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Effect of Porosity on the Capacity Fade of a Lithium-lon
Battery

Theory
Godfrey Sikha,* Branko N. Popov/* and Ralph E. White*** #

Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA

A mathematical model is presented to predict the performance of a lithium-ion battery. It includes the changes in the porosity of
the material due to the reversible intercalation processes and the irreversible parasitic reaction. The model was also extended to
predict the capacity fade in a lithium-ion battery based on the unwanted parasitic reaction that consumlesd_iwith the

changes in the porosities of the electrodes with cycling due to the continuous parasitic side reaction. The model can be used to
predict the drop in the voltage profile, change in the state of charge, and the effects of charge and discharge rates during cycling.
© 2004 The Electrochemical Society.DOI: 10.1149/1.1759972All rights reserved.

Manuscript submitted November 21, 2003; revised manuscript received January 16, 2004. Available electronically June 14, 2004.

Capacity fade in lithium ion batteries has been discussed by nutions in the current collectors are ignored in the model and so the
merous authors and analyzed in detail through experimtehss: ends of the cathode and anode are the boundaries of the model and

though several mathematical models have been pubfiShetlich ~ act as current collectors.

predict the performance of lithium battery during charge-discharge ~ The major reactions that occur at the cathode and the anode are
operations, very few models exist which have the capability of pre-the lithium intercalation and deintercalation into the active material,
dicting the capacity fade of a lithium battery over cycling. Darling Which is based on the following reaction scheme

and Newmaf included a side reaction that occurs in a propylene Lit+e +%=Lj —* [1]
carbonate (PC)/LMn,O, system in which they were able to pre-
dict the importance of the state of charge and self-discharge of th‘?Nhere* is an active site inside the solid insertion material. In at-

battery with cycling. Later Arorat al.” simulated the phenomenon  tempting to describe the phenomenon of capacity fade, a side reac-
of capacity fade by considering the lithium deposition as a sidetion which consumes L is incorporated. A number of reaction
reaction during over-charge conditions and extended this concept tghechanisms have been proposed for the electrochemical reduction
the increase in the thickness of the surface film with cycling. Re-of solvents on the carbon electrofeThe dominant side reaction
cently, Ramadasst al.” presented an empirical model for capacity considered in this model is the formation of lithium diethylene car-
fgde which |nclude§ the state of charge, solid-phase diffusion coefyyonate as a result of the opening up of the structure of ethylene
ficient, and film resistance as a function of cycle number. AlSo Ra-carhonate by a nucleophilic attack. The detailed mechanism of this
madas®t al” presented a semiempirical model for the capacity fade rgaction scheme is discussed by Aurbatrell® This reaction is

of lithium-ion systems based on the film formation during cycling. assumed to occur continuously during cycling and as a result some
In addition, Ploehret al™ presented a simple model to predict ca- | i+ ions are lost. The reaction scheme is as follows

pacity fade for batteries in storage conditions.

None of these models included the effect of porosity change of 2RO + 26— 2RO (nucleophile)
the intercalation material on capacity fade which is observed CH, -0
experimentally*2 The plugging of the pores in the electrodes due l C=0 + Li* 4RO ——>  RO-CH.-CH.-OCO.Li
to side reaction products is also a major cause for the capacity fade r :
of the battery during cycling. The inclusion of the porosity changes
due to pore plugging eliminates the need for many empirical rela- RO-CH,-CH,-OCO,Li + RO ——>  RO-CH,;-CH,-OR + LiCOy
tions used in earlier models. The mathematical treatment of the

CH,- O

plugging of pores and the subsequent active area changes is similai |~ -, i ?HZ‘O\C:O . <|3H20C02L'

to the work done by Evanet al!® on the lithium/thiony! chloride : CHy-07 CH,OCO,Li

primary cell. The objective of this work is to examine the effect of a

side reaction and the porosity changes on the capacity fade of CH.OGOL

lithium ion batteries. IRO + 2Li* + 26 + ZCHZ_O> =0 — | ° 2t + RO-CH,-CH,-OR
CH,-0 CH,OCO,Li

System Description . )
In summary the reaction can be written as

The model system considered in this work has a porous LCoO
cathode and Lig anode with small amounts of binder and conduc- 2Li" + 2CH,0COOCH + 2RO + 2e ~
tive material as shown in Fig. 1. The electrodes are sandwiched .
using a porous polypropylenegseparator which is ionically conduct- — ROCH,CH,0R + (CH,0COLi)| (2]
ing but electronically insulating, filled with 1 M LiRFn an ethyl-
ene carbonate/dimethyl carbon@EC/DMC) mixture. The three re-
gions to be modeled are the porous anode, the separator, and t

The precipitate formed in Reaction 2 is assumed to be deposited
mgthin the pores of the carbon electrode, which in turn decreases the

porous cathode. Aluminum and copper foils are used as current colPorosity and blocks the active surface area for reaction. To make the

lectors for the cathode and anode, respectively. The current distriby'0de! simple the energy transport in the cell is not considered, and
volume changes associated with the cell are also ignored.

