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Abstract

The rapid development of lithiton batteries (LIBs) has changed the woHbwever,

LIBs suffer from performance degradation due to undesired chemical reactions, ageing, corrosion,
compromised structural integrity, and thermal runaway. This degradatmmsoduring both
calendar and cyclindifespans andreduces the longevity of LIBs. The main degradation
mechanisms in LIBs vary with different active materials, however, it is well known that a
carbonaceous lithiusmtercalation electrode in contact witkectrolyte solution becomes covered

by a passivation layer called a solid electrolyte interphase (SEI). While this SEI layer can inhibit
further electrolyte decompositiolSEI layer growth can also cause battery capacity fade and
increase cell internal sestance. Therefore, the study of the SEI layer plays a key role in battery
degradation and other related performance improvement research.

The objective of this dissertation is to improve the performance of lithambatteries
through the investigation of the Slayerand electrode microstructure. The investigations include
the numerical simulation of the formation, morphology evolution, @adk propagation ahe
solid electrolyte interphase, and the experimental study of developing the porosity graded electrode
in mitigating battery degradation.

The phase field method is applied to investigate thel&ggdrformation, crack propagation
ard dissolution The simulation results prove th&El layer formationcrackng and dissolution
are location dependent. To improve tdverseémpact of the SEI layer on LIBs performance,
porosity graded electrodes are designed to mitigate dé@sadation. Charging and discharging
cycling tests show that porosityraded cells reduce the capacity fade about 8.2836d cell and
5.29% in halcell, respectively. The porosity increase can improve the conductivity and diffusivity

of lithium-ionsthrough the electrode.
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Chapter 1: Introduction

1.1Background

The rapid development of lithitson batteries (LIBs) has changed the world in the last
decade. Lithiurrion batteries are ubiquitous in numerous portable electronic devices because of
the advantages ofheir respectivelylarge specific energyand high energy density. The
development of wireless electronic devices and electric vehi@dssledto the significant

consumption of LIB, as shown in Figure 1(1).
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Figure 1.1: Annuallithium-ion battery demand

The further realization of LIBs in high capacity energy storage systems for electric vehicles
andfor smartgrid applicationss hindered by different performance degradations due to undesired
reactions 2), ageing 8, 4), corrosion %-7), structural integrity compromis€8, 9), and the threat

1



of thermal runaway 1(0-12). These degradations limit the longevity of LIBs. Among Hee
degradations, many studies focus on LIB material decompositamry withnew components
formation and growth @&18) due to undesired side reactiory (9). Although the main
degradation mechanisms may change with different active materials in3)|Bisig well known
that the carbonaceous lithiusmtercalation electrode, contacting the electrolyte solution, is
covered by a passivation layer nantkesolid electrolyte intgghase(SEI). This SEIl layer may
prevent further electrolyte decompositi@®). SEI growth may not only lead to capacity fade by
consuming lithium ions, it also increases internal resistamze compromisg cell power
performance (1, 21-26). The SEl is believed to have multilayer structure that includesnapact
layer with inorganic components., LiF, Li2O) close to the electrode, and followed by a porous
organic layeré€.g, ROLi, ROCQLI) nearthe electrolyte solution phasel(27-30). The organic
compounds are likely to dissolve into organic electrolyte solufturing the charging and
discharging cycling of LIBsthe concentratiogradient during the transport of lithivions can
lead to diffusioninduced stress whiatan cause crackin@1-35). However, the performance and
longevity of LIBs depend on the stability of the S&ler. Therefore, fundamental understanding
of SEI formation morphologyevolution cracking andlissolutionhas significant importande

LIB performance improvement.

1.2 Scope of the Dissertation

The purpose of this work is to improve lithium ion battery performance based on the
investigation and understang of the microstructure of the SEI layer. To accomplish this goal,
first, the formationmechanismand morphology evolution dhe SEI layer microstructurewas
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studied in Chapter ghat corresponds tBaper P1. Since the SEI layeros thenanoscalea
numerical modeling method was applied to study the problem. A phase field model was developed
to simulate the SHayerformation and growthl'he SEI layer morphological evolution and growth
involves many boundaries of reaction products and their phase dynamic interphase. Instead of
directly tracking the intgthasebetween two phases, a diffusive ipleasebetweertheelectrolyte
solution and &l layerspecies is assumed to be governed by a dimensionless phase field variable,
* . The elastic energwasnot includedto reduce model complexityn addition,in this chapter,
the developed model only considered &kergrowth. The dissolutionf the SEI layemwas not
included. However, thisapproximation may cause thapontarous solid speciesshrinkage
phenomenonin a solid/liquid twephase system, the total free enedgysityfi.t can be divided
into surface free energyensity(fs) and volume free energyensity(fy). The critical radiusR”
occurs in the equilibrium statt.the radius of SElayerspecieR; is larger tharR”, volume free
energydensityis dominant, and the $Eyerspecies may tend to grow since the total free energy
densityis increasing. On the other handRifis smaller tharR", surface free energyensityis
dominant, and the SEyerspecies may tend to shrink and eventually dissolve into thetedgyte
solution since the total free enerdgnsityis decreasingAlthough the SEI layer formation and
dissolution can occur simultaneously, we can only simulate one process at one time due to the
limitation of this phase field model.

Once the microsticture of the SElayer obtained, we can start to consider the elastic
energy and the dissolution thfe SEI layerto improve the modeln Chapter 3corresponding to
Paper P2, the elastic enerfywas included into the phase field modekat was applied to
investigate the cracking of the SEI layer. In additibms model only considered the Skyer

cracking andlissolution. The SHhayergrowth was not included here.



From Chapter 2, we can condkithat the SHRyergrowth is location dependent due to
its growth related to the electron current flow and lithium ion diffusitnve SEI layer will mainly
form on the top of the electrode. Based on Chapter 3, it proveSHiddyer crackingis also
location deperghtsincethe concentration gradient during the transport of lithiamcan lead to
diffusionrinduced stressn addition, if the thickness of SEI layer is large, then the thickness of the
porous layer is alsolige Therefore, the SEI layéendsdissolveand cause the unstable structure.
Based on the understanding of the SEI layer formation and dissolution mechanism, cracking and
morphology evolutionwe would like to make the SEI layer formation more uniform and reduce
the SEI layer thickess.Hence, gporosity graded electrode was designed to address this problem
and improve battery performande the traditional electrodethe porosity of the electrode is
respectively small and relatively uniformhherefore the SEI layer mainly forms otop of the
electrode and hindethe further diffusion of lithium ionsSome of theactive materiakt the
bottom of the electrode cannot effectively participate in the reaction and lead to the capacity fade.
To improve battery performance, a porosity graded electrdithea two-layered structurevhile
incorporatingdifferent porosities was designdd.specific, the porosity of the top layer is larger
than the porosity of the bottom layer. As a result, Blér formation in tke porositygraded
structure electrode is respectively more uniform than the traditional elechiodethe SEI layer
does noform arespectivelthick layer on top of the electrode, the obstructing effect of the SEI
layer on lithium ion diffusion will be relatively smaller in the porogitaded electrode. Therefore,
more active material can effectively participate in the readid improve the capacity fade
Furthermore, wecan conclude that th increase in porosity caenhanceconductivity and
diffusivity of lithium-ions through the electrod&his increase imliffusivity of lithium-ions can

furtherreduce the concentrationaglient. Sincea relativelylarge concentration gradient can lead



to diffusiontinduced stress (DIS) and causacking ofthe SEI layerreducing theconcentration

gradient would improve thgropagation of cracking in tH&El layer.

1.3 References

1. https://seekingalpha.com/article/42898a6k-top-5-lithium-ion-batterymanufacturers

in-2019 Bloomberg NEF 2019 Electric Vehicle Outlook

2. P. Arora, R. E. White and M. Doyl@ournal of the Electrochemical Socigiy5 3647
(1998).

3. A. Barré B. Deguilhem, S. Grolleau, M. Géard, F. Suard and D. Rayrnal of Power
Sources241, 680 (2013).

4. S. Paul, C. Diegelmann, H. Kabza and WInietz, Journal of Power Sourceg39, 642
(2013).

5. E. Cho, J. Mun, O. B. Chae, O. M. Kwon-H.Kim, J. H. Ryu, Y. G. Kim and S. M.
Oh, Electrochemistry Communicatiqrz2, 1 (2012).

6. A. Abouimrane, J. Ding and I. J. Davidsdournal of Power Sowes 189, 693 (2009).
7. S. S. Zhang and T. R. Jodgurnal of Power Source$09 458 (2002).

8. M. Jana, A. Sil and S. Rayournal of Physics and Chemistry of Sqolids, 60 (2014).
9. M. M. Thackeray, J. T. Vaughey, C. S. Johnson, A. J. Kropf, Reéek, L. M. L.
Fransson and K. Edstrodqurnal of Power Source$13 124 (2003).

10.  A. V. Virkar, Journal of Power Source$96 5970 (2011).

11. K. Maher and R. Yazamiournal of Power Sourceg47, 527 (2014).


https://seekingalpha.com/article/4289626-look-top-5-lithium-ion-battery-manufacturers-in-2019
https://seekingalpha.com/article/4289626-look-top-5-lithium-ion-battery-manufacturers-in-2019

12. L. Terborg, S. Weber, F. Blask&, Passerini, M. Winter, U. Karst and S. Nowalk,
Journal of Power Sourceg42, 832 (2013).

13.  B.Li, M. Xu, T. Li, W. Li and S. HuElectrochemistry Communicatioris/, 92 (2012).
14. X.J.Wang, H. S. Lee, H. Li, X. Q. Yang and X. J. Hudfigctrochemistry
Communicationsl2, 386 (2010).

15. H. Buga, A. Wiisig, J. Vetter, M. E. Spahr, F. Krumeich and P. No¥dyrnal of Power
Sources153 385 (2006).

16. E. Peled, D. Bar Tow, A. Brson, A. Gladkich, L. Burstein and D. GolodnitsBgurnal

of Power Source®97#98, 52 (2001).

17.  H.Jannesari, M. D. Emami and C. Ziegl&wurnal of Power Source$96, 9654 (2011).
18.  X.Lin, J. Park, L. Liu, Y. Lee, A. M. Sastry and W. Llgurnalof The Electrochemical
Society160, A1701 (2013).

19. M. Safari, M. Morcrette, A. Teyssot and C. Delacodatirnal of the Electrochemical
Society 156, A145 (2009).

20. P.Verma and P. Nov&Carbon 50, 2599 (2012).

21. F.M.Wang, M. H. Yu, Y. J. Hsiao, Y. Tsai, B. J. Hwang, Y. Y. Wang and C. C. Wan,
International Journal of Electrochemical Scienée1014 (2011).

22. M. H.-M. Tang, Side Reactions in Lithivton Batteries, in (2012).

23. A. M. Colclasure, K. A. Smitland R. J. Keeklectrochimica Actg58, 33 (2011).

24.  R. Srinivasan and B. G. Carkhudipurnal of Power Source241, 560 (2013).

25. G. K. Prasad and C. D. Rallgurnal of Power Source232, 79 (2013).

26. L. Liu, J. Park, X. Lin, A. M. Sastry and. Lu, Journal of Power Sources



27. S-P.Kim, A. C. T. v. Duin and V. B. Shenajpurnal of Power Source$96, 8590
(2011).

28. J.Yan, B:J. Xia, Y:-C. Su, X:Z. Zhou, J. Zhang and >G. ZhangElectrochimica Acta
53, 7069 (2008).

29. K. Edstrdm, M. Herstedt and D. P. Abrahadgurnal of Power Source$53 380 (2006).
30. E. Peled, D. Golodnitsky and G. Ardégurnal of the Electrochemical Socigiy}4,
L208 (1997).

31. S. K. Soni, B. W. Sheldon, X. Xiao, A. F. Bower and M. W. Verbrudogeyrnalof The
Electrochemical Societyt59, A1520 (2012).

32 N. Kotak, P. Barai, A. Verma, A. Mistry and P. P. Mukherjigmyrnal of The
Electrochemical Society65 A1064 (2018).

33 P. Zuo and Y-P. ZhaoPhysical Chemistry Chemical Physi&3, 287(2015).

34. X.Zhang, W. Shyy and A. Marie Sastdgurnal of The Electrochemical Societ4,
A910 (2007).

35. J. ChoJournal of Materials Chemistr20, 4009 (2010).



Chapter 2: Simulation and Experiment on Solid
Electrolyte Interphase (SEI) Morphology Evolution
and Lithium -ion Diffusion

2.1 Abstract

In this study, a phasieeld model is developed to simulate tmécrostructure morphology
evolution that occurs during solid electrolyt¢erphase (SElpyergrowth. Compared with other
simulation methodologies, the phesdd method has been widely applied solidification
modeling that has great relevance to Bigerformation. The developed model can simulate SEI
layer structure and morphologgvolution andcan predict SElayerthickness growth rate.-Xay
photoelectron spectroscopy (XPS) experiments are performed to cah@rmmajor SElayer
species as LiF, kO, ROLi, and ROCELi. A transmission electron microscopy (TEM)
experiment is performed tpresent the SEI layer structareThe experiments reduce the
complexity of the model developmeantd provide validationto soneex t ent . Fi ck 0s
balance are applied to investigate lithimn concentration distributions and diffusion coefficients
in different types of SEI lagrs predicted by the phaseld simulations. Simulation results show
that lithiumion diffusion coefficientdetween 298 K and 318 K are 1.328B28(10%) cn¥/s,
1.734 3.405(102) cn¥/s, and 2.61112.389(10%°) cn¥/s in the compacporous, and multilayered
structures of SEI layer, respectively. The resistances between 298 K and 318 K ar#.69210
Y-cn?, 2.8275.517Y -cn?, and 3.7265.839Y -cn? in the compact, porous, and multilayered

structures of SEI layergspectively.



2.2 Introduction

Lithium-ion batteries (LIBs) are widely used in many applications, such as cell phones,
electric vehicles (EVs), and other energy storage modules. However, LIBs suffer from severe
performance degradation due to undesired chemical reaélipresgeing(2, 3), corrosion(4-6),
compromised structural integrity?, 8), and thermal runawag9-11). This degradation occurs
during both calendar and cyclinfespans andeduces the longevity dfIBs. Recently, much
attention has been focused on LIB material decompogii®he.g., the formation and growth of
new component§13-19) due to undesired side reactios, 20) The main degradation
mechanisms in LIBs vary with different act materials(2), however, it is well known that a
carbonaceous lithiurmtercalation electrode in contact with electtelgolution becomes covered
by a passivation layer called a solid electrolyte ptiese(SEI). Whilethe SEI layer caninhibit
further electrolyte decompositiq21), SEI layer growth can also cause battery capacity fade and
increase cell internal resistan@, 2230). Therefore, the study of SElyerplays a key role in

battery degradation and other relatediggenance improvement research.

Many researchers have investigatld SEIl layerin LIBs in terms of structuré7, 8, 29,
31-33), formation and compositiai20, 22, 27)thickness growth prediction and measureni&hit
16, 34, 35)TheSEllayeris believed to have a multilayered structure: a compact layer of inorganic
components (e.g., LiF, @) close to electrode followed by a porous organic layer (e.g., ROLI,
ROCQLI) close to the electrolyte solution pha@2, 29, 3133). The composition of SHayer
depends on the electrode materials and electrolyte compg@uprBrousselyet al.investigated
the mechanism of littum loss in LIBs during storage, and their developed diffubioited SEI
layergrowth model revealed that the rate of lithium loss is proportional to thiay# Electronic
conductanceg28). The work by Borodiret al. showed that the nature of the electrolyte has a
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fundamental impact on the formation and compositiah@SEl layer(27). Kim et al.carried out
simulations to study the effect of the electrolyte on the composititre&El layer. They found

that LCOs and LpO are the primary inorganic componentstod SEI layer above the lithim

metal anode wheahylenecarbonate (EC) is used as the electro(@). Liu et al. developed a
thermalelectrochemical model to study SHdyer growth and electrochemical impedance
spectroscopy36). Newmanet al. developeda macroscopic model to simulate the growth of the
SEl layer and the transport of lithium iongtis layer (37). These authors also investigatayler

growth rate, cell resistance, and increase in irreversible capacity loss during SEI layer formation
and growth(37). In addition, the model developby Liu et al. showed the competing mechanism

of diffusivity and reaction kinetics on SEI layer growth and cell capacity fade considering the

temperature effe¢B8).

