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I nfluence of Some Design Variables on the Thermal Behavior of a
Lithium-lon Cell

Gerardine G. Botte,* Bradley A. Johnson,* and Ralph E. White**
Center for Electrochemical Engineering, Department of Chemical Engineering, University of South Carolina, Columbia, South

Carolina 29208, USA

A mathematical model that includes an anode (carbon) decomposition reaction has been used to predict the temperature of alithi-
um-ion cell during medium- and high-rate discharge conditions. This work describes how various design parameters and the acti-
vation energy for the decomposition reaction of the anode (carbon) affect the predicted temperature of a LiXC6/Lini02 cell. The
predicted results show that the particle size in the negative electrode (assumed here to be petroleum coke) is an important para-

meter for predicting the temperature of the cell.

© 1999 The Electrochemical Society. S0013-4651(98)05-051-4. All rights reserved.

Manuscript submitted May 18, 1998; revised manuscript received November 25, 1998.

The occurrence of several safety incidents in secondary lithium
and lithium-ion batteries prompted this work. For example, the first
of these incidents occurred in 1988 for a secondary lithium battery
system when several Li/Li,MoS, cells produced by Moli had inci-
dents of flaming in cellular phone applications in Japan.® Another
safety incident occurred with lithium-ion batteries at Applein 1995.2
This incident occurred in-house during the testing of newly manu-
factured PowerBook 5300 portable computers. It was determined
that the incident was caused when a lithium-ion cell was over-
charged, which caused pressure buildup and venting. Apple subse-
quently removed al lithium-ion battery packs from their product
lines.® Also, Ericsson announced that its mobile phones and other
portable electronic applications would not use the lithium-ion bat-
tery.? These incidents highlight the importance of safety in commer-
cia lithium-ion applications.

Mathematical modeling has been used by several workers to
study thermal management in batteries. For example, Evans and
White® examined thermal runaway in a Li/SOCI, system by assum-
ing alocalized random hot spot near the center of a spiral cell. Evans
and White's work focused on predicting thermal profiles and exam-
ining conduction of heat out of the cell. Chen and Evans® examined
the impact of a single short-circuited cell on the cell stack of alithi-
um-ion battery. Chen and Evans show results of the cell stack’s ther-
mal performance under various discharge currents and heating rates
associated with those currents. Verbrugge’ examined the effect of a
variety of parameters (i.e., convective heat-transfer coefficient, ex-
change current density, tortuosity, etc.) on the center temperature of
acell stack of alithium-ion cell and how thermal runaway in a sin-
gle cell can affect the remaining cells in the stack. Both Chen and
Evans® and Verbrugge’ based their models on idealized versions of
the system. Pals and Newman® developed a mathematical model to
predict thermal behavior of a lithium/polymer battery, based on the
one-dimensional model by Doyle et al.? In their paper, Pals and
Newman® present simulation results for the Li/PEO,5-LiCF;SO4/
TiS, system operating isothermally, adiabatically, and with transfer
of heat to the surroundings. We have taken a similar approach, also
based on the one-dimensional model by Doyle et al.® In our case, we
have included a decomposition reaction for the carbon anode in the
energy balance.

Model Development

We have modeled the galvanostatic charge/discharge behavior of
the Li,Cg/Li,NiO, cell sandwich, as shown in Fig. 1, based on the
model developed by Doyle et al. 9 Thisis a pseudo two-dimensional
problem with transport of lithium ions across the cell and within the
solid-phase particles, which are assumed to be spherical. Further-
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more, in order to avoid unnecessary complexity, volume changes
associated with electrode expansion and contraction during cycling
have been ignored.

A variety of side reactions may take place in alithium-ion battery
at elevated temperatures. For example, the electrolyte may decom-
pose, 10 the positive electrode may decompose, ! and the negative
electrode may decompose.? Of these, we have included a decom-
position reaction of the negative electrode in our energy balance!?