Model Development

* i i .
. Electrochemical Society Student Member. The mathematical model presented here closely follows the
Electrochemical Society Active Member. 6 s . . .
*** Electrochemical Society Fellow. model developed by Fullezt al.™ for a dual lithium ion insertion
2 E-mail: white@engr.sc.edu cell which is based on porous electrode theory, as discussed by
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Active BindertFiller Electrolyte Active Binder+Filler 1— ¢ — &) .
material  materal raterial  material a = B(T’), j=np (8]
S\
L L t L3
, wheree; andey; are the volume fractions of the electrolyte and the

filler materials, respectively, anBls; is the radius of the spherical
particle. Strictly, the inclusion of volume changes due to intercala-
tion should include the change in the radius of the particle with time.
This phenomenon is not included here. The quantjtiggandj,;«

for any species i can be related based on the stoichiometries of
Reaction 1 and 2

Jsjk= —Injks 1 =n,p, k=1
I 11 I11
x=0) x= . 1 . [9]
. k= —=ini =n, k=2
—Carbon Separator, LiCoOy Jsjk 2 Jnjks ] ,
" Iy “— e 4, >
where | is the pore wall flux of the reacting Lispecies in the
Fig. 1 electrolyte phase.
The variation of the potential in the electrolyte is givefi as
Figure 1. Schematic of a lithium ion cell consisting of a positive LICOO 2RT dInf
and negative carbon electrode with a separator. iy = —Kegl Vo — " + e (L -t9)Vincy [10]

where ¢, is the solution-phase potential measured with a lithium

- . reference in solution. The above expression is similar to Ohm’s law
electrolyte phases are treated as a superposition of two continug, yhe solution phase, but it includes the resistance due to concen-

Average values over a unit volume for solution-phase concentrayaiion variations also. An ideal solution is considered in this case
tions, pore wall flux, and specific interfacial area were used. Con'and sof = 1

centrated solution theory is used to treat transport processes in the The Currént distribution in the solid phase is given by simple
porous electrodes assuming a hinary electrolyte and solvent. For Bhm's law

binary salt and solvent and using the solvent as stationary reference

species we can invert the Stefan Maxwell's equations to yield the iy = =0 Vb, ] =n,p [11]

flux of the species in solution to dét

Newmart” and by DeVidts and Whit&® The solid matrix and the

wherei, j and ¢4 are the matrix phase currents and potentials, re-

N. = —DVc. + ﬁ [3] spectively.oq; is the effective conductivity. The total current that
o € z.F flows through either the solution phase or the matrix phase is con-
served and thus
itS Co
N_ = -DVc_ + ZZ—F [4] V(i +i)=0 [12]

The pore wall flux of the reacting species can be related to the
where c, and c_ are the concentrations of the positive and the divergence of the current flow in the electrolyte phase using Fara-
negative species of the salt ads the solution-phase current. For day’s law
a completely dissociated salt the mass conservation yields n

Vo= —FE <&injks I =1p [13]
c, c_ k=12 Sj
c= — = — [5]
v v- The active material is assumed to be made of spherical particles
with diffusion being the major mode of transport into the particle.

Plugging Eq. 5 into 3 the material balance for lin the electrolyte g4 the mass transport within the particle can be written using Fick's

becomes second law for spherical diffusion as
d(&j,c) iztg. dCq 10 0Cq:
— 17— _y| - + = - deie, = i T p g2l =8| s 2
ot V| ~DerVe + r F k;,za'jn"'k’ b=ne ot 2or| P\ || =P [24]
(6]

The intercalation kinetics in either electrode is written in the form of

wheree is the volume fraction of the electrolyte phase gpgl is Butler-VoIme_r expressions W@th concentration-dependent exchan_ge
the pore wall flux of the reacting Lispecies in electrolyte’ thase current density. The expression for such a charge-transfer reaction

due to Reaction 1 and 2k(= 1,2), averaged over the interfacial using Butler-Volmer kinetics becomes

area. Here the porosity is a dependent variable and has to be deter- _ » agF
mined along with the other dependent variablesh( , b ,i1,iz.jp)- Injk = Kj(c)ai(Cr) — Cs))*ai(Cs)) ™) exp = (M)
The governing equation for the porosity is the overall material
balance in the matrix phase — agjF )
_ —expg—er (|, i=np, k=1 [15]
st solid phases ~
ot 21:2 2,: BlsiWVis 1 =1.p 7] wherek; is the net reaction rate constant ang is the overpotential

for the reaction which can be defined as the difference between the
solid-phase and the solution-phase potential with respect to the

wherej ; is the pore wall flux averaged over the interfacial area for A )
ok open-circuit potential

the individual species in the solid phase ajds the surface area to
volume ratio which is defined as Mk =d1 — by = Uy, j=n,p, k=1 [16]
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It should be noted that the open-circuit potentidlg are strong Table I. Electrode parameter values.
functions of concentrations and the variation of the open-circuit po-
tential with concentration is obtained experimentally through a very  Parameters LiCg LiCoO,

slow rate discharge of LiCoQand carbon against lithium foil

counter and reference electrode in a T-cell. Electrode parameters

. o —_ DY (ms) 3.89x 1042 1x 1032
The rate of the side reaction is assumed to be kinetically con ()'S(S/m) 100° 100

trolled. The Tafel rate expression is used to describe the kinetics on
. . S . ’ 30555 51554
the basis that the side reaction is highly irreversible ‘C)T(lig}%r)ﬁ)

5031.67 2291.62
—og i (F Thermodynamic and kinetic parameters
= L - - k 4.92x 107101 1.39% 101!
ik= loxeXg —==—1, =n k=2 17 : .
Jn,J,k o,k F{ RT ) [ ] o 05 05
o, 0.5 0.5
Herei, is the concentration independent exchange current density Design adjustable parameters
and j,jx is the pore wall flux of the reacting Lispecies in the € %311 g'fg
electrolyte phase due to Reaction 2. The overpotential,for the ;f - 125 106 2 8 x 1062
side reaction is defined as sgs 0.5 0.4G
- _ —U,, j=nk=2 18 brug 1.5 1.5
Mik = b= 2 = Uper ] 18] 5 (m) 87x 106 ™ 92 10°6M
. - . . . I (m 0.462" 0.463"
where U; is the open-circuit potential of the side reaction. The b((m)) 0.058" 0.053"

value of the exchange current density is an adjustable parameter, as
experimental details on the kinetics of the side reduction is not i-evaluated at initial conditions, m-measured from Sony US 18650.
available. 1.5 Ah cells.