However, structural predictions of the SEI layer are still not fully understood, especially
the micostructure morphology evolution of SElyerand lithiumion diffusion inside different
SEI |l ayer s. Yands phenomenol og ilayeaformation cre | el al
evolution during the first electrochemical intercalation of lithium into kitap(31). Pel edods
mosaic block model showed a hypothetical description of thdayEt morphology(33). Here,
similar to previous work39), the formation and morphology evolution of S&terare simplified
as a solidification procesgnitially, the electrolyte solution becomes unstable, and reduction
reactions happen with electrons frahe electrode to form SElayer species (solid phase) in
electrolyte solution (liquid phase) that may undergo decomposi@28h SEI layer species
accumulate and form a passivation layer vatimultilayered structure (i.e., compact and porous
layers)that hinders the direcbntact between the electrolyte solution and electrode surface. Since

the porous SEI layer haslower electronic conductivity than the compact layer, it will stop
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growing when the electrolyte solution molecules can no longer receive electrons fronstiioelele
to be further reduced. Thus, SBYyergrowth rate reduces and SEI layer stabilizes. Although the
dissolution ofthe SEIlayermay happen, the study has not considered the dissolution mechanism

yet due to computational complexity of phase field $ation.

Odeet al demonstrated that the phase field method can identify solidification problems
(40). Chenet al.reviewed the development phase field simulation for solidificatiof1), and
Denget al.recently used phase field simulation to investigate the formatitre&El layer (42).
The aforementioned studies provide the physical justification for assumigglitiécation to be
governed by the free energy gradiéf®). In this study, phase field method is applied. The SEI
layer morphological evolution and growth involves many boundaries dfaegroducts and their
phase dynamic intphase Instead of directly tracking the inpdrasebetween two phases, a
diffusive intephasebetween electrolyte solution and S&yerspecies is assumed to be governed
by a dimensionless phase field variable(42-49). The detailed chemistry of SEyer species
formation and complicated electron/charge transportation mechanisms have not been considered
in thisstudy. However, we carried out experiments to confirm majofe€rspecies with given
concentratiorC; in the electrolyte solution. Then, wedus on SEI layer morphology evolution
and growth during the minimization of surface free energy density of eadhy®E$peciesThe
electric potential and elastic energy are not included so as to reduce model complexity. A diffusion
model based on Ficks | amass datadcis applied to investigate the lithiuman diffusion in

different types of SEI layers predicted by the phase field simualtions.
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2.3 Methodology

The phasdield variable(s ) corresponds to the solid/liquid volume fractidf) in the

SEl/electrolyte intgzhase
e C,)t=\2 1 1)

The volumefraction (V) ranges from 0 to 1,whereVs = 0, 1 represent liquid and solid
phaserespectivelyCi is the concentration of SEyerspecies, andt is the time during the SEI
layer formation. Thereforee (Ci,t) = 1 signifiessolid SEI phasgs (Ci,t) = Ijcorresponds to
liquid electrolyte phase, andlg ¢ < 1 representshe SEl/electrolyte intphase As shown in
Figure2.1l, a twophase system in a localized regisndescribed byhree domains: SEI phase,
electrolyte phase, and diffusive intephaseregion The thickness of thaterphaseregion is
represented by. There is no pure liquid (electrolyte) or pure solid (SRécies) inside the
diffusive intephaseregion. The evolution of is governed by the CahHilliard equation(47, 50,
51). The phase field model development is based on energy conservation, mass conservation,
momentum balance, amhase separation at the imtkase which can be referred ia detail in

our previous work(39, 52)

Interface
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a
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Electrolyte
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Figure 2.1: Phase field variable £ represents a diffusive infgnase
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The keyaspectof SEI layer species formation and evolutiagithe minimizationof total
free energyf the twophase systenThe total free energy comes from twomponentsmixing
energy of the SEl/electrolyte infgtaseand elastic energy. Since elastic energy is not considered

in this work, the Ginzburgandauform is applied for the total free energy denghy):
_ l .12 . \2
ftot_§/|D/| + fo(/ ) ( )2

wherefiotis the total free energyensity _ is thefree energygradient andfo is a function
of the bulk energy densit{the choiceof the bulk energy density functi@man have a significant
effect on the physical behavior of the imtiease In this work, a doublevell function forfo is
applied

=l - of (B

The physical justification ofo comes from the separation of phases into domains of pure
componentgs = p) (53). The doublewell functionis commonly used whethe phasdield
model is applied fontemphaserackingpurposes antepresents an approximation of tian der
Waals Equation of Stateear the criticatadiusR". However, thisapproximationmay cause the
spontaroussolid specieshrinkage phenomengs4). In a solid/liquid twephase system, the total
free energydensitycan be divided into surface free enedpnsity(fs) and volume free energy
density(f,). fiot reackesits maximum value when a SElyerspecies has the critical radiug”. If
R is larger tharR", volume free energglensityis dominant, and the SElyerspecies may tend
to grow since the total free enerdgnsityis increasing. On the other handRifis smaller than
R’, surface free energyensityis dominant, and the SHdyer species may tend to shrink and

eventually dissolve into the electrolyte solutgince the total free energlensityis decreasing.
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Yue et al theoretically investigated the calculation of the critical radiingr resultsindicated
the changem sizeof solid specieare proportionalo the thicknessf interphase (54). As- © 0,

theratio / / e obtainsthe surfacetension coefficientllss as shown in Figure.2

=22l 0

Graphite Electrode

Figure 2.2: Schematic of contact angle with the surface tension coefficients dhBtEpecies
formed on anode surface

In this work, it is assumed that the SEI layer is formedlifferent precipitatedsolid
species in the electrolytéds a result, th&SEl/electrolyte intggzhasetends to keep a spherical
configuration to minimize the surface free enedgysity(31). Figure 22 shows a schematic of
contact angle and surface tension coefficievitaing's equation is applied to connect the contact
angle(— with the SEl/electrolyteinterfacial tensiorcoefficient (Use), the SEl/electrodesurface

tension coefficientlfy), and the electrolytelectrodesurface tensionoefficient(leg).

COSO) :ﬁ (5)

se

Thus, the surface free energy density can be represented as:
c=Y4R (25 5 ) (6

whereR is the initial radius of the SHhyerspecies.
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The phase field variable ) is a conserved property since the concentration field is a
conserved property during lorrignge diffusion. Thereforéhe evolution of can begoverned by

the CahrHilliard equation:

13te 117 ()

wherev is theflow velocity for the advectignw is the chemical potential coefficiemind
[ is the mobilityof the intephasewitharange oft [  p8 is used to determine the time scale
of CahnHilliard diffusion and control the minimization of thetal free energydensity Here the

chemical potential coefficiemtf SEllayerspeciess written as

w=/ dgt/of) ®)
W=§[- @ +/(j?- 1) )

The CahrHilliard equation forces to take a value of 1 orlyand can be represented by

two seconebrder PDEs:

%+vd§)j =%’sz @p
f=- B¥D/ +(j2-1) (11

Since thephase field model does not requiracking of the interphase the chemical

potential can be rewritten as a functiorP@fwhich is shown irEquation 2.

w= Lt (2

e
Solid speciesdeposit onto the electrode surfadaering formation and growtlin the

interfacial region between electrode and electrobftavever thephase field model dzsnot have
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the ability todescribethe velocityof motion of the deposition procesbBherefore, the Navier

Stokes equation &ppliedto capture the momentum balar{é@, 51, 55)
r%&ﬂv@)vg:- H?+DC[)/7(DV+(E)V)T)]+ = (3
(; =

where} is the densityof electrolyte P is pressuren electrolyte* is the dynamic viscositpf

electrolyte T is thetemperatur€K), andFstis the surface tensidorce, asdefinedasbelow:

f®; =uwbj ( 4)

v=v,=0 P=R =0 (1¢
n? br=0 ( 8

e
net j = e’ cosgi /| (D

wheren is theunit vectornormalto the boundaryThe boundary condition of the outlet fibre
electrolyte solution is shown below,
{rev+@v) fa =0 (1¢
Fi c lavd and mass balan@e coupled with the phase field simulation to investigate

lithium-ion diffusion in different SEI layer&6):.
W*‘D@' DiDCLi(y)] =0 1y

Here,CLi(y) is the concentration dithium ions at different locationg) in the SEI layerandD;
is thelithium-ion diffusion coefficient ofSEl layerspeciei.
Then thelithium-ion diffusion coefficientof SEI layer can be predict by applyirgi ¢ k 6 s

second law
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UC _ pa_ puCo
LaniE S ) Lt C
Mt W?W+ (3

whereD is the lithiumion diffusion coefficient of a SEI layer consisting \drious SEI layer

species. The lithiuaon diffusion coefficienin the SEI layer can be represented as:

1adyd ¢ dC
D=—g> —d
28 C.gy:emydy y (21

In order tareduce the computational complexity of simulating numeroudayEtspecies,
X-ray photoelectron spectroscof}PS) experiment were carried out to identifythe main
components of SEI layeA graphite MTI€) compositeanodeg(95:5 graphitePVDF) wasusedto
fabricate Swagelok graphite/Li half cellthat were cycled at 25C and 50C. All cells were
subjected to formation cycles that stopped at 1.0hé. cycled cells were disassembled and rinsed
with dimethyl carbonat¢DMC) for 15 seonds.The test electrodes werthensealedn a vessel
under arargon atmosphett® transfer into the XPS samptbamber withouexposureo air. The
chemical composition ahe SEI layer was investigated by XP@8sing a monochromatigl K -
alpha xray sourcewith a scan areaf 700 300t m of cycled graphite electrod@&he resuing
spectra were obtainda usingrepeated scans (more than 10 timesh a passnergy of20 eV
(high resolutiopand 160 e\(survey).

In addition, transmission electranicroscopy (TEM) experimentatiocan be used to
reveal the morphology of interfacial layekowever, TEM sample preparation is a delicate and
time-consumingprocess. Firstly, a delicate procedure to prepare-s@stonal sampleger TEM
imaging with minmal damage during sample preparatieeds to be developed. Figar8 shows
the procedure of TEMample preparation. When preparing the TEM specimen, low andlew
Ar ion beam energy were used plus all the ion milivas performedt LN, temperatureWhen

TEM observation was performede minimized the beam current by spreading the beam and the
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areas from which the images were taken were only exposed ¢tetiieon beanfior a relatively
short time. All those operations should hasgduced the damage arespectivelylow level if not

total reduced.

Cycled graphite

Al

mp —

Sliced into a small piece
(3 mm X 6 mm)

Vacuum dried Surface coating

e

Imaged | |

v
s [\l “

lon-milled to Polished to Reinforced by
Less than 200 nm 10-20 microns Si benchmark
(side view) (side view) (top view)

Figure 2.3: TEM sample preparation procedure

24 Results and Discussion

The phase field modeleveloped in the previous section is applie capture SElayer
formation and morphology evolution. Detailed chemicahstituents of SElayer are not
considered in this work. Instead, foaagplaced on the evolution of SElyermicrostructure that
is related to thelectrochemical properties of interest (e.g., pityoand diffusivity).

The detailed description of SEI layer formation can be reféoetanet al (31). X-ray
photoelectron spectroscopy (XPS) experimerre performed to confirm major SBlerspecies
to be LiF, LbO, ROLi,and ROCGLI, as shown in Figurg.4. The XPS analyses above shugh-
resolution XPS spectra of the SEI layer formedtmmelectrodesurface. In F 1s spectrum, two
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peaks can be assigned. The peak 68&reV, assigned to LiF, is detected as a portion of SEI layer.
LiF is also found in Li 1s at approximately 56.4 eV. The residual § d?kts reduction products
LixPF is formed on thelectrodesurface in F 1s approximately 688.1 eV. The small peaks near
532.8 eV in O 1s an@89.8 eV in C 1s correspond to therf@tion of inorganic LACO; that can

be easily decomposed into.0. In addition, one of the maicomponents of the SEI layer, the
lithium alkyl carbonate ROCADI, is formed due to the reduction of solvents. It can be obtained
near534.4 eV in O 1s an?87.9 eV in C 1s.

3 F1

x 10

— ]

693 690 16871 684 681 538 536 $34 1532 530 528

Binding Energy (eV) Bim:iingI Enérgy (eV)
I 1 I 1
Li PF, i i LiF ROCO,Li | i Li,CO;
o) Cls 1 Li Is
10 1 I 1 1 10 1
] R 554 i
251 R T B 3 ;
] I ;
209 | : 4
L i i 3
4 ] 1 3
159 | | 354
: i | E
o [} 1 E
104 i ' 254
] j E
53
] 159 !
LI i Illlllllllll:llllllllllllllll
2 1 28 59 58 57 156 55 54 53
Binding Energy (eV) Binding;Energy (eV)
Li,CO;1 i i i graphite ; LiF
ROCO,L1  polymer

Figure 24: XPS spectra tests of cycled graphite to confirm I8§#rmajor species as LiF, 10,
ROLi, and ROCGLi.
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Analysis of the TEM experiment resutbow the porosity of th&Ellayerto be estimated,
as shown in Figur2 5. The porosity of SHhyerclose tatheelectrodesurface is smaller than that
closer to the electrolytsolution, which indicates SEhyermay become more porous as it grows
into the electrolyte. Figur25 shows e SEI layer after cycling. THREEM image confirms that
the SEI layer has a multilayered structdree multilayered structure indicates either composition

variation orthickness variation of the interphase layers.
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Figure 25: TEM image and the porosity analysis of SEI layer.

Figure2.6 shows the variation of chemical potentig) during SElayerspecies formation
above theelectrodesurface. Initially, the chemicalotential exhibits no specific pattern. This is
shown in Figure.6 (a) where the SHhyerspecies have started to form and approackldetrode
surface buhave not yet made contact. The dowwkdl function isshown clearly in Figur2.6 (c)
and 2.6 (d) with the spinodal region and twihaseregion during the formation proceé4?).
Spinodalcorrespondo the curvature of the chemical potential is 0 when the diffustegphase
reaches the equilibrium state. A uniform solid with a compositeiweerthe spinodalis unstable

and decomposes intavaxture of two phases. The phasgld variable continuously changesth
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the contact angle to minimize the total free energy denBitys, according to Equation 9, the
chemical potential from Figureés6 (b), 2.6 (c), and2.6 (d) will also change during the SHEyer

species morphologgvolution.
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Figure 2.6: Variation of chemical potentiak( in the electrolyte solution phase{& 0. 6 ¢
t= 0. 9t=e 4, 2t=e d, 8d:ies) .

Figure2.7 shows the evolution process of a single &i#rspecies duringhe formation.
The contact angle will determine the morpholaolution of a SEllayer species since it is
assumed that the SEl/electrolyir@erphasealways tends to keep a spherical configuration.

Different materialsnake different contact angles since they have different suafateolume free
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energy. Additionally, the surface free egyerdensityvaries with time during the minimization.
Thus, changes of SEyermorphologyare related to the variation of the total free energy density
of SEl layer species. The total free energy density equation, Equatignv2rns the SElayer
speciesluring the formation. Equations 8 and 9 apelied to control the minimization of the total
free energy densityl.he surface free energy density is governed by the contact angl@sation

6. This study is limited by the lack of experimental contagies and total free energy density
simulations for each SHayer componentabove theslectrodesurface. Thus, all contact angles

used arassumed values. Molecular dynamics (MD) simulations are ong¢gwicgjculate contact

angles of SElayerspecies durig SEllayerformation andgrowth.

