
algebraic equations which matches with the averagsostructural properties of our kMC
modelling results could be implemented in the canim models. The focus of our future
work will be the sensitivity analysis of the kineand mesostructural parameters of our kMC
model. Finally, the main disadvantage of our madats computational cost, therefore we
will also work to improve the efficiency of our kMECode, for instance through its

parallelization.

Appendix A. Supplementary materials

Supporting information for this article are as dois,

» Parameters used in our KMC model, an example expetal discharge curve of a Li-
S coin cell and a plot showing the number of resctnd diffusion event during
discharge simulations. (DOCX)

* Video showing the overall evolution of C/S mesostmee during 2C discharge
(corresponding to Figure 4). (AVI)
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 Video showing the.i,S, deposition during 2C discharge (correspondingigure

8). (AVI)
Data availability

The raw/processed data required to reproduce fitetiags cannot be shared at this time as

the data also forms part of an ongoing study.
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