As the side reaction proceeds, there is a decrease in the porosity:ASSUmed values.
of the negative electrode system because of the clogging of the ~Estimated values.
pores due to the side reaction product and hence the active surface
area for intercalation and side reaction decreases as charging contir&- . . .. .
ues. This reduction in the available active surface area is given emtO" the case of the solution potential, siige= 0 at the boundaries
pirically, similar to that of other systems like lithium thionyl chlo- of the cell we have from Eg. 21 and 10
ride wherein lithium chloride precipitates otit Vb, =0 atx =0 [24]

o g — g i
a =gl - 5
8]

i =n [19] and since we are interested only in the potential differences the
' solution-phase potential at the LiCe@lectrode current collector

interface is set to zero

whereg; is an empirical factor which can be obtained through ex- ,=0 atx=1L [25]
periments, and which represents the morphology of the side reaction

product formed. The change in the varialalgis incorporated in At the electrode-separator interface, for all the variables, the
both the intercalation reaction rate and the side reaction rate term auxes on the left of the interface are equated to the fluxes on the
the side reaction products formed block the active sites for furtherright, except for the solid-phase potentials, because at the electrode-

intercalation and side reaction. separator interface the total current is carried by the solution phase
Furthermore the solid-phase diffusion coefficient in the porousas a result of which Eq. 11 becomes
layer changes due to the plugging of pores and is given by an ex-

pression based on the surface coverfge. Vbyj=0 atx =85, x =285+ d [26]
e’ — g §j For the case of solid-phase diffusion, from symmetry the flux at
Dsj = Dg,j 1- |- 5 ) (1—-¢g5)|, j=n [20] the center of the particle can be equated to zero. At the surface of the
€] active material, the pore wall flux across the interfacial area is

o . . . equated to the solid-phase diffusion flux
where the surface coverage is written in terms of porosity using Eq.

19. Dg,j is the initial solid-phase diffusion coefficient, arg is the 9C5(O1) =0, j=np [27]
porosity of the deposit. ar ' '
Boundary and initial conditions—At the boundaries of the cell, aCs(Rs,1) ) )
the total current is carried by the solid phase and hénee 0. Also “Ds—5 7 = &lnj, 1 = NP (28]
by equating the flux to be zero at the boundaries we obtain from Eq.
3 or 4 after plugging in Eq. 5 The initial conditions used in the model are
Ve=0atx=0, x=1L [21] c=clatt=0 0=x=<1L
Cj=Co j=npatt=0 0=x<L [29]
Based on the same reasoning we can get a boundary condition for g = SJ.O, j=npatt=0 0=x<L

the solid-phase potential as
Model parameters and solution methedlhe parameter values
—OefjVdyj = lgpat x =0, Xx =L [22] used in the model are listed in Table | and Table II. The values for
the transport properties of the electrolyte, the bulk diffusion coeffi-
wherei,,, is the galvanostatic current in the external circuit. The cient (Dy), transference numbet?() are taken to be constants. The
output potential in the cell would be the difference in the solid-phaseconcentration dependence of the electrolyte conductivity for an

potentials ak = 0 andx = L EC/DMC mixture is given in the Appendix. The polypropylene
separator is inert and porous, filled with the electrolyte in the void
Vel = dajlx=L = djlx=0 (23] spaces. The cycling regime of Lions in the cathode and the anode
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Table Il. Parameter values used for the simulation. q, charge capacity(Ah)

0.0 0.2 04 0.6 0.8 1.0 12 14 1.6

Parameter Value
425 |
Dy, (m?/s) 75x 1071028 /
c® (mol/m?) 100G
t9 0.373 4.00
f 12
Viis (Mm¥mol) 5.607x 10°%¢
Viac (m¥mol) 64.39% 1076 © 375
0.15" ~
T (K) 208 Z
Ko (S/m) 100 £ 3.50
a? (m?/md) 156000 §
Q
e® 0.723 =
brug? _ _ o 3 325¢
Parameters for side reactions -
0.5 3
fxc 2 —5a >
io (A/m?) 1x10 3.00
U 0.4
H 0.4
2 Assumed values 275
¢ Estimated values.
250 1
are 0.53< Ay < 1 and 0< Ay < 0.9, respectively, wher&ay de- 0 600 1200 1800 2400 3000 3600
notes the degree of intercalation. Data regarding thermodynamic: t, time (s)

and kinetics of insertion reactions are not readily available as they

are hard to measur8The rate constant for the lithium intercalation Figure 2. Simulated charging profile of a fresh lithium ion battery at a
and deintercalation reaction is evaluated at initial conditions. Thecharging rate of 27.8 A/f(C rate.

transfer coefficients for the lithium intercalation and deintercalation
reaction are assumed to be 0.5. The functional dependence of thI
open-circuit potential on the amount of lithium inserted may widely
vary with regard to the chemistry of the system. First principles
calculations on the open-circuit potential are avail#bleowever in

our studies the open-circuit potential of individual electrodes are
obtained by running a slow rate dischar@30 in a T-cell against

a Li/Li* reference and fit empirically to use it in the modappen-

dix A). The exchange current density and the transfer coefficient o
the side reaction are fitting parameters, as experimental data are n
available. The maximum concentrations in the positive and thet match the experimental charaing profiles. However. the film re-
negative electrode are evaluated from the density and the moleculgp Match the expe | € % € ?1.9 9 E)JIOI es. However, Ie e

weight of LiCoG, and LiG;, respectively. The open-circuit potential zlstt?(rrllce ';err:] ' n?g eBCtte thm th |sn mo -ﬁ S'r;ce-t'ts p{ﬁctwel\_nso_?]rt?e S
of the side reactions has been studied in detail by various ot known precisely. but the changes in porosity with cycling intro