Figure 2.7: A single SEllayerspecies formation evoluticat differenttimes @:t= 1.0Hs, b: t=
1.2Hs,c:t=1.6Hs,d:t=1.8Hy).

Figure 2.8 further extends morphology evolution of S&yer species intwo dimensions
by showing the variation of the phaBeld variableduring SEllayer species formation and
evolution above thelectrodesurface As indicated by the color change in Figr8, the phase
feldvari abl e varies smoot hl y -fieldwarmablelis répesentative Re c a
of solid species (SElayen and liquid speciegelectrolyte solution) whem = 1 and 1T 1,

respectively(41,42. Figure2.8 also connects theontact angle and pha$ield variable together

to show changes in the infgraseregion between the solid SEyer speciesand electrolyte
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solution. As mentioned previously, different surfdoee energy densities will form different
contact angles. Figas2.6 and2.8 clearly show the effect of chemical potential and surface free

energydensity on SElayerformation and morphology evolution.
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Figure 2.8: Variation of phase fielgtariable ¢ ) in the electrolyte solution during the formation
of a single SElayerspecies(a&t= 0. 6t=¢ 9D,. 9b=ds 2 €= ,1.d8 ¢€5s)

Due to the repetition of the formation process shows in Figire&SEI layer growth and
morphology evolution simation results argshown in Figure.9. The NavietStokes equation is
applied to capturthe momentum balance during the grovidiiferent contact angles asssumed
between different SHhyerspecies, as well as between &fykerspeciesand theslectrodesurface.

Based on the simulated SEler morphologyevolution, the thickness growth rate of SEI layer
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can be estimateds shown in Figur@.10. From Figure2.10, it can be seen that the S&yer
grows quickly at first. This occurs begse the concentration oharged species at the imibase

is initially high. As the passivatiolayer grows, it hinders direct contact between the electrolyte
solution and theelectrode Since the porous SEI layer is conductive litbium ions but
noncondictive to electrons, the resultant decompospdcies become unable to react with
electrons from the electrode be further reduced. As a result, the Sd&ler growth rate will

decrease du® the low concentration of electrons at the ipitese
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Figure 2.9: Morphology evolution during SEHayergrowth (at= 1. 8t=¢ s7,. 2b=ge s, c:
12. 6 tss16d2=¢5L9. &:eX8. F=F6 , ¢ 9):
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Figure 2.10: The thickness growtrate of SEI layer.

Simulation of different types of SHhyer microstructures are shown ihe Figures2.11
Figure 2.11 (a) and Figure2.11 (b) show the structure ahe compact and porous SEI layer,
respectively. Figur@.11 (c) shows thanultilayered structure of SHyer. In order to simplify the
complexity ofsimulation, SElayer species in the compact and porous layers are assioned
pure inorganic and organimaterials, respectively. Therefoesch layer has a different material
composition. Recall that differentaterials are characterized by specific surface and volume free
energydensities. Since the surface free energy density determines the eogtaaising different
assumed contact angles will simulate differ&#l layer morphologies. First, LigHn the
electrolyte solution decomposde produce solid species, such as LiF, §CH.O),;, and
(CH.OCOOCH).. However, no solid particles form on tleéectrodesurface initially. As the
concentration of decomposition products increabesresultant solid species precipitate from the

electrolytesolution. These species are substituted by LiF, as@@si In addtion, Li2COs species
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may easily be substituted by LiF and Z&ventually, the components of the films near to the
electrodesurface are entirely LiF and40 (31). Meanwhile, the components tbfe films far away

from the electrode surface are organic maks ROLi and ROCGLI.
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Figure 2.11: Simulation of (a) compact structure of SEI layer, (b) porous structure of SEI layer,
and (c) multilayered structure of SEI layer.
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In addition, the developed mod=ln traceevery SElayerspecies to determine its location
during SEI layer growth, as shownkigure2.12. This ability makes it possible to investigate the

propertiesof the SEI layers.
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Figure 2.12 Simulation of SElayerspecies location and distribution during $dgler
formation and growth.

The diffusion model is applied to the SEI layer simulated by plgemodel in order to
predict lithiumion concentrationdistribution. D; is the lithiumion diffusion coefficient in
different SEllayer specied, as shown in Table I. In this work, three temperatures, 298 K (the
reference temperature,re), 308 K, and 318 K, are used to investigdbe lithiumion
concentration distributions and diffusion coefficiemiglifferent types of SEI layerf; at 298 K
is obtained from the workf Ken et al (57). The Arrhenius equation, below, is applied to

determineD; at 308 K and 318 K, as shown in Tabl@8).

s 8 07]
Di = Dref ex@%&#- lq:'l ( 3 :
é R Q ref TQE]
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HereR s the universal gas constant, dhgr is the reference lithiurfon diffusion coefficient in
each SElayerspecies at reference temperatufes. EactiS the corresponding activation energy,

which is 4 kJ/mol and0 kJ/mol for the solid and liquid phases, respectiy@sy.

T LiO LiF ROLI ROCQOLi  Electrolyte  Graphite
298K) | 1.6x10% 35x10% 1.1x10 7X1012 8x1012 10t
308K) | 1.686x10%° 3.688x10%° 1.159x10%! 7.377x10'? 9.120x10'2 1.054x10!
318K) | 1.771x10% 3.874x10% 1.218x10%! 7.748x10%? 1.031x10%! 1.107x10%*

Table I: The Lithium ion diffusion coefficient (cfs) in different materials at different

temperatures (K).

Figure2.13 shows the lithiusion concentration distributions in tkempact, porous, and
multilayered structure of SEI layer. The patiidithium-ion diffusion in these three kinds of SEI
layers are showm Figure2.14. The lithium ims are assumed to diffuse through éhectrolyte
solution into SEI layer normal to thedectrodesurface. Aftera certain time, the differences in
lithium-ion concentration between thkctrolyte analectrodesurface for SElayercompact and
porous lagrsare around 550 mol/frand 163 mol/rfy respectively, as shown Figure2.13 (a)
and2.13 (b). In addition, this difference reaches nearly #@&/m® for multilayered structure of
SEllayer. This indicates that SEI laybas a significant effect ahe lithiumion diffusion during
the firstelectrochemical intercalation. SEI layer essentially slows dowhtltigm-ion diffusion
from the electrolyte solution into thedectrode Lithium ions need more time to pass through the
SEI compact layethan the porous layer, which indicates that the lithiton diffusioncoefficient
in the compact SEI layer is smaller than the porous |ayer blue lines in Figur2.14 outline the

paths of lithiumion diffusion. These does not change much in the porous SEt.1a¥is is dugo
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the fact that the diffusion coefficients of the organic speciesiamiéar to the electrolyte solution

and the porous sites contain electrolyte solution
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4997 i ) i z A998
10 997
i 921 990
£ p i 838 & 6 959
S 755 £ 928
>4 612 >4 -
2
; 590 866
0 507
452 P 835
0 4 8 12 16 20 V452 2 7 12 17 835
X (nm) X (nm)

Concentration Distribution C (mol/m?)
: : : : 4996

989

Figure 2.13: Lithium-ion concentrations in (a) compact, (b) porous, and (c) multilayered
structure of SEI layer.
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Figure 2.14: Lithium-ion diffusion paths in (a) compact, (b) porous, and (c) multilayered
structure of SEI layer.
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As lithium ions pas through the SEI layer and reachedtextrodesurface, the lithiumon
diffusion coefficient in the SEl layer canlobeal cul at ed using Fickds
calculation can beeferred to our previous woKk2). Calculated diffusion coefficients aarious
temperatures are shown in Fig@r&5. The lithiumion diffusioncoefficients increase with rising
temperatures in all three SBlerstructures. In addition, different SElyer structures influence
lithium-ion diffusion and result in different diffusion coefficients. The ordemwgnitude of
diffusion coefficients are 18 cn?/s, 1012 cé/s, and 10 *° cn¥/s in the compact, porous and
multilayered structures of SHyer, respectively. This indicates thigéhlum ions can pass through
the porous layer more easily than the compact layer. To dateatkdsv studies on experimental
measurement of diffusion coefficienitscompact, porous, and multilayered structures ofl §feir
due tothe complexity of both controlling SEI layer formation and growth argerimentation in
SEI layer. However, there are some computatiehadiies on diffusion coefficients published
recently (58 61). Pinson andBazant(59) calculated diffusion coefficient fdnomogenous SEI
layer. Intheir model, the diffusion coefficiefit is 3(101%) cn¥/s at 60C. Theyalso indicated that
the true value oD is higher than that calculate@lued due to the assumptions such as treating
SEl layer as homogenossucture. Theifinal estimated value db is 4(10 %) cn¥/s. We adopted
the input from Pinson and Bazant and found the diffusamdficient is around 2.583(18) cn/s
at 60C that is in same ordef magnitude with Pinson and Baz#8$). With incorporating more
SEI layer growth mechanism and related experimental studies, we can addiesnodel
validation and comparison more appropriately. Othenitisedifficult to compare computational
results with different modeldue to the diffeent assumptions adoptetll these assumptiortsn
significantly affect the calculation of diffusion coefficients. and the porous sites celgeirolyte

solution.
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Figure 2.15: Lithium-ion diffusion coefficients in (a) compact, (b) porous, and (c) multilayered
structure of SEI layer at different temperatures

Moreover, SEI layer growth can cause cell internal resistant increase. Here, we assume the

resistance of SEI layer is grortional to its thickness (36, 38, 59). Adopting our previiugies

N
(36, 38), the resistance of SEI layer can be estimatefRhy=8 d/s, , whered is the

i=1

thickness of SEI layer, angl, is the ionic conductivity of each SHyerspecies. Nis 4 in our

work since SElayeris simplified with four main components based on the XPS experiment.

at 298K is estimated from the work of Harris et al. (57). The Arrhem@gsation

éEact
S| =S et exrhi_

1 1

T

gj“ais applied to determing; at 308K and 318K, as shown in Table II.
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Here s is the reference ionic conductivity of each $gler species at reference temperature

Tret. Eactis the corresponding activation energy, which is 4 kJ/mol for solid phase (38). Calculated
resistances at various temperatures are shown in R2dieThe resistances between 298K and
318K are 0.744 . 6 9 32, ABAZE M5 1 72 and®3c726 . 8 3 92ingth® compact, porous,

and multilayered structures of SEI layer, respectively.
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Figure 2.16: Resistances in (a) compact, (b) porous, and (c) multilayered structure of SEI layer
at different temperatures.
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T L 4O LiF ROL i ROCAQIi
29(8K) 4.102711 3.2211 1.40731 1.0261
30(8K) 4.323811 3.39%1 1. 4791 1.0811
318K) 4.54011 3.565]1 1.55731 1. 1361

Table II. Theionic conductivity(S/icm) of different SEllayerspecies atlifferent temperatures

2.5 Conclusions

A phase field model was developed to investigate the formation and growth of SEI layers
on the surface dhe electrodeln this modelthe shape of the SHEdyerspecies is determined by
minimizing thetotal free energydensityof the twephase system to reach a state of equilibrium.
The chemical potentiaf ) is satisfied by the doubMell function. Compared to other models,
the phase field modeloes not need to track the irgbasedirectly. It also reveals the profiles of
chemical potential and velocity in the electrolyte/SEI interfacial regdonimportant advantage
of the present model comparetth previous models is that it predicts the SEI layer structure in
two-dimensions. Additionally, the developed model can capture thel&€l growth and
morphology evolution as wellA diffusion model isthenapplied to investigate the lithivion
diffusion in different SEI layers: i ¢ lawbaad mass balance are applied to investigate the lithium
ion concentration distributions and diffusion coefficientthe compactporousand multilayered
structuresof SEI layer predicted by the phase field mod@he simulation results show that
lithium-ion diffusion coefficients betwee208K and 31& are in the range df.340-7.328(0)
cm?/s, 1.73%-3.40500%?) cm?/s, and 2.6142.389(10') cm?/s in the compact, porous and

multilayered structures of SEI layer, respectivdlile resistances between 298K and 318K are
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0.7401.693 q @n¥, 2.8275.517 q @n?, and 3.7265.839q @n?¥ in the compact, porous, and
multilayered structuresf SEI layer respectively Most importantly, thedevelopedmodel has
potential to be extended to three dimensional space for SElgeywth investigationsSince the
formation mechanism of the SEI Iger on different electrode materials are same in LIBs, this
modelcan be applied to simulte the SEI layer formation on different electriioaddition the
developeghase fieldnodel may be applied to othietemphasegrowth and mgohologyevolution
studies Additional species and mechanisms relevant to I8itr growth could be coupledwith

and analyzedly this model The developethodelcouldalsobe usedo studyintemphaseproblens
with camplex morphology evolutian Furtherdevelopmenof thepresenteanodelwill strengthen

understandingf SEIl layermicrostructure evolution

2.6 List of Symbols

. phase field variable

[ SEllaysereci es

Ci concentr atayere ©if e SE |

\ solid/liquid volume fr act
- t hi ckneisng leanfs et h e

ft ot total fdemrsietnergy

free gadient gy

fo function of the bul k enct

R’ critadafusiSEs®reci es
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fs

fv

Tref

Eact

surface fleeei eynergy
volume fdeasehnhgrgy

I nirta dolfusiS&ysereci es
SEl/electrolyte surfacensioncoefficient
contact angle

SEle | e c surfagedtension coefficient
electrolyteé | e c surfacedtensionoefficient

flowl ocity for advect.i

(O

chemical potenti al coef i

mo b idfi ttyhpeh aisret er

densityof theelectrolyte

pressuren theelectrolyte

dynamic viscosityf theelectrolyte
surface tension force

unit vectornormalto theboundary

concentration ofithium ions at different locationg/)
lithium-ion diffusion coefficient

reference lithiurvion diffusion coefficient

ti me

temperature

reference temperature

universal gas constant

corresponding activation energy
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Chapter 3: Phase Field Modeling of Solid Electrolyte
Interphase (SEI) Cracking Propagation and
Dissolution during Lithium -ion Battery Cycling

3.1 Abstract

Lithium-ion batteries are widely usedelio theirrespectivelyhigh operating voltage and
high gecific energyHowever, thédormation ofasolid electrolyte interphase (SHayercan cause
battery capacity fade ar@nincrease cell internal resistance, whilgibiting further electrolyte
decompositionLithium ion diffusion durindithiation and ddithiation can lead to stress evolutjon
as well as crack propagatioh the SEI layer. Also, the SEI layer is not electrochemically stable
and may disdwe during battery cyclingThis is one of the major factors thatluce the life s@n
of lithium ion batteries. Therefore, coupling the stress evolution and crack propagakieS i
layer during lithium ion diffusion is of important significance to improveuhderstanding ahe
lithium-ion battey. In thisstudy, a phase field mad is developed to simulate crack propagation

and dissolutiorduring the lithium ion diffusion.

3.2 Introduction

Since the 1990s, lithiuson batteries (LIBs) become ubiquitous in portable electronic
devicesand electric vehicles (1). In timeeantime LIBs suffer from performance degradatibiat
includesundesiredchemical reactions €2), corrosion (81L0), solid electrolyte interphase (SEI)

layerformation and growth (327), and electrolytdecomposition (28). Amontnem,undesired
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chemicalreactions occur due to unstable electrobgeompositiorand result in the formation of
the SEllayer. It is well known that &ithium-intercalation electrode in contact with the electrolyte
solution is covered byhis passivation layer (14, 16Yhe peformance and longevity of LI8
highly depend on the stability of the Slayer(29-32). In our previougpapers, the composition,
structure, and formation of the SEI layer have been investigbded8, 19). Furthermore, a better
understanding of theechanical degradation atrdnsport properties of the SElyer, especially

when considering its crackirand dissolutionis necessaryyhich is the topic of this study.