. - . o duce additional resistance to the cell which is explained later in
authorst>??and different mechanisms vyield a range of equilibrium P

potentials. However in this model the equilibrium potential is as detall.
: o ) > 97 Atypical concentration profile for the fresh cell across the elec-
sumed to be 0.4 Ws. Li/Li © around which most of the reduction yp b

parasitic reactions occurs trode, over a time scale with an initial concentration of 1000 m®l/m

; - . . ¢ = 0) has been depicted in Fig. 3. A distinct concentration profile

The design-adjustable parameters in the model include electrad established at a short time because of the low value of the dimen-
thickness, separator thickness, initial porosity of the electrodes, po-. | 1S, whereS. is defined as the ratio of the diffu-
rosity of the separator, and volume fraction of the filler material. In S10N €53 pararr]ne e WRETE S, IS defined as he ralio ot the diffu
this model these values are measured from a commercial Sony y.S'on time to the charging time
18650 cell. The system of the above partial differential equations is inapp
solved numerically using FEMLAB which uses the finite element Se = D(e®PnF(1 — & — e)(cr — ¢©)5 [30]
method to discretize the governing equation. l ! AT spe

?/ze capacity fade was sufficiently low so that it does not entail a
constant voltage charging part and almost complete charging is ef-
fected through the galvanostatic charging. This is also evident from
the charging voltage profile shown from which it can be inferred that
almost complete charge capacity is delivered during charging. Since
most of the capacity is obtained before reaching the cutoff potential,
fthe intercalation reactions were not diffusion controlled at this rate
8{ charging. The inclusion of a film resistance teriR)(in the
model in Eqg. 16 would contribute additional overpotential to the cell

For the case of galvanostatic charging, with the charging current
equal to 27.8 A/ the calculated value &, for LiCoO, is 0.055.

The simulation for the initial cell performance during charging is Because of the fact that the time for transport is small when com-
done with the inclusion of the porosity variations due to both the pared to the time for discharge, a steady state is attained for the
intercalation and the side reaction product formed. However, for theconcentration profile although there is transience in the output volt-
simulation of the capacity fade process, the volume changes due tage profile. Thus an almost fully developed concentration profile or
the intercalation reaction are ignored because they are reversible, bat quasi-steady-state profile is attained even at early stages of charg-
the volume changes due to the irreversible side reaction producing.
formed are considered. A detailed explanation of this assumption is  From the concentration profiles it can be inferred that at this rate
discussed later. The charging rate used for the fresh cell performancef charging, electrode thickness, and initial salt concentration, the
analysis and for the cycling simulations are 27.8 Alcm effect of concentration polarization is not so high as to drive the

Figure 2 shows the simulated charging profile of a fresh lithium- concentration to zero anywhere within the electrode. As a result the
ion battery. In this specific system the positive electrode is the lim-limiting phenomenon of solution-phase diffusion is not reached and
iting electrode. The charging ratg,, = 27.8 AIn? chosen to ana- complete utilization of the material is not hindered due to concen-

Results and Discussion
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Figure 3. Simulated profiles of the dimensionless local concentration acrossrigure 4. Variation of local utilization across the full cell during the gal-

the full cell during galvanostatic charging of a fresh lithium ion battery at a yanostatic charging of a fresh lithium ion battery at a rate of 27.8%A/n
rate of 27.8 A/IM (C rate. rate.

tration gradients within the porous electrode. Moreover the concen{jheetesrirgénreesag‘iinp%rﬁgyepgggal ti:e dglerl(r)r:ir?icr)lmfr:tg ggaggite; fgé': (t)cf>
tration profiles in the negative electrode do not reach the quasis 9 b

steady-state form as opposed to the positive electrode, where Itth_e battery. This is because the porosity changes due to intercalation

reaches the quasi-steady-state form before the end of charging. Th}ogl:l:, b}'?o\(,:vfzr\]/%erletgeoui)?gsﬁtey tgﬁasnuzsse%%imtod'tsﬁ:"’:%ee Srfgciisor?sarg?g
suggests that the reaction zone is uniformly distributed in the posi-_ " P 9

tive electrode while in the negative electrode the reaction front haSItLr:Vpi;rsézleofatsréhi?]tselr?faﬂ;?s) (;:I(r)nnat% rﬁglu;tsf%rgesdegﬁrf%?;]eg}gy é) ltLI;%S

sharp profiles. The low value of the porosity in the negative elec- - .
trode and the continuously decreasing porosity due to the pluggin orosity falls off to _Iower val_ues at_the separator elet_:trode interface
ecause both the intercalation-deintercalation reaction rate and the

of the pores as a result of the side reaction, in addition to the inter-_. X g )
calation reaction, causes steeper concentration gradients in the ca?'—de reaction ratéshown in Fig. 7 are maximum at the electrode

bon electrode to yield to the reaction rate.

Figure 4 presents the local utilization, [ratio of the average
solid-phase concentrationcd) the theoretical maximum material
concentration ¢7)] of active material across the full cell during the

........ t = 1000s
galvanostatic charging of a fresh cell at 1C rate. Within the cycling 25~ | | }eee t=2000s 153
regime the local utilization across the positive electrode is more or - t=3000s

less uniform, while the utilization in the negative electrode has dis- —— t=endof charging |
tinct profiles. This is because of the fact that the reaction rate distri-
bution in the positive electrodeee Fig. b levels out evenly aftera &
very high reaction rate at the separator electrode interface for a sh0|>§, 357
time. But in the case of the negative electrode the reaction rate g
distribution is maximum at the separator electrode interface at the &
start and towards the end of charging, the reaction front moves'é
across the depth of the electrode as the utilization becomes complet§
in the front portion of the electrode. The detailed explanation of this * -4.5 |
phenomenon is found in Ref. 16. ]
The porosity distribution within the full cell during charging for
a fresh cell is presented in Fig. 6. The porosity profile within the
separator is constant and equal to the initial porosity of the separato y
and is not presented in the figure. It should be noted that the varia 55+
tion of porosity within the electrode is due to the lithium intercala- :
tion reaction and the parasitic side reaction. In the case of the negs
tive electrode the side reaction causes additional changes in th '6-"00
porosity due to the precipitate formed, apart from the porosity ’
change due to the intercalation reaction. The steeper concentration
gradient in the negative electrode is an outcome of this effect. How—igure 5. variation of the intercalation reaction rates across the full cell at
ever, the side reaction is absent in the case of the positive electrod®arious times during galvanostatic charging of a fresh lithium ion battery at
Although it was found that the intercalation reaction predominantly a rate of 27.8 A/fa(C rate.

50

19)

n

aj,
ajmp , reaction rate (mol/m 25

507

02 04 0.6 0.8 1.0
X, dimensionless distance
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0.20 Figure 8. Plot showing the initiation of side reaction at negative overpoten-

0.0 02 04 0.6 038 1.0 tials and the increase in the side reaction rate with time at various points
across the carbon electrode. This plot also predicts that the side reaction
starts earlier ak = 0.43 than ak = 0.215 orx = 0. Simulated profiles are
Figure 6. Simulated profiles of the variation in porosity across the full cell O the galvanostatic charging of a fresh lithium ion battery at a rate of 27.8

2
at various times during galvanostatic charging of a fresh lithium ion baltteryA/m (C rate.
at a rate of 27.8 A/m(C rate.

x, dimensionless distance

and the center of the electrode and since the side reaction is assumed
separator interface. The value of the partial molar volume of theto be a reduction reaction which obeys the Tafels relation, the reac-
species is a key parameter, which determines the extent of the pdion is not facilitated at positive overpotentials. This can be con-
rosity change within the electrode during charging. The value of thefirmed by noting that the reaction rate of the side reaction is close to
partial molar volume of the side reaction product formed and Li zero at the different regions in the cell during the initial stages of
are 64.39x 10 % and 5.607x 10 ® m®/mol, respectively. charging. However, as charging proceeds the side reaction overpo-
Figure 8 shows the overpotential of the side reaction with time attential crosses the equilibrium potential and passes over to negative
various points across the negative electrode for the fresh batteryalues. Initially this occurs at the carbon electrode separator inter-
During the start of charging the overpotential is positive at the endsface as seen in the figure and later the reaction starts at the back of
the electrode also. The side reaction rate then continuously increases
with time until the charging is stopped.

1.2E-3 Capacity fade analysis-The above model is extended to analyze
the capacity fade of lithium-ion battery. The side reaction involved
19E-4 [ during charging occurs continuously over cycling. The amount of
""" charge lost to the side reaction is calculated at each cycle using the
model and the total amount of available charge for the next cycle is
g -16E3 7 updated based on the loss in the previous cycle. The Faradaic charge
T_E, lost, due to the side reaction at any cycle numbgrcan be evalu-
S - ated by integrating the local side reaction rate over the carbon elec-
g§ -30E3[ ~ N
g N . trode
=] AN N T 3
S 44E3T 3 a. .
5 \‘\ b q2|N = aJF|bf J’ Jn,j,k‘Ndth- ] = n,k =2 [31]
g N * t=0Jx=0
Q \ "\
¥ 58E3 [ \\ \
?‘3 N where the limits of the integration are over the thickness of the
7263 | t=100s 5\ carbon electroded(,) for the spatial integration and over the total
T e t=1000s \ charging time(T) for the time integral. So the net charge available
”””” t=2000s Y for theN + 1th cycle would be
86E3 T T t=3000s \
——— t=end of chargi \
sie \ dln+1 = daln = Ay — 2ln (32]
-1.0E-2 : ' : ' ‘
0.00 0.08 0.16 0.24 0.32 0.40

kK whereq; andq, are charge consumed by the intercalation reaction
X, dimensionless distance and side reaction, respectively, agds the total charge capacity
available in any cycle. The total initial theoretical capacity of the

Figure 7. Simulated profiles of the variation in reaction rate of the side cell (just before the cycling stantss calculated from the relation
reaction occurring on the negative electrode, at various times during gal-

vanostatic charging of a fresh lithium ion battery at a rate of 27.8%A/m o o .
(C rate. dln=1 = (1 — &) — &;))IbdyFbcr;, j =p [33]
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eters with cycling. Cycling simulations are done for galvanostatic charging at 0.15
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where Ay is the intercalation coefficient arich,d. are the dimen-
sions of the electrode. The value of this capacity available for inter-
Calatl.on goes on deocre(z)asmg dppent;hng on the (.ax.tt-ant of the SldEigure 10. Variation of porosity across the carbon electrodes at cycle num-
reaction rate. Heré)j (cs/cy)) is defined as the initial state of pers1, 200, 500 obtained at the end of charging. The porosity changes due to
charge Whel’@g,j is the initial concentration available at the start of intercalation of Li" and the side reaction are included. Cycling simulations
the first cycle andy; is the maximum concentration in the electrode are done for galvanostatic charging at a rate of 27.8°Afanrate.
which is calculated from the density and the molecular mass of the
electrode material. Since the positive material is limiting, the theo-
retical capacity is evaluated based on the positive electrode. ) ) ) ) )
To reduce cumbersome modeling the porosity variations due tdhat When the Change n the poroslty due to the |nterca|at|0n l’eaC_tlon
lithium intercalation and deintercalation were ignored during simu- iS also included the porosity profiles falls off to very low values in
lation of cycling process, and the variation of porosity due to the the carbon electrode toward the end of charging. The subsequent
side reaction alone is considered. This assumption should be reasofischarge will cancel out the porosity variations due to intercalation
able because the changes in porosities due to intercalation cance®d, effectively, changes in porosity observed will be due only to the
out during deintercalation as explained previously. This is also aside reaction.
reasonable assumption while we are interested at the overall capa
ity fade of the battery. This assumption also allows us to run the
simulations only for the charging process and save computation