It is believed thathe SEI layer is not electrochemically and mechanically stable due to the
dissolution and cracking of the layer during the lithiation antitdiation processs(11, 33).In a
solid/liquid two-phase system, the total free enedgysitycan be divided into surface free energy
density(fs) and volume free energiensity(fv). Here, fiot reaclesits maximum value when a SEI
layer species has the critical radiuR’". If R is larger tharR", volume free energgensityis
dominant, and the SHayer species may tend to grow since the total free enedgynsityis
increasing. On the other hand Rfis smaller tharR", surface free energyensityis dominant,
and the SElayerspecies may tend to shrink and eventually dissolve into the electrolyte solution
since the total free energlensityis decreasingl14, 34). Moreover,the SEI layer has multi-
layeredstructure. The organic compounds are mostly in the porous layer, and thaninorg
compounds ar@rimarily in the compact layer 4. The inorganic compounds are unlikely to
dissolve during battery cycling while the dissolution tends to occur within orgamipounds (3-

39). In addition SEllayerfracturemayoccur due to its unstable structure or the crackiinipe
SEl layer specieq40). Furthermore, theoncentration gradient during the transport of lithium
ions can lead to diffusiofinduced stress (DIShat can cause stress evolution ameéchanical

degradation, such as cracking.{4).
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In this areaMieheet al developed a diffusive crack model wélyeometric approach to
simulate the cracking in the electrodéd8)( Recently, a corshell model was built by Deshpande
et al to calcul#e stresses in the SEI layehile studyingthe SEllayerfracture 49). These studies
are based omaditional Linear Elastic Fracture Mechanics (LERMjerethe cracking is regarded
as a sharp intphasemodel withaninfinite large stress in the craxlSincethere is an interphase
between the crack and intact region, and the stress varies conynddiwescommorapproach for
studying the interphase problem during lithiion diffusion isthrough theCahn Hilliard-type
phase field methodLd). Instead ofidopting a sharp crack tifhe diffusive interphase is assumed
to be governed by a dimensionless pHasdd variable (4, 50, 51). Recently, sudieshave started
to use the phase field model to deal with the diffagproblems in LIBs. A phase field model
developed by Zuo and Zhao coupled the lithium diffusion and stress evolution with crack
propagation of the electrode materials2)(5Leo, Rejovitzky and Anand developed a
thermodynamically consistent theory whichuples CahiHilliard-type species diffusion with
large elastic deformations3p Songet al developed a phase field model to study the lithiam

diffusion and diffusiorAnduced stressed in the electrodéd)(5

Overall, he mechanical degradations of the Bigkrare crucial in LIBs studies. However,
few researchs have focused on investigating the dissolution and cracking of the SEWMaier
considering the interphase region during lithitom diffusion. In this worka phase field model
is developed tprovide insight into the interaction of cracking and dissolution of the SEI. layer

order to reduce the complexity of numerical simulation, volumetric expansion is not considered.
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3.3 Methodology

In order to invetigate the dissolution and cracking of the SEI layer, the microstructure of
SEI layer should be simulated. Ahasefield variable (¢ ) representghe solid/liquid volume

fraction (V) atthe SEl/electrolyte intphase
- G,)taR 1 )

The Vi variesfrom 0 to 1 whereVs =0, 1 represent liquid and solghase respectivelySimilarly,
* (G,t) = Iyepresentsliquid electrolyte phase, (Cit) = 1represents a soli8El phasgand
15 * < lrepresentthe SEl/electrolyte intphaseThe Ginzburglandauformis applied for the

total free energy density:

1 . )
ftot :E/|D/ |2 + fo(/ )2 (2)

wherefit is the total free energyensity _is thefree energygradient andfo is a function of the
bulk energy densityThe choiceof the bulk energy density functiaran have a significant effect

on the physical behavior of the indaseIn this work, a doublevell function is applied fofo.

A"
fo=zli ) ©

Yue et al indicated the changes in size of solid species are proportional to the thickness of

interphase (34). As- © 0, theratio / / e obtainsthesurfacetension coefficientlise

S (4
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Figure 3.1: Schematic ophase field variable andontact angle with the surface tension
coefficierts of SEllayerspecies

In this work, it is assumed that the SEI layer is formedlifferent precipitatedsolid
species in the electrolytés a result, the SEl/electrolyte inpiasetends to keep a spherical
configuration to minimize the surface free enailgysity.Figure3.1shows a schematic of contact
angle and surface tension coefficieMsung's equation is applied to connect the contact #rjyle
with the SEl/electrolyteinterfacial tensioncoefficient (Usg), the SElfklectrodesurface tension

coefficient (isy), and the electrolytelectrodesurface tensionoefficient(Cieg).

cosg) = % )

se

Thus, the surface free energy density can be represented as:

c=Y4R? (25 +5 ) (6)

whereR is the initial radius of the SHhyerspecies.
The phase field variabldi) hereinis a conserved property since the concentration field is
a conserved property during lomgnge diffusion. Therefore, the evolution(dotan be governed

by the CahrHilliard equation:
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;e [N (7)

wherev is theflow velocity for the advection aridis the mobilityof the intephasewith a range
ofrt [ p, whilel is used to determine the time scale of Ghfilhard diffusion and control
the minimization of the¢otal free energydensity Here w is the chemical potential coefficient of

SEllayerspecies:

w=/ d(;‘/"_‘) ()
W=é[— 2% + (j2-1) 9)

The CahrHilliard equation forces to take a value of 1 orlyand can be represented by two
secondorder PDEs:

%+vd§)j =%432f @apy
f=- 9D/ +(j2-1) 1y

Oncethe SEllayermicrostructureobtainedit is considered as @phase. The electrolyte
is treatedasb phase. Twaf the phase field variables aunélized to describe the microstructure.
The phase field variablg. represents the fracture and changes from 1 . = O represents a
fully broken crack in the SHayer, while 3. = 1 represents a completely intact &fyer. Therefore,
3c from O to 1 represents the transitional regiofse phase field variablé; is related to the
lithiumion concentrationX; is the mole fractions dfthiumions in the SEI phas&: is the mole
fraction oflithiumions in the electrolyte phase.

Therefore the total free energy thesystem is represernieas:

2

1 1
E= [fV a X11X21X3; B WiXi)g ¢ +§k231' §2+§:"T +fu]d \ (1 ﬂ
v i =1
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wherefy is the bulk free energy per unit volume ahds the absolute temperature. The second

term in this equation is the potential well at the interphase between electrolyte ataye3EI

species. The coefficients; are determined by the energy barriers for changed species to pass

through the interphas&he third term is the gradient energy, whé&ns the gradient energy
coefficient for the phase field. The fourth term denotes the electrostatic energy] uséne

electrostatic potential and the charge densitgn be represented as:
r=r 82X a5
w3 "
whereZ; is the valence of species,ahd s t he Far adayo6s fusthadastant .

energy is calculated by:

fy=de 853 +3 (O3
whered( ) describes the coupling between the fracture phase field variable and thesataistic

field, this is determined by:

dis )=+ 3( @) ay

wheress is the elastic sessenergy density:

Yv 2 YW
(eu) + éﬁvcmaxceii (1 8

X, = Y ee -
2(1+Vv)(1- 2v) 2(1+v) !

whereYandvar e Youngo6és modul us andisBthreshaddovalué taking at i o,

the form ofs. = E §J, wherelis the threshold strain.
The bulk free energy density can be represented as:

foo GX,T =f +, )
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f =1h6g ) 2P

g )=+ (2 ) @)
wherefyx is the free energy density of the system with concentratiarhich is discussed in our
previous papefld). The choice of bulk free energy density function can have a isigmifeffect
on the physical behavior of the interphase. In this work, a dewsllefunction forfs s applied
with an energy barrier of height The physical justification of; ccomes from the separation of
phases into domains of pure components.

The charge transport and microstructure evolution can be represented with the equations
listed below by minimizing the total free energy of the system. Depending on whether the phase
field variable is assumed to be conserved orcmmserved, the dynamic evihn of the phase
field variable can be derived to be of the form of Gatihard equation or the Ginzburgandau
equation. Since the characteristic time of the elastic field is less than the other concentration field
and fracture field, the evolution eafion of the displacement can be regarded as -Giatie.
Therefore, the Ginzburgandau equation is solved to derive the governing equations of the system
which controls the evolution of nesonserved phase field varialileThe CahrHilliard equation
is solved to derive the governing equations of the system which controls the evolution of conserved

phase field variabli;:

LR .. Eg
w0 acy @
&  iE s
Bt (3)
_(1' xi)XiDi
M, (r) = T (24)
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whereMi(r) is the mobility tensor of thé" speciesL is the intephasemobility of phase field
variable(i, andD; is the diffusivity of the species.
In addition, the flux vector] is assumed to be proportional to the gradient of the chemical

potentialbp.

J=-Mddm (25)

The chemical potential can be represented as:

m=m+N,C,.KsTInc (26)
wherepois aconstanfNai s t he Av o g a dkss thesBolzmanrscorstanthen, tiken d

flux vectorJ can be rewritten as:

J =- MN,C, .k TDc+MckD Bc+Mant,  Ps vy

wherel is the hydrostatic stress.

3.4 Results and Discussion

During lithiumion diffusion, he elastic strain energy densityétevantto the lithium ion
concentratioraccording to Equation (18)Vhen the battery is fully charggtie concentratiowill
reach thénighestlevelinside the particle clustebubsequently, theoncentration gradiemuring
lithium-ion diffusion can cause the diffusi@mduced stresdn addition, Ithium-ion diffusion is

alwaysfrom the location withlower hydrostatic stress to higher hydrostatiess.Hence the
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locations witha greaterlithium ion concentratiorare chosen forthe SEI layer microstructure
simulation

The SEllayermicrostructure can be simulated by the phase field mbagire3.2 shows
the SEllayer microstructure and its morphology evolutidnitially, the electrolyte solution
becomesunstable, and reduction reactions happen wligistrons from the electrode to form SEI
layer species (solid phase) in the electrolyte solutitiquid phase) that may undergo
decomposition. SHayerspecies accumulate and formassivation layer with aompactporous
layered structure that hinders direct conkattveen the electrolyte solution and electrode surface.
Since the porous SEI layer habwer electronic conductivity than the compact layer, it will stop
growing when the electrolytolution madecules can no longer receive electrons from the electrode

to be further reducedhe simulation result is under the condition with the temperatig@5 C.

Figure 3.2: SEl layerspecies and layer formation and growth at different times{a: 1 . 8t ¢ s
= 7.2t=¢d2.E8=¢56. D=9 . &:e¢X8. & :¢s)
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Oncethe SEllayer microstructures obtained, crack propagation and dissolution can be
investigated by the phase field model which is shown in FigurdrBREgure 3.3 (c), the cracks
start to penetrate the boundaries of thel&fdrspecies. In Figure 3.3 (d), the cracks tend to grow
into each other if they keepdvancingand becomeespectively closeThe simulation results
indicate that the porous lay#ratis mostly formed by organic compounds tends to dissolve faster
than the compact layer during charging and discharging cyldhesdore, if the thickness of the
SEl layer can be reducgthen the porous layer can alsodmndensedThismay effectively reduce

the dissolution of the SEI layer and improve battery performance.

(a)

Figure 3.3: Dissolution anarackingof the SEllayerat (a) 50 cycles, (b) 100 cycles, (c) 150
cycles, and (d) 200 cycles.

3.5 Conclusion

In this work, a phase field model has been developed to investigate cracking and dissolution

of the SEllayer during charging and discharging cyclesn a norhomogenous system, the
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hydrostatic gradient stress can lead to the accumulation of lithiumTibesefore, the SHhyer

will crack first at locations with high lithiusron concentration levels. In this model, steucture

of the SEllayerspecies is determined by minimizing the total free energy density of thehiagse
system.By utilizing the lithium ion concentration profile during battery cycling, the &kyer
microstructure can be obtained via the proposed pieldemodeling. Compared with other
models, the phasield model does not need to track the ipteasedirectly. In addition, multiple
phasefield variables have been applied to predict lithiiom diffusion and cracking of the SEI
layer. While consideringthe variation of lithium ion concentration during battery cycling, the
developed phaskeld model wll strengthen the current understanding of Bé&rmicrostructure
evolution. Currently, we focus on experimental validation of the proposed mode&jlahdther
investigate the interaction effect of cracking and dissolution on battery performance

expeimentally.
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Chapter 4: Experimental and Simulation
Investigations of Porosity Graded Cathodes In
Mitigating Battery Degradation of High Voltage
Lithium -lon Batteries

4.1 Abstract

In Chapter 2, weoncludedthat SEI layerformationmechanisra on different electrode
materials arghe same in LIBs since we only need to change the SEI layer species during the
simulation. Thegfore, we would like to use a different electrode material to prove the
characteristis of the SEI layer ar¢ghe same Moreover, we would like to includ®cation
dependancgndthedissolutionmechanisndiscussed in Chapterf@r an enhanced understanding

To do so, currently requires an experimental effort.

With respect to LIB4.,iNiosMn1504 (LNMO) is apotential cathode due it respectively
high operating voltage (4.7 V vs. Li) and high specific energy (650 W}.Kgowever, severe
accelerated performance degradation occurring at thelvasgetween electrode and electrolyte
hindes the implementation of the LNMO. In this work, porosifsaded cathodes are designed to
mitigate LNMO degradation. The LNMO is synthesized using the-stéditk reaction. We confirm
the crystalline phase and electrochemical performance of the synthesiz&d il M-ray powder
diffraction (XRD), electrochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV).
Scanning electron microscope (SEM), transmission electron microscopy (TEM), and energy
dispersive spectroscopy (EDS) are utilized. The poessiire measured by bothD2imaging
method (i.e., through ImageJ) and3pore size analyzer in this study. Cycling tests show that
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porosity-graded cells reduce the capacity fade about 8.285% in full cell and 5.29%-aelhalf
respectively. The porosityicrease can improve the conductivity and diffusivity of lithiions
through the electrode. Also, solid electrolyte interphase (8kéy formation can be varied and

controlled when the porosity is different inside the electrode.

4.2 Introduction

As one promising candidate for higbltage lithiumion batteries (LIBs) ($6), the
LiNiosMn1.504 (LNMO) cathode possessesrespectivelyhigh theoretical capacity of 146.7
mAhg ", high operating voltage of 4.7 V vs. Li, and high specifiergy of 650Whkg? (7, 8),
compared to other cathode materials such as ¥M@00Whkg ), LiFePQ (495Whkg ), and
LiNi 15Co1sMn1302 (576Whkg ) (9). However, severe performance degradation, especially at
the electrode/electrolyte inf@rase hindes the implementation dhis cathodg7, 10, 11). In
addition to developing new electrolytes (8, 10), more attestionldbe focused on understandjng
as well as mitigating LNMO cathode degradation within most common battery systems (e.g.,
graphite/LNMQ (7, 12, 13), which is the focus of ttakapter

The LNMO battery cell suffers from capacity fading issues similar to those encountered in
other manganedeased spinel cathode materials when paired with graphite anodes (7, E&y14).
example,Pieczonkaet al. systematically examined Mn and Ni dissolution in different LNMO
crystal structures under various conditions such as state of charge, temperature, and storage time
(13). In addition, the LNMQathodesuffers severe capacity fade due to a high opgrabltage

greater than the stability window of conventional electrolytes (e.qg. ¢liiP&h organic solution),
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which leads to electrolyte oxidation and higher internal resissqiiée 16).Moreover,LNMO

battery cells are usually exposed to high termpeea due to the high power operation in many
applications such as hybrid electric vehicles (HEVS) (8), which can accelerate the side reactions
at the electrode/electrolyte inpdrase and reduce the stability of LNMO lattice structurere,

Kim et al. irdicated that fluorideontaining additives can form a protective layer on the electrode
to promote a longer cycle life (8owever, the LNMQoperating voltage is beyond the stability
window of conventional electrolytes, which resultsaimow coulombic eficiency due to the
decomposition of the electrolyte (15, 16). The decomposition products are believed to react with
electrode, particularly at the electrode/electrolyte pitase which leads to severe capacity fade

(7, 10).To counteract this effedteitner et al. developed a4:kTisO12 based separator to scavenge

and neutralize the decomposition products (12). In addition, room temperature ionic liquids (IL),
reported by Wilkes and Zaworotko (1€an beused as electrolyte material due to the atiract
electrochemical stability (4-8.7V) (18). Furthermore, the degradation of the LNMO battery is
closely related to the composition and structure of the electrode (8, 19). Most of the LIB
degradation mechanisms, such as active materials dissolutiorl9120), solidelectrolyte
interphase (SEI) layer formation (28), and mechanical failure (Z&), are also directly
connected to the microstructure of the electrodes.