X, dimensionless distance

Effect of porosity, diffusion coefficient, and state of charg€he

ffect of the change in porosity, diffusion coefficient, and state of

harge with cycling, on the discharge voltage profile are shown in
Mg. 11. To analyze the impact of each of these parameters, the
voltage profiles were simulated for the following cas@sconstant
initial porosity and constant initial diffusion coefficient for all cycle

umbers with the reduced state of charge for the respective cycle
numbers(ii) constant initial porosity for all cycle numbers and av-
erage diffusion coefficient and reduced state of charge at respective
cycle numbers(iii) average porosity, average diffusion coefficient,

ing the columbic efficiencyratio of the charge capacity to the dis-
charge capacifyto be unity within a cycle. The parameters which
are averaged over the end of the each cycle for setting up the initi
conditions for the next cycle are the active surface aggg poros-

ity (), and diffusion coefficient ) and are calculated as follows

0 _ I gandX|N o _ I cBJaDs,jdX|N and reduced state of charge at the respective cycle numbers. For the
a; I+ = o, Ds,i|N+l - da ' above three cases the simulations were done at the end of 1, 200,
and 500 cycles, respectively.
fﬁasjdxlN On comparing the discharge curve obtained at cycle 1 and cycle 200
810\N+1 =~ |[-i=n [34] with case(i) we can observe that the change in the state of charge by
a

itself brings a shift in the discharge plateau and the decrease in the
run time of the battery. However, this downward shift in the voltage
The integrals are evaluated at the end of charging time ( profile largely depends on the open-circuit potential. If the open-
= T). The changes in average values of these parameters at the emitcuit potential has a distinct profile with the state of charge, this
of charge at each cycle are shown in Fig. 9. The rate of change o$hift in the plateau can be observed. However in cases where the
average porosity decreases with cycling due to the fact that, as morepen-circuit potentials are independent of the state of charge for a
reaction product is formed, it hinders the side reaction rate becauseery wide range, this shift in the voltage profile with cycling will not
of the decrease in the interfacial area. be obtained. At 200 cycles with cas@) the discharge curve is
Figure 10 depicts the variation in the porosity profile at specific simulated with the diffusion coefficient and the state of charge cor-
cycle numbers across the carbon electrode. The plots are obtained bgsponding to that particular cycle number with the porosity being
running the charge model with the updated values of the porosityheld constantinitial porosity). It can be observed that the change in
active surface area, diffusion coefficient, and state of charge for thehe diffusion coefficient does not bring about a shift in the discharge
specific cycle number€l, 300, and 500with the variations in po-  plateau; however, the obtained discharge capacity slightly decreases
rosity due to the intercalation reaction included. All the porosity due to the decreased rate capability at lower diffusion coefficients.
profiles in Fig. 10 are obtained at the end of charging. It can be seefThis capacity lost due to the decrease in the diffusion coefficient can
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Figure 11. Simulated discharge profile showing the effect of porosity, state F19ure 12. Simulated discharge profile for short times showing the effect of
of charge, and diffusion coefficient with cycling. The above discharge curvesPorosity and the state of charge in determining the initial Ohmic resistance of

are the simulated profiles at the end of 1, 200, and 500 cycles for varioughe System and the shift in the discharge curve. The change in the diffusion
conditions as marked on the plot. The discharge rate used for the simulationgoeﬁ'c'ent did not alter the initial resistance and the discharge profile of the
is 13.93 A/n? (C/2 rate cell during the initial part of the discharge.

. concentration drops to zero due to high reaction rates. Also at higher
be recovered at low rates of discharge. For déigpat 200 cycles, rtaltes the concentration overpotentials are higher and the limiting

the porosity was also changed to the average porosity obtained otential is reached before complete utilization has occurred. This

;B?tth?rlc(lj%mll?] thallzg e}[f]irléwwa;sf%lfgg Eah%tet?reeggéem'?:]gfs;lfnzgﬂ; effect of the discharge rate was observed in cycled cells also. We
charge capacity. This shift in the potential profile is irrespective of 14 {0 capture this phenomenon of rate capability using the present

the state of charge and is because of the decrease in the porosin/Odel and its effect over cycling. It was found that the rate capabil-

which in turn decreases the value of effective solution conductivity
and hence the increased ohmic drop. In addition, the decrease in
porosity would introduce higher concentration gradients and one car
expect higher values of concentration overpotentials with cycling.
Both these factors clubbed together with the decrease in the state ¢
charge and diffusion coefficient will determine the shape of the dis-
charge curve at the end of any cycle. These changes are in agre:
ment with experimental dafe’ The same explanation holds good 0.50 T
for the simulations done at the end of 500 cycles. In fact, the effect g
of porosity changes are more sensitive to the shape of the discharg'§
curve at higher cycle numbers. The effect of porosity, state of §
charge, and diffusion coefficient on the discharge curve can be see §
more clearly in Fig. 12, which was obtained for short times. The
increased ohmic drop with the change in porosity and the impact of
the diffusion coefficient, which does not alter the discharge profile at"
short times, but closes down on tleaxis at later times, can be
clearly observed.

The decrease in the porosity with cycling causes a serious limi-
tation to the utilization of the active material at high cycle numbers  -0.50 T
even at moderate rates of charging. This is because of the steep:
concentration gradients at higher cycle numbers. Figure 13 show:
the concentration profiles across the full cell at the end of charging
at 1, 200, and 500 cycles. An increased concentration gradient at th
start of charging in the negative electrode over that of the positive ; 4 Sl
electrode aggravates and drives the concentration at the back of th 0.00 0.20 0.40 0.60 0.80 1.00
negative electrode to zero € —1) at the end of 500 cycles. X, dimensionless distance

1.00

SS CO!

& 0.00

nl

€NS10]

c, di

Effect of discharge rate—Flgure 14.shows the effect of the dis- Figure 13. Simulated concentration profiles across the electrode at various
charge rate on the discharge capacity of a fresh bafterythe rate  cycle numbers(1, 200, 500. All the profiles are obtained at the end of
capability of the system. At very high rates the battery could not becharging at the respective cycle numbers. Cycling simulations are done for
theoretically discharged to 2.0 V because of the fact that the saltalvanostatic charging at a rate of 27.8 A/(@ rate.
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Figure 14. Effect of discharge current density on the discharge capacity of Figure 16. Simulated discharge profiles depicting the capacity fade at cycle
the battery. The solid lines represent the discharge curves at current densitiegimbers as marked on the curves. The discharge rate used for the simula-
of 5.57 AIn? (C/5), 13.93 A/nt (C/2), 27.87 Aint (C), 55.75 Aint (20), tions is 13.93 A/r (C/2 rate.

83.63 A/nt (30), and 139.35 A/ri(50), as indicated by the markers.

ity decreased with cycling. While there was a 7.9% decrease in
discharge capacity on discharging a fresh cell at 2C rate over that of
C/5 rate, the value increased to around 49% after 500 cycles of
charging at the C rate with the inclusion of porosity changes. The
extent of rate capability was even worse at higher rates of discharge.

148 1 1100 Figure 15 shows the effect of rate capability with cycling for the
case of discharge for a fresh cell, for a cell cycled for 500 cycles
134 |
.
- . 190 100
120 1
z ]
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)
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2]
§ 0.92 {70 ? 8
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Figure 15. Effect of discharge current on the discharge capacity of the bat- 0.5 == : ‘ ’ =0
0 100 200 300 400 500

tery (rate capability. The graph above is plotted with the simulated values
for a fresh cell and for the cell cycled for 500 cyclésith and without
porosity and diffusion coefficient variations with cyclingrhe plots with
dotted lines correspond to the axes on the rigigcharge rat®s.percentage Figure 17. Simulated values of discharge capacity in the cell as a function
discharge capacity obtainedlearly show the decreased rate capability with of cycle number. The pldadotted ling corresponding to the axes on the right
cycling. The effect of porosity changes on rate capability with cycling is shows the simulated percentage capacity fade with cycling. The markers are
observed at high rates of discharge. The lowest discharge rate used for ththe experimentally obtained values for percentage capacity fade from Sony
studies corresponds to the C/10 rate, and the discharge capacity obtained EtS. 18650 cells. The discharge rate used for the simulations is 13.93 A/m
this rate is assumed to be 100% in this plot. (C/2 rate.

N, cycle number
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with only the changes in state of charge considered, and for the caseusly over cycling. The variation in porosity because of the side
of a cell cycled for 500 cycles where the changes due to porosityreaction product formed with cycling causes the discharge voltage
diffusion coefficient, and state of charge are included. The dischargglateau to drop down with cycling. The change in the diffusion
capacity obtained at C/10 rate was taken to be 1@8%s on the  coefficient and the porosity of the carbon electrode causes steeper
right in Fig. 15 and the decrease in rate capability with cycling is concentration gradients with cycling and hence increased polariza-
clearly seen. It was also evident that the changes in porosity affectetion losses at higher cycle numbers. Numerous case studies can be
the rate capability at higher rates of discharge, although at lowerdone to observe the effect of parameters such as the end of charge
rates a significant change in discharge capacity was not observedoltage, charging rate, depth of discharge over the capacity fade of
over the case in which the porosity changes were not inclésieel  battery, without relying on empirical relations.
Fig. 15. The decrease in the discharge capacity obtained at C/5 rate The variation of surface area and diffusion coefficient on the
and 2C rate after 500 cycles for the case in which porosity changesarbon electrode with the change in the porosity are the only expres-
are not included is much le$s-19%) when compared to the case in sions used in the model. Experimental measurements can be done to
which the porosity changes are included49%). There was also a get a good empirical relation between the variations of active sur-
slight change in the value of the discharge capacity obtained for thdace area and solid-phase diffusion coefficient as a function of cycle
case in which the variations due to porosities are considered asumber. The inclusion of the constant voltage part of charging in the
compared to constant porosity conditions, even at lower rates. Thisnodel would facilitate the prediction of capacity fade for high rates
difference suggests that at higher cycle numbers, the discharge had charging more accurately. Finally by including the energy equa-
to be done at much lower ratés:C/20) to extract the completely tions involved, the effect of temperature over capacity fade can be
available capacity. predicted.
Figure 16 shows the discharge curves obtained at 1, 200, and 500
cycles. For cycling, simulations were done at C rate of charging and
the discharge curves obtained for specific cycles are for C/2 rate of Financial support provided by National Reconnaissance Office for Hybrid Ad-
discharge. The loss of capacity is attributed to the change in the statéanced Power Sources no. NRO-00-C-1034 is acknowledged gratefully.
of charge and the porosity variations in the electrode which causes The University of South Carolina assisted in meeting the publication
the discharge curve to close down on the axis at shorter run timesosts of this article.
with cycling. The decrease in porosity with cycling causes an in- .
creased ohmic resistance due to the decrease in the effective con- Appendix
ductivity and also causes an increased concentration polarization Transport Properties of the Electrolyte
with cycling due to the decrease in the value of the effective solid-  The effective diffusion coefficient of Li in LiPFs is given by the Bruggmens
phase diffusion coefficient of carbon electrode. From the simulationrelation
results the capacity fade of the system was about 29% at the C rate
of charging after 500 cycles. Figure 17 shows the capacity fade as a
function of cycle number. The discharge capacity obtained was atimilarly the effective conductivies of Liin the solid phase and the solution phase are
C/2 rate of discharge. The trend in capacity fade observed by simualso related by the Bruggmens relationship
lations for this particular cell shows an initial slow decrease in the
capacity and then a rapid decrease in capacity, which then slows
down again. The initial slow decrease is because the design for this brug
cell is such that the positive electrode is limited and hence a slight Keff = Kb
amount of extra capacity is available on the negative electrode. Thishe concentration dependence of the bulk electrolyte conductivity for an electrolyte
causes the discharge capacity to drop down slowly initially until a mixture of 1 M LiPF; in a 1:2 v/v mixture of EC/DMC at 25°C was fit from experi-
balance on the cell is established. At higher cycle numbers the sidéental data by Doyle and Newntato the following expression
reaction rate slows down due to the fact that the area available for
the side reaction decreases considerably and hence the decrease'in™
the rate of capacity fade at higher cycle numbers. This is in close — 1.1724% 107%c% [A-4]
agreement with the experimental values obtained from the cyclin
studies of Sony US 18650 cells. The disagreement between the vaF
ues may be due to adjustable parameters used for the side reaction in The open-circuit potential of the positive electrode (LiGd@as fit to the function