Oneapproachthat can improve battery performance is to optimize the microstrudture o
the electrode (e.g., particle size, porgsitiyd thickness). Numerical models have been developed
to study the optimization of the electrodes. For instance, Newman et al. established pseudo two
dimensional (P2D) models to design optimal porosity anckiigiss of electrodes for LIBs (28
31). Jiang et al. carried out a P2D lattice Boltzmann simulation of ion and electron transport within

LIB porous electrode (32). Their work demonstrated the lithium concentration in smaller particles
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is higher than that imarge particles. To achieve a better performance, cathodes with smaller
particles size and larger porosity should be produced. Just et al. developed an active thermography
method to quantify effects of coating thickness and porosity of electrodes aw patfermance
(33). Suthar et al. developed a numerical model to investigate the effects of porosity, thickness,
and tortuosity on capacity fade of anode (34). Inoue et at dwibrrelation between a porous
electrode structure and the effective conlity to design an optimal structure for a thick
electrode layer of a higbapacity battery (35). The numerically optimal design by Ramadesigan
et al. reduced the ohmic resistance by 15%~33% without increasing the amount of active material
(36). Kashkooli et al. established an imagbdsed multiscale model to study the real
microstructure of electrodes (37). De et al. carried out an optimization of electrode design
parameters using a physibased porous electrode theory to improve battery performance (38)
Chung et al. developed a microstructure model to demonstrate that battery performance could be
improved by controlling the transport paths, maximizing the surface area for intercalating lithium
ions, and controlling the spatial distribution and partgiles of active material (39). Dai and
Srinivasan investigated the feasibility of grading electrode porosity as a design tool for improving
battery energy density (40). Furthermore, Liu et al. dewdlap multiobjective optimization
framework to improve dttery performance by optimizing its design variables (41).

However, no investigation of mitigating LNMO degradation by rroltfjective
optimization has beeaccomplishedAlso, understandinthe interfacial phenomena like the SEI
layer concept occurring on the cathode side of the cell igl#fitult to complete Therefore, we
herein focus on cathode related S&fer phenomena for LNMO degradation mitigation. Our
previous work showthat SEIl layergrowth is location dependenti@ to its electron current flow

and Li+ diffusion, which vary at different locations in the electrode (21, 22442Therefore, the
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SEllayerformation varies when the porosity is different inside the electrode. In addition, porous
electrodes with largeactive surface areas allow utilization respectivelyhigh electrochemical
reaction rates per unit volume (29, 45). The increase in porosity can improve the conductivity and
diffusivity of lithium-ions through the electrode (34, 46, 47). Thus, in ¢hepter a double
layered porositygraded electrode is investigated both experimentally and numerically to mitigate

cell degradation, particularly at the cathode side via varying its porosity and structure.

4.3 Methodologies

4.3.1 Material Synthesis and Cell Fabrication

In order to investigate the LNMO cathode watporosity-graded structure, CR2032 coin
cells were fabricated. Spinel LNMO powders were synthesized by the solid state reaction method
(48-51). The chemicals, NiO, Mn§ and LbCOs, used in the experiment were from SIGMA
ALDRICH Co., Ltd. LkCQs, NiO, and MnQ were mixed with a molar ratio of 4€Oz: NiO :
MnOz=1: 1 : 3. Referring to Figuré.1, precursors were initially ground for 30 minutesa
ceramic mortar inside the glove box filled wetgongas. Then the SFN High Speed Vibrating
Ball Miller (MT1®) was used to mix the chemicals for six hours. The mixture was then placed into
a crucible and put inside a heating oven. In order toahdine heating process of the mixture, the
oven was préneated to a temperature of 290 € before the crucible was placed inside.
Subsequently, the mixed precursors were heated up to 900 € with a heating rate of 15 €/min.
Once the final temperature washaved, the mixture was held for 24 hours before the oven was

shut off and cooled to room temperature. The obtained LNMO was mixed with conductive additive

63


file:///D:/research/1st%20version.docx%23_ENREF_48

and binder to form the cathode. The conductive additives were acetylene black (AB) and carbon
superP. The binder used was polyvinylidene fluoride (PVDF). 5% wt. PVDF -iMdthyl-2-
pyrrolidone (NMP) solution was made and stored in the glove box. LNMO, AB, Super P, PVDF,
and NMP were mixed in a weight ratio of LNM@B : Super P : PVDF : NMP= 0.86 : 004 :

0.03 : 0.07 : 1 for the cathode. As shown in Figule the mixture was operated for 30 minutes

by using an SFMB High Speed Vibrating Ball Milldoefore the slurry was coated on the Al current
collector. The viscous slurries were acquired after the mixture. The cathode slurry was casted using
a doctor blade, as the bottom layer with a thickness of 160on the surface of asluminum

current collector. This laminate was then dried at 60 € for 24 &onrthe vacuum oven filled

with argon. A hot roller was used to press the bottom layer to 8t 100 €. The hot roller was

used to press the electrode to certain thickrids=n the cathode slurry was casted on the surface

of the bottom layer with thickness of 80 & The laminate was dried at 70 € for 24 hours in the
vacuum oven again. Hot roller was used to press the top layer taxé4 100 €. The laminates

were stored in the glove box and pouched with the diameter of 1/2 inch for cathedeeights

of the electrodes were recorded for the compute of theoretical capacity. The cells were assembled
in our glove box (VT?) filled with argon. The electrolyte used in the LIB was 1 mol/L LsifEF :

DMC : DEC =4 : 3: 3). Graphite was usedlzs anode in all full cell tests.
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Figure 4.1: Spinel LNMO powders were synthesized by the solid state reaction methG@sLi
NiO and MnQ were mixed in a weight ratio of 40Oz : NiO : MnO; =1 : 1.22 : 4.95. LNMO :

AB : Super P : PVDF : NMP =0.86:0.04 :0.03:0.07 : 1 for cathode composition.

4.3.2Experimental Analysis and Testing

TheXr ay powder diffraction (XRD) measur emen
to confirm the crymlline phase of the synthesized LNMO. The analysis was carried out by a
BRUKER SMART APEX di ffract omé&andastep ofl0.65/msnc an r a
was used. Then the particle size and morphology of the electrode was observed by scanning
electran microscope (SEM) with an accelerating voltage of 10 kV. SEM images were also used to
estimate the porosity of the electrode using image processing tools in ImageJ (i.e., an open source
image processing code). Also, the porosity of the cathode was ntbasing a pore size analyzer.

Cathode material was taken off from the current collector and put in a glass cell. The cell was

65



placed in a pore size analyzer (NO¥2200 from Quantachrome Instruments) based on the gas
absorption method. Argon gas was usedhie porosity test. The test results would be the pore
volume of the material and the porosity was calculated by dividing the pore volume by the sample
volume. Furthermore, energy dispersive spectroscopy (EDS) was employed to identify the
chemical composibn of the electrode. Both fulland halfcells were fabricated and tested.
Graphite was adopted as the anode for construftilhgells. In addition,in order to compare the
impacts only made by the cathodes, plitreum foils wereused instead of grage in the half
cellssince we cannot make exactly same graphite anodethiebptire lithiunfoils are same with

each otherElectrochemical cycling was performed using CR2032 coin cell at room temperature.
The LNMO half cells were charged adischarged between 3.7 V to 4.7 V using a Xirfosicler.

The LNMO full cells were cycled with a voltage window between 4.2 V to 5.2 V. Tlaeused
initially in the test was C/20 for both haiéll and fultcell. C/10 was used as the charging and
discharging Crate after the first 5 cycles. In addition, electrochemical impedance studies are
usually carried out to understand the interfacial phenomenal involving, e.g., SEI layer growth and
charge transfef52). Therefore Electrochemicalmpedance Spectroscopy (EIS) was carried out
usng a LNMO cathode deployed in the CR2032 coin cell with teteetrode structure. The EIS
measurements were recorded by an electrochemical workstation (CHI760E, CH Instruments,
Austin, TX) over the frequency range of 0.1-H20 kHz. The measurement vgtaamplitude

was fixed at 10mV. The schematic of the theéectrode cell is shown in Figu2. The
assembling process of the thwalectrode coin cell was carried out in the glove box filled with
argon. A piece of lithium metal is pressed on the Cp.s&nd the Cu strip was wrapped by the

separator to prevent the strip from touching the coin cell case. Furthermore, transmission electron
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microscopy (TEM) was utilized to visualize and measure SEI layer. The TEM sample preparation

and related details cdoe found in our previous pap@4).

Coin Cell Positive Case
Q/ (CR2032)

Separator . .
¢ < «— Lithium Reference

+<— LNMO Cathode
Spacer —

>+ Wave Spring

. _— Coin Cell Negative Case
(CR2032)

Figure 4.2: Threeelectrode coin cell assembly

4.4 Results and Discussion

The crystal structure of the synthesized LNMO is investigated by XRD experiment. And

the result is shown in Figure 4.3.
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Figure 43: The XRDe x per i ment r esul t wastubedt® cosficrate r ange
LNMO.

The red bar in Figure 4.3 is the standard reference of LNB&Sed on the XRD spectrum,
we can conclude that the synthesized material has a single phaidé @Mn1504. All peaks
appeared in the XRD spectrum are sharpich indicates a high crystallinity of the synthesized
powder. TheMiller index for each peak is determined based on a spinel struwunegFd-3m
space group. There is a small peak shift arda8ydwhich may be due to the occurrence of strain
or suggest a solisolutionbehavior.

The morphological and structural features of synthesized LNEt@ode are characterized
by SEM and pore size analyzEigure 44 showsthe SEM results and porosity analysis @ top
layer and bottom layelhe opersource codémaged was used to measure the passsiThe
porosity of the top layer is aroud®.86%, and the porosity of the bottom layer is around layer is
around 15.468%. These numbers mayary due to the inherenimitation of 2-D porosity

measurement of aB porous structureHowever, the results can confirm that the porosity of the
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top layer is larger than the porosity of the bottom layer.

Porosity=19.86%

Porosity=15.46%

Figure 44: SEM result and porositgnalysis of the topnd bottomayer.

In order to quantify the sensitivity of porosity measurement, we further utilize a pore size
analyzer from Quantachrome Instruments to measure the porositi€s asZhown in Figure 4.5.
In addition to SEM imagin@f manual pore size measurement andr@BgeJ measurements, the
pore size analyzer confirms that the porodifference between the top and bottom layers is in a
range of lesthan10%.Energy dispersive spectrometry (EDS) mapping anaiydisates thaNi

and Mn are homogeneously distributedhe cathodeas shown in Figure 4.6

69



Graph — BJH Desorption dV(logr)

0.004 =
R ,/“/

Tl

A

0.003

peg

0.002

dV(logr)(cc/nm/g)

0.001

0

1 10
Pore Radius (10"-5 m)

Figure 4 5: Electrode prosity was directly measured by using pore size analyzer and SEM

image for pore measurement.
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Figure 4.6: EDS mapping showing elements distribution
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Figure 47 shows the capacity drop during cycling for both haifd full cells. The LNMO
half cells are charged and discharged between 3.7 V to 4.7 V using a Xinwei cycler. The LNMO
full cells are cycled within a voltage window between 4.2 V to 5.2 V. The results shown herein
are the averaged tests of three cells made in the same batch, which confirms that the porosity
graded full cell improves the performance compared with the ctiomahfull cell. We limit the
test to 50 cycles to minimize the capacity fade due to a high operating voltage greater than the
stability window of conventional electrolytes. We assume that most degradation occurring in the
above cycles mostly comes frohetSEI layer growth. The capacity of the conventional cell drops
faster than doublayered cell at the beginning of the test in Figuré &ince the SEI layer
formation is during the first several charging and discharging cycles. The battery performance
improvement can be related to the &fyerformation. Comparing with single layer electrode, the
results show that the porosity graded LNMO cathode reduced the capacity fade about 8.285% in

full cells and 5.29% in haifells, respectively.
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Figure 4.7: LNMO porositygraded cathodes capacity losses are reduced in both (aghsif
(LNMO/Li-metal) and (b) full cells (LNMO/Graphite) after adopting graded porosities. The data

are the averaged tests of three cells made isaime batch.

Since all the testing conditions are the same, the only diffeisrieav the cathodes are
made i.e., conventional singlayercathode vs. porosity graded douldger cathode. As shown
in Figure4.8, the porosity of the electrode is small and uniform. 18§ rmainly forms on the top
of the electrode and hinder the further diffusiotitbfum ions. Therefore, the thickness of the SEI
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layer is not unifornin the traditional electrode. In additiorgree particles of the activeaterial
cannot effectively participate in the reaction. Figdt@ showsthe schematic diagram of the
porositygraded cathode. The porosity the top layer is larger than the porosity of the bottom
layer. TheSEI layer formation in this porositygraded structure electrode respectivelymore
uniformthan the traditional electrode. Since the Bigermay not form ahick layer on the top of
the electrode, the hinder effect of the lithiion diffusion will be smaller in theorositygraded
electrode. Thereforeyore particles of the active material can effectively participatesineaction.
Therefore, we may conclude that the increase in porasity improve the conductivity and
diffusivity of lithium-ions throughthe eleatode. In addition, SEllayer formation can be varied

and controlledvhen the porosity is different inside the electrode.

2958 Elecl;ro‘lytle :

Traditional Electrode

oLiO_sNio_sMn1_504 Qc Zpvor O SEI

Figure 4.8: Schematic diagrams of conventional LNMO cathode
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Porosity-Graded Electrode

Figure 4.9: Schematic diagrams pbrosity gradedlNMO cathode

4.5 Conclusions

In this work, porositygraded electrodes are designed to mitiglaéeL NMO degradation.
The LNMO was synthetized by solglatereaction A X-ray powder diffraction (XRD) experiment
was appliedo confirm the crystal structure of the LNMA scanningelectronmicroscope (SEM)
experiment was used to observe and measurpdiesities in the electrode. A doubbgyered
porositygradecdelectrodewith different porosities was fabricated and compared with conventional
singlelayer electrode during tests. The increase in porasity improve the conductivity and
diffusivity of lithium-ions throughhe electrode. Also, SEayergrowth is Ication dependent due
to its growthrelated to the electron current flow and lithiwiom diffusion. Theest results showed,
compared with conventional cells, the doulager porosity graded LNMO cells reduced the

capacity fade abo@.285% in full cells ad 5.29% in haltells.
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Chapter 5. Conclusions and Recommendaions

5.1 Conclusiors

In this dissertation, phase field model was developedChapter 2o investigate the
formation andmorphology evolutionof the SEI layer. The structure of the SEllayer was
determined by minimizing thietal free energylensityof the twephase system to reach a state of
equilibrium. The advantage of the present model compared wiitier models is that itloes not
need to track the interphase directly and it paadict SEllayer structures in twdimensionsin
addition, a diffusion modelb ased on Fi ck s |waseappliaditainvesagats b al &
lithium-ion concentration distributions and diffusion coefficiemsthe compact,porous and
multilayeredstructuresof SEl layeraspredicted by the phase field mod€he simulation results
show that lithiumion diffusion coeffitents betweer298K and 31& are in the range df.340-
7.328(L0%%) cm?/s, 1.73%-3.405(L0*?) cm?/s, and 2.6142.389(10'%) cm?/sin the compact, porous
and multilayered structures of SEI layer, respectivEhe resistances between 298K and 318K
are 0.74601.693q @Y, 2.8275.517q @Y, and 3.7265.839¢ Bn7 in the compact, porous, and
multilayered structuresf SEI layer respectively.