Acknowledgments

De = D™, | = n,p (A-1]

Oerj = op (1 — & — &)Y, j =n,p [A-2]

[A-3]

{1.0793% 10™* + 6.7461X 10 3c — 5.2245X 10 3c? + 1.3605x 10 3c®

lectrode Thermodynamic Data

3

c Cs\? c cs|? (AN
S S S S S
4.707 — 36.124—) + 104.81%—) + 149.494— + 111.81%—) - 35.705(—)
Cr Cr Cr Cr) T
u 7 3 3 FRE [A-5]
CS CS CS CS CS
1- 7.59%— + 21.774—) - 30.95#—) + 23.63%— + 7.8474{ —)
cr cr \Ct cr (Cr

the model, such as the exchange current density and transfer coeffivhereas for the negative electrode the experimental data was fit to the function
cient of the side reaction. These parameters contribute to the extent

of the side reaction which occurs during the charging of the battery Cs
and hence the capacity fade. Also the inclusion of the constant 1.997+ 2-472(;)
voltage part of charging will yield more accurate capacity fade pre- U= o [A-6]
dictions. 1+ 31-823(0—)
.
Conclusions Here the ratio of the solid-phase concentration to the total concentfabosentration

: o PO f during which the intercalation coefficient i9 tlepends on the amount of lithium in-
A general method for the capacity fade predlctlon of lithium ion serted in either electrodes. The values of the intercalation coefficient obtained experi-

batt?ry system was developed.. The moqel captures the loss Qf C@entally through a slow rate discharge were 0.53 for Lic@@d 0.9 for the carbon
pacity by the inclusion of the side reaction which occurs continu- electrode.
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List of Symbols

specific surface area of the porous materigl/nm
height of the electrode, m

Brugmans exponential factor

solution phase concentration, mofm
dimensionless solution-phase concentration,%¢et
solid-phase concentration, mofim

average solid-phase concentration, mél/m
concentration in intercalation material faty = 1, mol/n?
diffusion coefficient of Li" in the salt, /s
diffusion coefficient of Li" in the solid phase, ffs
activity coefficient of salt

Faradays constant, 96,487 Clequiv

exchange current density, Afm

solid-phase current, A/fn

solution-phase current, Afm

applied galvanostatic current, Afm

reaction rate of a species in solution phase, m§m
reaction rate of a species in solid phase, méém
intercalation reaction rate constant

electrode length, m

thickness of the cell, m

molecular mass, g/mol

cycle number

number of electrons

charge capacity, A h

radial distance within an active material particle, m
ideal gas constant, 8.3143 J/mol/K

radius of solid spherical particles, m
stoichiometric coefficient

time, s

transference number

temperature, K

open-circuit potential, V

partial molar volume, rimol

dimensionless distancex/L)

charge number

local utilization of the active material in the electrodgs= (Cs/cr)

thickness of anode, cathode, separator, respectively, m
intercalation coefficient

porosity or composite electrode

porosity of the deposit

electrochemical reaction over potential, V

state of charge

solution phase conductivity, S/m

morphology factor

density of the electrode material, kgim

solid-phase conductivity, S/m

number of cations or anions into which a mole of electrolyte dissociates

solid-phase potential, V
solution-phase potential, V

Subscripts

negative

positive

bulk values

effective values

species

filler material

positive(p), negativén) electrode

reaction number1] intercalation;[2] side reaction
electrolyte

solid phase

concentration in intercalation material fary = 1

0]

Aprrx—=w—=o t |

Superscripts

0 ~N o

10.

11.

12.

23.

0 initial condition
s separator
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