Once the SHBayermicrostructure obtained, tipdhase field modetas improved to capture
cracking and dissolutiotn a norhomogenous system, the hydrostatic gradientstas lead to
the accumulation of lithium ions. Therefore, the &Hlerwill crack first at locations with high
lithium-ion concentration levels. In this model, tB&guctureof the SEllayer specieswas

determined by minimizing the total free energy density of thepghase systenThe simulation
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results indicate that the porous layer which is mostly formed by organic compounds tends to
dissolve faster than the compact layer during charging and dischargcles.The SEI layer

growth was not considered in this model.

From Chapter 2, SEI layer growthshownto belocation dependent due to gsolution
related to electron current flow and lithium ion diffusidine SEI layer will mainly form on the
top of the electrodavith a respectivelylarge thicknessHere, a thickSEI layer will reduce the
diffusivity of the lithium ions.Chapter 3 finds thaBEl layer cracking is also location dependent
since the concentration gradient during the transport of lithansican lead to diffusionduced
stress. In addition, the thickness of the porous layergs lathe thickness ahe SEI layer isalso
significant Therefore,a denselSEI layer tends to occur dissolutieasie and caus@nunstable

structure.

Based oranunderstanding of SEI layer formation and dissolution mechan@omg with
the cracking and morphology evolutiaf this layer makng the SEI layer more uniformwhile
reducing itghicknesscan help improve battery performandéereforejn Chapter 4a porosity
graded electrodeasdesigned to mitigateIB degradation. The LNM@athodewas synthetized
utilizing a solid-statereaction.An X-ray powder diffraction (XRD) experiment was applied
confirm the crystal structure of the LNM®oreover, a sanning electromicroscope (SEM)
experiment was used to observe and measurpdrtesities in the electrode. A doubyered
porosity graded electroderas fabricated and compared wéthonventionakinglelayer electrode
during testslt was found that amcrease in porositgan improve the conductivity and diffusivity
of lithium-ions throughthe electrodef-urthermore, th&Ellayerformation in the porositgraded
structure electrode is respectively more uniform than the traditional electrode. Since the SEI layer

does not form a thick layer on top of the electrode, the obstructing effect of the SEI layer on lithium
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ion diffusion will be relatively smaller in the porosityraded electrodéAs a result more active
material can effectively participate in the reactionmdaigate capacity fadeThe test results
indicated compared with conventional cells, the doulalgered porosiyy gradedelectrodecells

reduced the capacity fathy about8.285% in full cells and 5.29% in haiélls.

5.2 Recommendations

The developedmodelhassignificantpotential to be extended to three dimensional space
for SEI layerformation andyrowth investigationsThis would result in anore accurate structure
of the SEI layerIn addition the developeghase fieldnodel may be applied to otheterphase
growth aad maphology evolution wdies In order to reduce the computational complexity, the
modelwaslimited to four SEllayerspecies based on the resulteoXPS experiment. However,
additional species and mechanisms relevant toI8§grgrowth could beanalyzedoy this model
In the SEI layer, the contact angle}is based on the local free energy in the systéowever,
the contact angles are still unknown for different materedace the contact angkwasassumed
Instead it can be obtained bgensity functional theory(DFT) calculations or firsprinciples
informed molecular dynamigd®/D) simulations.In this work, SEllayer growth and dissolution
were not simulated at the sartime. However, SEI layer formation and dissolution may occur
simultaneodly. As a result, thenodel can benhancedo simulate the complete proceBsirther
developmenbf the presentednodel will strengthenunderstandingf SEI layer microstructure

evolution
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APPENDIX: PUBLICATIONS

Paper P1

Simulation and Experiment on Solid Electrolyte Interphase (SEI) Morphology Evolution
and Lithium -ion Diffusion

Reproduced with the permission frofgngjian Guan, Lin Liuand Xianke Lin Simulation and
Experiment on Solid Electrolyte Interphase (SEI) Morphology Evolution and Litioam
Diffusion. Journal of The Electrochemical Society§2 (9) A1798A1808 (2015)] Copyright
[2015] Journal of The Electrochemical SocieBlease note thatifther permissions related to the
material excerpted should be directed toERS.

© The Electrochemical SocietiReproduced with permissioill rights reserved
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Simulation and Experiment on Solid Electrolyte Interphase (SEI)
Morphology Evolution and Lithivm-lon Diffusion

Pengjian Guan, Lin Liu,*-* and Xianke Lin
Depariment of Mecharical Engineering, The Universify of Kansas, Lawreace, Kansas o045, U5A

In this study. 1 phase-field model is developed to simulate the microstructure morphodogy evolation that ccours during solid electrolyie
interphase {SEI) growth. Compased with other simulation methodologies, the phase-field methed has been widely applied in the
sofidification modeling that has great relevance to SEI formation. The developed mode] can simulate SEI stracture and morphology
evolution. and can predict 3EI thickness growth rate. X-ray photoelectron spectroscopy (XPS) experiments are performed (o coafirm
the: major SE1 species as LiF, LizD, ROLL, and ROCO;LE Transmission electron microscopy (TEM) experiment s performed to
present the SEI layer structures. The experiments reduce the complexity of the model development and provide validation to some
extent Fick's law and mass balance are appliad to investigate lithium-ion concentration distributions and diffusion coefficients in
different types of SEI layers pradicted by the phase-field simualations. Simualation results show that lithinm-ion diffusion coefficients
between 268 K and 318 K are 1.340-7.328(10 ") cm’ss, 1.734-3.405(107 %) cm™/s, and 2.611-2.389(10~ ") cm /s in the compact,
porous, and multilayered structures of SEI layer, respectively. The resistances betaeen 298 K and 318 K are 0.740-1.693 o-cm’,
2.827-5.517 @cm®, and 3.726-5.839 -cm?® in the compact, porous, and multilayered structures of SEI layer, respectively.
© The Author(s) 2005. Published by ECS. This is an open access article distributed under the lerms of the Creative Commons
Attribution 4.0 License (OO BY, hitp:toreativecommons orgdicensestyid .00, which permits unrestricted reuse of the work in any
medium, provided the original work is propery cited. [DOI 1001145020521 509jes] All rights reserved.

Manuscript submitted April 20, 2015; revised manuscript received May 22, 2015, Published June 23, 2015, This was Faper 32
presented at the Orlando, Florda, Meeting of the Society, May 11-15, 2004,

Lithium-ion batteries (LIBs) are widely used in many applications,
such as cell phones, electric vehicles (EVs), and other energy storage
maodules. However, LIBs suffer from severe performance degradation
due to undesired chemical reactions,! ageing ™ comosion % com-
promised structural integrity, ™ and thermal mnaway *'! The degra-
dation occurs during both calendar and cycling lifespans, and reduces
the longevity of LIBs. Recently, much attention has been focused
on LIB material decomposition.'” e.g.. the formation and growth of
new components’>'? due to undesired side reactions.'™ The main
degradation mechanisms in LIBs vary with different active materials.”
however, it is well known that a carbonaceous lithium-intercalation
electrode in contact with electrolyte solution becomes covered by a
passivation layer called a solid electrolyte interphase (SEI). While SEI
can prevent the exfolistion of graphite materials and inhibit further
electrolyte decomposition.’ SEI layer growth can also cause battery
capacity fade and increase cell internal resistance.' ™ Therefore,
the study of SEI plays a key role in battery degradation and other
related performance improvement research. Many studies have been
published in 3EI computational and experimental studies, including
bt ot limited to*-%

Many researchers have investipated SEI in LIBs in terms of
structure, 5713 formation and composition. ™ and thickness
growth prediction and measurement.'*'%*3% SE[ is believed to have
a multilayered structure: a compact layer of inorganic components
{e.g.. LiF, Liz{) close to graphite electrode followed by a porous
organic layer {e.g., ROLI, ROCO;LI) close o the electrolyte solu-
tion phase %31~ 5 The composition of SEI depends on the electrode
materials and electrolyte composition.” Broussely et al. investigated
the mechanism of lithium loss in L1Bs during storage, and their de-
veloped diffusion-limited SEI growth model revealed that the rate of
lithium loss is proportional to the SEI electronic conductance.™ The
work by Borodin et al. showed that the nature of the electrolyte has a
fundamental impact on the formation and composition of SEL? Kim
et al. cammied out simulations to study the effect of the electrolyte on
the composition of SEI. They found that Li;O0; and Liy O are the
primary inorganic components of SEI above a lithium metal anode
when Ethylene Carbonate (EC) is used as the electrolyte.” Liu et al.
developed a thermal-electrochemical model to study SEI growth and
electrochemical impedance spectroscopy.®® Mewman et al. developed
a macroscopic model to simulate the growth of SEI layer and the

*Flectrechemical Society Adive Member
*E-muil: Linliu i edu

transport of lithium ions in SELY They also investigated the layer
growth rate, cell resistance, and increase in imeversible capacity loss
during the formation and growth of SEI layer. ™ In addition, the model
developed by Liu et al. showed the impacts of the competing mech-
anisms of diffusivity and reaction kinetics on SEI La:.ler erowth and
cell capacity fade considering the effect of temperatures. ™

However, evolutionary processes of SEI layer formation and
growth are still not fully understood, especially the microstructure
maorphology evolution of SEI and lithium-ion diffusion inside the SE1
layer. Yan's phenomenological model elaborated on the details of SEI
formation and evolwtion during the first electrochemical intercala-
tion of lithium into graphite.' Peled’s mosaic block model showed
a hypothetical description of the SE1 morphology.® Similar to our
previous work.* the formation and morphology evolution of SEI are
simplified as a solidification process. Initially the electrolyte solution
becomes unstable, and reduction reactions happen with electrons from
the electrode to form SEI species (solid phase) in the electrolyte so-
lution (liquid phase) that may undergo decomposition.™ SEI species
accumulate and form a passivation layer with multilayered structure
(i.e., compact and porous layers) that hinders direct contact between
the electrodyte solution and electrode surface. Since the porous SEI
layer has lower electronic conductivity than the compact layer, it will
stop growing when the electrolyte solution molecules can no longer
receive electrons from the electrode to be further reduced. Conse-
quently, SEI growth rate reduces and SEI layer stahilizes. Although
the dissolution of 5El may cocur, this work has not considered the dis-
solution mechanism due o computational complexity of phase-field
simulation. The SEI growth process shares many similarities with
solidification. de et al. demonstrated that the phase-field method
can identify solidification problems.*" Chen et al. reviewed the de-
velopment of phase-field simulation for solidification.’ and Deng
et al. recently used phase-field simulation to investigate the formation
of SEL* The aforementioned studies provide the physical justifica-
tion for assuming the solidification to be governed by the free enengy
gradient.*” In this study, phase-field method is adopted to study SEI
layer morphology evolution. SEI layer morphology evolution and
growth involves many boundaries of reaction products and their dy-
namic interfaces. Instead of directly tracking the interface between
two phases, the diffusive interface between the electrolyte solution
and SEI species is assumed to be governed by a dimensionless phasa-
field variable, @ %" The detailed chemistry of SEI species formation
and complicated mechanizms of electron/charge transportation have
ot been considered in this stedy. However, experiments were carried
out to confirm major the SEI species § with given concentration Ci

Downioaded on 2015-D2-21 to P 123.237.35.237 address. Redisiibubion subject to ECS t2rms of use (52 scedl.orgisiteiema_use) wniess CC License In place (562 abstract).

83



Jowwrmal af The Electrochemical Society, 162 (9) A1T98-A 1808 (2015)

in electrolyte solution. Then, we focus on the SEI layer morphology
evolution and growth during the minimization of total free energy den-
sity of each SEI species. Electric potential and elastic energy are not
included so as to reduce compatational complexity. A diffusion model
based on Fick’s law and mass balance is developed to investigate the
lithium-ion diffusion in different types of SEI layers predicted by the
phase-field simualtions.

Methodology

The phase-field variable (@) comesponds to the solid/liquid volume
fraction (V;) in the SEVelectrolyte interface.

P, 1 =2V) — | [

The volume fraction (Vy) ranges from O to 1, where Vy = 0, |
represent liquid and solid phase, respectively. Cj is the concentration
of SEI species i, and t is the time during the SEI formation. Therefore,
g {C 1) = | signifies solid SEI phase, ¢ (T, N = — | cormesponds to
liquid electrolyte phase, and — 1< 4 < | represents the SEVelectrolyte
imerface. As shown in Figure 1, a two-phase system in a localized
region is described by three domains: SEI phase, electrolyte phasa,
and a diffusive interface region. The thickness of the interface region
is represented by €. There is no pure liquid (electrolyte) or pure solid
{SEl species) inside the diffusive interface region. The evolution of g is
governad by the Cahn-Hilliard equation ¥ The phase-field model
development is based on energy conservation, mass conservation,
momentum balance, and phase separation at the interface, which can
be refemed to in detail in our previous work.*

The key aspect of SEl species formation and evolution is the
minimization of total free energy of the two-phase system. The to-
tal free energy comes from two components: mixing energy of the
SElelectrolyte interface and elastic energy. Since elastic energy is
not considered in this work, the Ginzburg-Landaw form is applied for
the total free energy density:™!

| y .
fin = MVl + filw) 12

where f; is the total free energy density, k is the free energy gradient,
and f5 is a function of the bulk energy density. The choice of bulk
energy density function can have a significant effect on the physical
behavior of the interface. In this work, a double-well function for f is
applied.

A, 2
= — -1 3
fo=3z(¢ - 1) 13]
The physical justification of f; comes from the separation of phases
into domains of pure components (g =+1 1. The double-well func-
tion is commonly used when the phase-field model is applied for

interface tracking purposes, and represents an approximation of the
Van der Waals Equation of State near the critical radius, Ry*. However,

w 4

[ i
i Interface
i Region

0 . >
L ple) £

ol Electrolyte

Phase
Figure . Phase-field variable ¢(e) represents a diffusive interface.

ALTIS

this approximation may cause the spontaneous solid species shrink-
age phenomenon™ In a solidliguid two-phase system, the total free
energy density can be divided inte surface free energy density ()
and wvolume free energy density (5). fin reaches its maximum value
when a SEI species i has the critical radius R,*. If R, is larger than
Ry*. volume free energy density is dominant, and the SEI species i
may tend to grow since the total free energy density is increasing. On
the other hand, if Ry is smaller than R,*, surface free energy density
is dominant, and the SEI species § may tend to shrink and eventually
dissolve into the electrolyte solution since the total free energy density
is decreasing. Yue et al. theoretically investigated the calculation of
the critical radius. Their results indicated that changes in size of solid
species are proportional to the thickness of interface e Asg — 0,
the ratio b= obtains the surface tension coefficient, o, as shown in
Figure 2.

e = ieE ]
In this work, it is assumed that the SEI layer is formed by dif-
ferent precipitated solid species in the electrolyte. As a result, the
SElfelectrolyte interface tends to keep a spherical configuration to
minimize the surface free energy density. 3! Figure 2 shows a schematic
of contact angle and surface tension coefficients. Young's equation is
applied to connect the contact angle (8) with the SElelectrolyte in-
terfacial tension coefficient {o,,), the SELgraphite surface tension co-
efficient (oag), and the electrolyle/graphite surface tension coefficient
(og)

Teg

cosif) = 2 _ T 5]
Tae
Thus, the surface free energy density can be represented as:
fo = VAR 20, + 0y [6]

where R, is the initial radius of the SEI species i

The phase-field variable {g) is a conserved property since the con-
centration field is a conserved property during long-range diffusion.
Therefore, the evolution of ¢ can be governed by the Cahn-Hilliard
equation:

E]—(‘:'+ v-Vip =4V 71

at
where v is the flow velocity for advection. w is the chemical potential
coefficient, and y is the mobility of the interface with a range of
0 =y = 1.y is used to determine the time scale of Cahn-Hilliard
diffusion and control the minimization of the total free energy density.
Here, the chemical potential coefficient of SEI species is written as:

B0 fior)
‘ m—}.—a{p [8]
U, IR

The Cahn-Hilliard equation forces @ to take a value of 1 or — 1,
and can be represented by two second-order PDEs:

L, L [10]

ar e

Graphite Electrode

Figure 2. Schematic of contact angle with the surface tension coefficients of
SEI species formed on anode sarface.
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Gd=-V-eVo+ (¢ —1)g (1]

Since the phase-field model does not require tracking of the inter-

face, the chemical potential can be rewritten as a function of 4. which
is shown in Equation 12,

w==¢ [12]

Solid species deposit onto the electrode surface during formation and
growth in the interfacial region between electrode and electrolyte.
However, the phase-field model does not have the ability to describe
the velocity of motion of the deposition process. Therefore, the Navier-
Stokes equation is applied to capture the momentum balance: ™=

dv
p(ﬁ+{\'- v'p) =-¥P+V- [|.|. (Vv + ivr}f}] + Fe [13]
where pis the density of the electrolyte, P is pressure in the electrolyte,

u is the dynamic viscosity of the electrolyte, and Fy is the surface
tension force, as defined as below:

A
Fu=S¢-Vo=uly [14]

The boundary conditions of the electrolyte solution and SEI are
shown below:

y=wy=0 F=FR=0 [15]
n:—i“v.p=u- [16]
= Vi = £ cos(8) [ Vgl [17]

where n is the unit vector normal to the boundary. The boundary
condition of the outlet for the electrolyte solution is shown below,

[pi{¥¥+(v¥)")|-n=0 [18]

Fick's law and mass balance are coupled with the phase-field sim-
ulation to investigate lithium-ion diffusion in different SEI layers:™

dCL(yY)
af
Here, Cry(¥) is the concentration of lithium ions at different locations
(v} in the SEI layer, and I; is the lithium-ion diffusion coefficient in
SEI species i.
Then, the lithium-ion diffusion coefficient of SEI layer can be
predicted by applying Fick's second law:

G = 2 DE [20]
ar v ay

where I} is the lithium-ion diffusion coefficient in a SEI layer consist-
ing of various SEI species. The lithium-ion diffusion coefficient in the
SEI layer can be represented as:

L dy © 4y
p=—f2L 2y 21
Zr(dc,-)mj; o (21}

In order to reduce the computational complexity of simulating
numerous SEI species, X-ray photoelectron spectroscopy (XPS) ex-
periments were camied out to identify the main components of SEI
layer formed on & graphite surface. A graphite (MTI) composite an-
ode (95:5 graphited PV DF) was used to fabricate Swagelok graphite/Li
half cells that were cycled at 25°C and 50FC. All cells were subjected
to formation cycles that stopped at 1.0V, The cycled cells were disas-
sembled and rinsed with dimethy] carbonate {DMC) for 15 seconds.
The test electrodes were then sealed in a vessel under an argon atmo-
sphere to transfer into the XPS sample chamber without exposure to
air. The chemical composition of the SEl was investigated by XP3S
using & monochromatic Al K-alpha X-ray source with a scan area

+ V- [-DVCuLiy] =0 [19]
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Figure 3. TEM sample preparation procedare.

of 700 3 300 pwm of cycled graphite electrode. The resulting spectra
were obtained by using repeated scans (more than 10 times) with a
pass-energy of 20 eV (high resolution) and 160 eV (survey).

In addition, transmission electron microscopy (TEM) experimen-
tation can be used to reveal the morphodogy of interfacial layers.
However, TEM sample preparation is a delicate and time-consuming
process. Firstly, a delicate procedure to prepare cross-sectional sam-
ples for TEM imaging with minimal damage during sample prepa-
ration needs to be developed. Figure 3 shows the procedure of TEM
sample preparation. When preparing the TEM specimen, low angle
and low Ar ion beam energy were used plus all the ion milling was per-
formed at LN, temperature. When TEM observation was performed,
we minimized the beam current by spreading the beam and also the
areas from which the images were taken were only exposed o the
electron beam with very short time. All those operation should have
reduced the damage to a very low level if not total reduced.

Results and Discussion

The phase-field model developed in the previous section is applied
to capture SEI formation and morphology evolution. Detailed chemi-
cal constituents of SEI are not considered in this work. Instead, focus
is placed on the evolution of SEI microstnscture that is related to the
electrochemical properties of interest (e_g., porosity and diffusivity).

The detailed description of SEI layer formation can be referred
o Yan et al.¥! X-ray photoelectron spectroscopy (XPS) experiments
were performed to confirm major SEI species to be LiF, Liz0. ROLI.
and ROCO, L, as shown in Figure 4. The XPS analyses above show
high-resolution XP5 spectra of the SEl layer formed on a graphite
surface. In F 15 spectrum, two peaks can be assigned. The peak near
GEG eV, assigned to LiF, is detected as a portion of SEI layer. LiF is
also found in Li 1s at approximately 56.4 eV, The residual LiPF; orits
reduction products Li, PF; is formed on the graphite surface in F s at
approximately G8E.1 eV, small peaks near 532.8 eV in O s and
280.8 eV in C 1= comespond to the formation of incrganic LizC05
that can be easily decomposad into Liz 0. In addition, one of the main
components of the SEI layer. the lithium alky] carbonate ROCO;L,
is formed due to the reduction of solvents. It can be obtained near
5344 eVin 0 1s and 2879 eV in C 1s.

Amnalysis of the TEM experiment results allow the porosity of the
SEI to be estimated, a= shown in Figure 5. The porosity of SEl close to
the graphite surface is much smaller than that closer to the electrodyte
solution, which indicates SEI may become more porous as it grows
into the electrodyte. Figure 5 shows the SEI layer after cycling. The
TEM image confirms that the SEI layer has a multilayered structure.
The multilayered structure indicates either composition variation or
thickness variation of the interphase layers.

Figure & shows the varation of chemical potential (o) during SEI
species formation above the graphite surface. Initially, the chemi-
cal potentizl exhibits no specific pattern. This is shown in Figure Ga
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Figure 4. XPS spectra tests of cycled graphite to confirm SE1 major species as LiF, Li;O. ROLI, and ROCO;Li.

where the SEI species have started to form and approach the graphite
surface, but have not yet made contact. The double-well function is
shown clearly in Figure 6c and 6d with the spinodal region and two-
phase region during the formation process.*’ Spinodals correspond
to the curvature of the chemical potential is 0 when the diffusive
interface reaches the equilibrium state. A uniform solid with a com-

Figure 5. TEM image and the porosity analysis of SEI layer.
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position between the spinodals is unstable and decomposes into a
mixture of two phases. The phase-field variable continuously changes
with the contact angle to minimize the total free energy density.
Thus, according to Equation 9, the chemical potential from Figures
6h, 6¢c, and 6d will also change during the SEI species morphology
evolution.
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Figure 6. Variation of chemical potential () in the electrolyte solution phase (2 L= 06 ps, bt =09 ps, c:t =12 pus, & t= 1.8 pus).

Figure 7 shows the evolution process of a single SEI species dur-
ing the formation. The contact angle will determine the morphology
evolution of a SEI species since it is assumed that the SEl/electrolyte
interface always tends to keep a spherical configuration. Different ma-
terials make different contact angles since they have different surface
and volume free energy. Additionally, the surface free energy density
varies with time during the minimization. Thus, changes of SEI mor-
phology are related to the variation of the total free energy density
of SEI species. The total free energy density equation, Equation 2,
governs the SEI species during the formation. Equations 8 and 9 are
applied to control the minimization of the total free energy density.
The surface free energy density is governed by the contact angles in
Equation 6. This study is limited by the lack of experimental contact
angles and total free energy density simulations for each SEI com-
ponent above the graphite surface. Thus, all contact angles used are
assumed values. Molecular dynamics (MD) simulations are ongoing
to calculate contact angles of SEI species during SEI formation and
growth.

Figure 7. A single SEI species formation evolution at different times (a:t =
10ps.et=12ps,cot =16 ps, d t=18us).

Figure 8 further extends morphology evolution of SEI species in
two dimensions by showing the variation of the phase-field variable
during SEI species formation and evolution above the graphite sur-
face. As indicated by the color change in Figure 8, the phase-field
variable varies smoothly from 1 to —1. Recall that the phase-field
vanable is representative of solid species (SEI) and liquid species
(electrolyte solution) when ¢ = 1 and — 1. respectively.**** Figure &
also connects the contact angle and phase-field vanable together to
show changes in the interface region between the solid SEI species
and electrolyte solution. As mentioned previously, different surface
free energy densities will form different contact angles. Figures 6 and
8 clearly show the effect of chemical potential and surface free energy
density on SEI formation and morphology evolution.

Due to the repetition of the formation process shows in Figure 7.
a SEI layer growth and morphology evolution simulation results are
shown in Figure 9. The Navier-Stokes equation is applied to capture
the momentum balance during the growth. Different contact angles are
assumed between different SEI species, as well as between SEIl species
and the graphite surface. Based on the simulated SEI morphology
evolution, the thickness growth rate of SEI layer can be estimated.
as shown in Figure 10. From Figure 10, it can be seen that the SEI
layer grows quickly at first. This occurs because the concentration of
charged species at the interface is initially high. As the passivation
layer grows, it hinders direct contact between the electrolyte solution
and the graphite electrode. Since the porous SEI layer is conductive to
lithium ions but nonconductive to electrons. the resultant decomposed
species become unable to react with electrons from the electrode to
be further reduced. As a result, the SEI growth rate will decrease due
to the low concentration of electrons at the interface.

Simulation of different types of SEI microstructures are shown in
the figures below. Figure 11a and Figure 11b show the structure of
the compact and porous SEI layer. respectively. Figure 11c shows the
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multilayered structure of SEL In order to simplify the complexity of
simulation. SEI species in the compact and porous layers are assumed
to be pure inorganic and organic materials, respectively. Therefore,
each layer has a different material composition. Recall that different
materials are characterized by specific surface and volume free energy
densities. Since the surface free energy density determines the contact
angle, using different assumed contact angles will simulate different
SEI layer morphologies. First, LiPF; in the electrolyte solution de-
composes to produce solid species. such as LiF, (CH,CH;0),. and
(CH,;OC0O0CH;);. However, no solid particles form on the graphite
surface initially. As the concentration of decomposition products in-
creases, the resultant solid species precipitate from the electrolyte
solution. These species are substituted by LiF, and LiCOs. In ad-
dition, LizCOs species may easily be substituted by LiF and Li:O.
Eventually, the components of the films near to the graphite electrode
surface are entirely LiF and Li;0.*' Meanwhile, the components of
the films far away from the electrode surface are organic materials:
ROLi and ROCO, Li.
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Figure 9. Morphology evolution during SEI growth (- t =18 ps bt =72
=1R6pus.dt=162ps e t=198ps. Ft=288pus, g: 1 =36 s).
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In addition, the developed model is capable of tracing every SEI
species to determine its location during SEI layer growth, as shown in
Figure 12. This ability makes it possible to investigate the properties
of the SEI layers.

The diffusion model is applied to the SEI layer simulated by phase-
field model in order to predict lithium-ion concentration distribution.
D, is the lithium-ion diffusion coefficient in different SEI species i,
as shown in Table L In this work. three temperatures. 298 K (the
reference temperature, Ty}, 308 K. and 318 K. are used to investigate
the lithium-ion concentration distributions and diffusion coefficients
in different types of SEl layers. [, at 298 K is obtained from the work
of Ken et al.”* The Arrhenius equation, below. is applied to determine

12

10 ¥ =-0.0033x? + 0.3846x

SEI thickness (nm)
[}

0 10 20 30 40 50 o0
time t(us)

Figure 10. The thickness growth rate of SEI layer.
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[y at 308 K and 318 K. as shown in Table 1%

A VD) B
re

Here R is the universal gas constant, and 1,; is the reference lithium-
ion diffusion coefficient in each SEI species | at reference temperature
Ter. Eac is the comesponding activation energy, which is 4 klfmol and
10 kJ/mol for the solid and liguid phases, respectively. ™

Figure 13 shows the lithium-ion concentration distributions in the
compact, porous, and multilayered structure of SEI layer. The paths
of lithium-ion diffusion in these three kinds of SE] layers are shown
in Figure 14. The lithium ions are assumed to diffuse through the
electrolyte solution into SEI layer normal tothe graphite surface. After
acertain time, the differences in lithium-ion concentration between the
electrolyte and graphite surface for SEl compact and porous layers
are around 550 molim® and 163 molim®, respectively, as shown in
Figure 13a and 13b. In addition, this difference reaches nearly 795
mal/m? for multilayered structure of SEL This indicates that SEI layer
has a significant effect on the lithium-ion diffusion during the first
electrochemical intercalation. SEI layer essentially slows down the
lithium-ion diffusion from the electrolyte solution into the graphite.
Lithium ions need more time to pass through the SEI compact layer
than the porous layer, which indicates that the lithium-ion diffusion
coefficient in the compact SEI layer is smaller than the porous layer.
The blue lines in Figure 14 cutline the paths of lithium-ion diffusion.
These does not change much in the porous SEI layer. This is due
o the fact that the diffusion coefficients of the organic species are
very similar to the electrolyte solution and the porous sites contain
electrolyte solution.

Az lithium ions pass through the SEI layer and reach the graphite
surface, the lithivm-ion diffusion coefficient in the SEI layer can be
calculated wsing Fick's second law. The detailed calculation can be
referred to our previous work. ™ Calculated diffusion coefficients at
various temperatures are shown in Figure 15, The lithium-ion dif-
fusion coefficients increase with rising temperatures in all three SEI
structures. In addition, different SEI structures influence lithium-ion
diffusion and result in different diffusion coefficients. The order of
magnitude of diffusion coefficients are 10" cm®/5, 10-'? cm?/s, and
10" em®/% in the compact, porous and multilayered structures of SEI
layer, respectively. This indicates that lithium ions can pass through
the porous layer more easily than the compact layer. To date, there

12 LG are very few studies on experimental measurement of diffusion coef-
s = :I ficients in compact, porous, and multilayered structures of SEI due to

11113 . ;{l NCOLL the complexity of both controlling SEI layer formation and growth and
. experimentation in SEI layer. Howewer, there are some computational

gl studies on diffusion coefficients published recently. ™' Pinson and
Bazant™ calculated diffusion coefficient for homogenous SEI layer. In

their model, the diffusion coefficient Dis 30107 "% cm?/s at 60°C. They

b also indicated that the true value of [ is higher than that calculated
valued due to the assumptions such as treating SEI layer as homoge-

4 nous structure. Their final estimated value of Dis 410-") cm?/s. We
adopted the input from Pinson and Bazant and found the diffusion

5 | coefficient is around 2.583(10~"%) cm/s at 60°C that is in same order
of magnitude with Pinson and Bazant ¥ With incorporating more SEI

0 growth mechanism and related experimental studies, we can address

s 10 15 TwE

Fipure 1L Simulaticn of SEI species location and distribution during SEI
formation and growth,

this mode] validation and comparison more appropriately. Otherwise,
it is difficult to compare computational results with different models
due to the different assumptions adopted. All of these assumptions
can significantly affect the calculation of diffusion coefficients.

Table 1. The lithiwm-ion diffusion coeflficients jcn®/) in different materials at different temperatures (K).

Liz0 LiF ROLI ROCOL Electralyie Graphite
208 16 = 1071 35 % 1018 11 x 101 7= 1012 g = 10-12 10-1
308 1.686 = 10718 3688 x 10-1€ 1159 x 101 7.377 = 1012 9.120 = 1012 1054 % 10-1
118 L7710« 18 387« 107 1218 = 107! TT48 « 1012 1.031 = 107" 1107 « 107"
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Figure 13. Lithum-ion concentrations in (1) compact. (b) porous, and () multilayered structure of SEI layer.

Moreover, SEI layer growth can cause cell internal resistant in-
crease. Here, we assume the resistance of SEI layer is proportional
to its thickness.**™** Adopting our previous studies, ™ the resis-

N
tance of SEI layer can be estimated by Rsgr = Y_ 8/0;. where & is
=]

the thickness of SEI layer, and o; is the ionic conductivity of each
SEI species i. N is 4 in our work since SEI is simplified with four
main components based on the XPS experiment. o; at 298 K is esti-
mated from the work of S. J. Harris et al.*” The Amhenius equation
g = o,,,up[%{ﬁ-%)] is applied to determine o, at 308 K

5 lox(nm)ls 20
Y
gt
3 A<

0 5 10 15
x(nm)

(b)

) 10 15 20
x(nm)

Figure 14. Lithium-ion diffusion paths in (2) compact. (b) porous, and (c) multilayered strocture of SEI layer.
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Table 11. The ionic conductivity (5%em) of different SE] species at
different temperatures (K.

T Liz LiF ROLE ROCO:LE
08 40102 = 1007 3221 k1007 1400 = 1077 1026 = 1007
E 4323 % 107 3394 x 10T 1479 x 1077 LORL = 107
IE 4540 x W07 3565 x 1077 1SS3 ok 107 L136x 1007

and 318 K, as shown in Table I Here oy is the reference ionic
conductivity of each SEI species at reference temperature Try. Ea
is the cormesponding activation energy, which s 4 klimol for solid
phase.®® Calculated resistances at various temperatures are shown in
Figure 16. The resistances decrease with rising temperatures for all
three different SEl structures. The resistances between 298 K and
318 K are 0.740-1 603 Q-cm?, 2 837-5.517 £2-cm?, and 3.726-5 839
Q.cm® in the compact, porous, and multilayered structures of SEI
layer, respectively.

Conclusions

A phase-field model was developed to investigate the formation
and growth of SEI layers on the surface of a graphite ancde. In this
muasdel, the shape of the SEI species is determined by minimizing the
total free energy density of the two-phase system to reach a state of
equilibrium. The chemical potential (w) is satisfied by the double-well
function. Compared with other models, the phase-field model does not
need totrack the interfaces directly. It also reveals the profiles of chem-
ical potential and velocity in the electrolyte/SE] interfacial region. An
important advantage of the present model compared with previous
madels is that it predicts the SEI layer structures in two-dimensions.
Additionally, the developed model can capture the SEI growth and
morphology evolution as well. A diffusion model is then applied to
investigate the lithium-ion diffusion in different SEI layers. Fick's law
and mass balance are applied to investigate the lithium-ion concen-
tration distributions and diffusion coefficients in the compact, porous
and multilayered structures of SEI predicted by the phase-field model.
The simulation results show that lithium-ion diffusion coefficients be-
tween 298 K and 318 K are in the range of 1.340-7.328(10~ %) cm®/s,
1.734-3.405(10~ ) cm®/s, and 2.61 1-2.38% 10—} cm®/s in the com-
pact, porous and muoltilayered structures of SEI layer, respectively.
The resistances decrease with rising temperatures for all three dif-
ferent SEI structures. The resistances between 298 K and 31§ K are
0.740-1.693 2-cm®, 2.827-5.517 2-cm”, and 3.726-5.839 Qcm” in
the compact, porows, and multilayered structures of SEI layer, respec-
tively. Most importantly, the developed model has great potential to be
extendad to three dimensional space for SEI layer growth investiga-
ticns, In addition, the developed phase-field model may be applied to
other interphase growth and morphology evolution studies. Additional
species and mechanisms relevant to SEI growth could be coupled with
and analyzed by this model. The developed model could also be used
to study imterphase problems with complex morphology evolutions.
Further development of the presented model will strengthen under-
standing of SEI microstructure evolution.
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Phase-field Modeling of Solid Electrolyte Interphase (SEI) Evolution: Considering
Cracking and Dissolution during Battery Cyveling

Lin Liu, Pengjian Guan

Department of Mechanical Engineering, University of Kansas, Lawrence, Kansas 66045,
UsA

The Lithinm-ion battery (LIB) degrades over time, which
compromises ifs electrochemical performance and mechanical
integrity. evemtually battery safety. The evolution of solid
electrolyte interphase (SEI) layer is one of the main reasons for the
above degradation The performance and longevity of LIB highly
depend on the stability of the SEL. Unfortunately. the SEI layer is
not electrochemically and mechanically stable due to the dissolution
and cracking of the SEI during battery cycling. In this paper. a phase
field model is developed to provide insight into the interaction of
cracking and dissolution of the SEI layer. SEI layer experiences
stress concentration and de/intercalation. which lead to the cracking
of layer; meanwhile, the SEI species may have further reactions with
the electrolyte which may lead to dissclution. The cracking of the
SEI layer can result in more surfaces to react with electrolyte and
forther dissolution.

Introduction

Lithium-ion batteries (LIBs) are becoming ubiquitous in portable electromics and
transportation energy storage systems (1). Market research suggests that the $23.51 billion-
a-vear (2015) world-wide LIB market could reach $68.97 billion-a-vear by 2022 (2).
Meanwhile, many evolving rechargeable batteries (e.g.. Mg.(3) and Li Metal(4)), which
may be considered as “beyond Lithium-ion batteries.” have been intensively researched
due to their inherent reversibility and convenient modification of their physicochemical
properties (3). Although promuising, both LIBs and beyond LIBs suffer from severe
degradation and failure mainly at, or near to. the electrode/electrolyte interface. It 1s
believed that those degradation reactions canse severe performance degradation which can
be classified into chemical degradation and mechanical degradation (6-10), such as
undesired chemical reactions (11), corrosion (12-14), passivation layer formation and
growth (13-31), and electrolyte decomposition (32). Among them, the undesired chemical
reactions and electrolvte decomposition can result in the formation of a passivation layer
called solid electrolyte interphase (SEI) forming and growing at electrode/electrolyte
interface (18, 20). While SEI laver growth can canse battery capacity fade and increase cell
internal resistance, the SEI can also prevent the exfoliation of electrode materials and
inhibit further electrolyte decomposition (33-36). The performance and longevity of LIB
highly depend on the stability of the SEI. Unfortunately, it is believed that the SEI layer is
not electrochemically and mechanically stable due to the disselution and cracking of itself
during cycling (15, 18, 22, 23, 37). Therefore, a better understanding of the mechanical
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degradation and transpert properties of the SEI especially when considering its dissolution
and cracking, is necessary, which is the topic of this study.

Once the dissclution occurred, the SEI layer evolves as well. Based on nucleation
theory, if the radius of the SEI zpecies iz smaller than the critical radins which occurs in
the equilibrium state, the SEI species mav tend to shrink and eventually dissolve into the
electrolyte solution (18, 38). It 1s believed that the SEI layer has a compact-porous-layered
structure. The inorgamic compounds are mostly in the compact laver. and the organic
compounds are mostly in the porous layer (18). The inorganic compounds are nnlikely to
dissolve durning battery cvcling while the dissolution tends to occur within organic
compounds (39-42). In addition to the dissolution, SEI layer fracture mav also happen due
to either of its unstable structure or the cracking of the SEI species (43). The concentration
gradient during the transport of lithinm-ion can lead to the diffusion-induced stress which
can cause stress concentration as well as cracking (44-50). Miehe ef al developed a
diffusive crack model with a geometric approach to simulate the cracking of electrodes
(51). Recently, a core-shell model was built by Deshpande ef al. to calculate stresses in the
SEI laver as well as its fracture (52). The above studies, among many others, are based on
Linear Elastic Fracture Mechanics (LEFM), in which the stress at the crack tip is regarded
to be sharp with infinite large stress or singular. The stress singularity arises from the linear
elastic continunm simplification of materials while assuming a sharp crack tip. The above
assumptions may not be applicable to batteries as only a finite value of siress can be resisted
by the battery material. The crack tip in batteries may experience intense deformation and
develop a finite separation near its tip, which also leads to the redistribution of the high
stress. In this work, instead of adopting a sharp crack tip, diffusive interphase is assnmed
to be governed by a dimensionless phase-field variable. A phase field model is developed
to provide insight into the interaction of cracking and dissclution of the SEI layer. In order
to reduce the complexity of mumerical simulation, volumetric expansion is not considered.
The LiMn;04 cathode is selected since its volumetric expansion is much smaller compared
to the anode (e.g., graphite and silicon) and it has been well studied, which can provide
detailed material properties. Figure 1 schematically shows a typical particle agglomeration
that 15 used 1n the simulation.

Electrolyte

Figure 1: Schematic diagram of particle agglomeration

.
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Methodology

In order to investigate the dissolution and cracking of the SEI layer, the microstructure
of SEI should be simulated to obtain firstly. In detail. a phase field variable (@) represents
the solidliquid volume fraction (I at the electrode/SEL'electrolyte interface.

@ (CLfy=2T7-1 [1]

The IYrvaries from 0 to 1, where Ir= 0, 1 represents the liquid and solid phase, respectively.
Similarly, ¢ (C;f) = -1 represents a liquid electrolyte phase, ¢ (C;f) = 1 represents a solid
SEI specie, and —1<2 ¢ < 1 represents the SEL/electrolyte interphase. The Ginzburg-Landan
form is applied for the total free energy density:

fum3 Aol = ifoF 2

where fi is the total free energy density, A 1s the free energy gradient, and fj is a function
of the bulk energy density,

fimgsle'-1f [3]

The above double-well function is comunonly adopted when the phase field model is
applied for interphase tracking purposes and represents an approximation of the Van der
Waals Equation of State near the critical radius, Ri*(38). In a solid/liquid two-phase system,
the total free energy density can be divided into surface free energy density and volume
free energy density. The total free energy reaches its maximum value when an SEI species
i has a critical radius Bs*. If the radius of SEI species By is larger than Bi*, volume free
energy density is dominant, and the SEI species i may tend to grow since the total free
energy density is increasing. On the other hand, if Bi is smaller than Fi*, the surface free
energy density is dominant, and the SEI species § may tend to shrink and eventually
dissolve into the electrolyte solution since the total free energy density is decreasing. Yue
et al. theoretically investigated the calenlation of the critical radins. Their results indicated
that changes in the size of solid species are proportional to the thickness of interphase
interface ¢ (38, 33). As ¢ —0, the ratio &/ ¢ obtains the surface tension coefficient, gz

o, =222 [4]

In this work, it is assumed that the SEI layer is formed by different precipitated solid
species in the electrolyte. As a result, the SEL/electrolyte interface tends to be spherical so
as to munimize the swface free energy density. Figure 2 shows a schematic of the contact
angle and swrface tension coefficients. Young's equation is applied to connect the contact
angle (&) with the SEL'electrolyte interfacial tension coefficient (gs), the SELelectrode
suiface tension coefficient (5:7). and the electrolyte/graphite surface tension coefficient

(7eg).
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cos(5) = Fu"%a [5]

Thus, the surface free energy density can be represented as:

f,=VAR’ 0, +0,) [6]

where Bj is the initial radins of the SEI species 1.

The phase field variable () herein is a conserved property since the concentration field
iz a conserved property during long-range diffosion Therefore, the evolution of ¢ can be
governed by the Cahn-Hilliard equation:

dp . -
a—'t+v-'i-'cp =¥V w [7]

where v iz the flow velocity for the advection and y is the mobility of the interface with a
range of 0 = y =< 1.y is vsed to determine the time scale of Cahn-Hilliard diffusion and

control the minimizatien of the total free energy density. Here o is the chemical potential
coefficient of SEI species:

LS
= 4 ——at it 3

A PR s
o=— [—3‘ Voo +ole® —l.l] [9]

-4

The Cahn-Hilliard equation forces ¢ to take either value of 1 or—1. and can be represented
by two second-order PDEs:

L2 v Vo=Lv [10]
ct -
p=-V- Voo -1l [11]

Once its microstructure obtained. the SEI layer is considered to be an o phase. The
electrolyte is treated as another p phase. Two of the phase field variables are utilized herein
The phase field variable g represents the fracture and changes from 0 to 1. g.= 0 represents
a folly broken crack im the SEI while o = 1 represents a completely intact of the SEI. oc
from 0 to 1 represents the transitional regions. The phase field variable X is related to the
Li-ion concentration. X7 is the mole fractions of Li-ions in the SEI phase. X2 is the mole
fraction of Li-ions in the electrolyte phase.

Therefore, the total free energy of an isothermal system can be represented as:
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N 1,1 ]
E= J. [J'}-iw.'-"-.-,-'i:--i.:-'TJ—kZ wily) gl )+ =k [V, |-+ pef JdT [12]
v = - -

where fI is the bulk free energy per unit volume and T is the absolute temperature. The
second term in this equation 13 the potential well at the interphase between electrolyte and
SEI species. The coefficients wiare determined by the energy barriers for changed species
to pass through the interphase. The third term is the gradient energy. where kis the gradient
energy coefficient for the phase field. The fourth term denotes the electrostatic energy.
where £ is the electrostatic potential and the charge density o can be represented as:

p=L3ux, [13]
[

where Zijis the valence of species, and F is the Faraday’s constant. The last term f3 is the
elastic strain energy density is calculated by:

vf.:.'=d|: ﬁac}(‘::';::l_‘-':: [14]

where d{@,) describes the coupling between the fracture phase field variable and the
elastic strain field, this is determined by:

d(gc) = pc* (4-39c) [15]
where ; is the elastic strain energy density:

¥ . ¥ 1 m
= = 5 [:3“) -
21+¥)1-2)

+ £ &, Copn €8,
21+v) 'Y 31-2w ¢ [16]

where ¥ and v are Young's modulns and Poisson’s ratio. respectively. & is a thresheld
value taking the form of &= E-sr]._ where £-1s the threshold strain.

The bulk-free energy density can be represented as:

fle0 TN =1, (7]
fif'. =1‘5r':‘§f_{ﬂf] [18]
gle:) = ‘Pc:(l-{_ﬂf]: [19]

where f¥ is the free energy density of the system with concentration ¢, which is discnssed
in our previous paper (18). The choice of bulk free energy density function can have a
significant effect on the physical behavior of the imterphase. In this work, a double-well
function fz- is applied with an energy barrier of height h. The physical justification of fi
comes from the separation of phases into domains of pure components.
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The charge transport and microstructore evolution can also be represented with the
equations listed below by mimimizing the total free energy of the system. Depending on
whether the phase field variable is assumed to be conserved or non-conserved, the dynamic
evolotion of the phase field varable can be derived to be of the form of Cahn-Hilliard
equation or the Ginzburg-Landaw equation. Since the characteristic time of the elastic field
iz nmch less than the other concentration field and fractore field, the evolution equation of
the displacement can be regarded as quasi-static. Therefore, the Ginzburg-Landau equation
is solved to derive the governing equations of the system which controls the evolution of
non-conserved phase field variable gc. The Cahn-Hilliard equation is solved to derive the
governing equations of the system which controls the evolution of conserved phase field

variable X7
% -v -[M_. r)- T%} [20]
W1 ; 21]
Mrp-}=% [22]

where Mi(r) is the mobility tensor of the ith species. L is the interface mobility of phase
field variable ¢ and D is the diffusivity of the species.

In addition, the flux vector, .J is assumed to be proportional to the gradient of the
chemical potential V.

J=-McVu [23]
The chemical potential can be represented as:
f= iy + Ny Kk Tlne [24]

where uois a constant, Na is the Avogadro’s constant. and kB is the Boltzmann constant.
Then, the flux vector J can be rewritten as:

J=-MN ¢ K IVe+Mck VVie+ McQk Vo [25]

where 7 is the hydrostatic stress.
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