2Li,Cg + 8C3H,03 = 8Li,COq + 8C,H, + 2Liy_5Cs  [1]

where d represents the extent-of-reaction. This reaction is the same
reaction that has been proposed to take place during the first charge
cycle of alithium-ion battery when the solid-electrolyte interface is
formed.’? This is an exothermic reaction with a heat of reaction of
—289 kI/mol of lithium reacted.’3 We have chosen this mechanism
to include in an energy balance because it occurs at arelatively low
temperature in comparison to the positive electrode and electrolyte
decomposition reactions. Von Sacken et al.12 described a first-order
reaction rate for the reaction described in Eq.1

where ) is the rate of reaction, k; is the reaction rate constant, %
isthelocal surface average concentration of lithium at the surface of

20 7=L +L+L,
—
L1 Ls LZ

44— 4——p 4 L
< »

Carbon
Negative
Electrode

Current Collector
Current Collector

Figure 1. Idealized schematic diagram of cell sandwich consisting of nega-
tive electrode, separator, and positive electrode. The active material is depict-
ed and modeled as spherical particles.
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each of the particles in the negative electrode (calculated from an
overall mass balance in the particles of the electrode according to the
equations shown in Appendix A), E, is the activation energy for
Eq. 1, Risthe universa gas constant, and T is the cell temperature.
The values for k; and E, were estimated in order to fit the experi-
mental data given by Von Sacken et al.12

We have added aterm that accounts for energy liberated from the
reactionin Eq. 1 (i.e, —AH,, ) to a general energy balance of an
insertion battery system described by Rao and Newman.* The
assumptions used by Rao and Newman'* still apply: (i) the temper-
atureis uniform throughout the cell at agiven instant in time; (ii) the
heat capacity of the cell (Cp) is calculated as an average of al the
components of the cell and Is assumed to be a constant evaluated at
T = 25°C; and (iii) enthalpy of mixing and phase-change terms were
neglected; further discussion about the effects of these terms can be
found in Ref. 15.

Therefore, the energy balance in the system can be expressed as

oT

C_
P07t

: 1 . . O
-Q= ——g 83 1in1Un 10M +I &3,2in,2U4 20V5 [
Ve v \73 0

— agigpV — AHp M [3]

where p isthe cell density, C, isthe constant-pressure cell heat capac-
ity, tistime, Q isthe heat transfer rate from the cell to the environ-
ment, a; ; and a3 , are the interfacial areas of solid-phase particles per
unit volume of porous electrodes for the anode and cathode, respec-
tively (see Appendix B), in; and i,,, are the local interfacial current

Tablel. Initial conditions of the cell.

Variable Initial value
Co 1000 mol/m?
by 0.0V
To 298 K
i2 0 A/m2

Li,Cq
1.2 X 10* (x, = 0.5)

Li,NiO,
1.0 X 10 (yp = 0.45)

Csko (Mol/md)

cathode, respectively, v is the volume of the cell, a; is the geometric
electrode surface area per unit volume of the cell, iy, is the applied
cell current density, and V is the cell potentia. Thefirst two terms on
the right side of Eq. 3 describe the electrochemical heat generation
rate, as described by Rao and Newman.*# The heat-transfer rate from
the cell to the environment, Q, is represented by

Q= ayah. (Tamp — 1) [4]

where a, is the ratio of cell surface area to geometric electrode sur-

face area, h isthe heat-transfer coefficient for the cell, and T, isthe

ambient temperature outside the cell. Note that by multiplying by a;

and ay, the hest-transfer from the cell is per unit volume of the cell.
The enthalpy potential is given by

densitiesin the anode and cathode, respectively, U, ; and U,, , are the Uy = T2 Ol dUy _ U_IED k=12 [5]
local enthalpy potentials,'* v, and v, are the volumes of the anode and ’ B Jar  T2H
TableIl. Model parameters.
Parameter Value Ref. Parameter Value Ref.
Tamb 298 K Adjustable S 0.05 m? 19
v, (Eg. B-1) 14 X 1075 m3 Adjustable Lg 25x 107 %m 19
L (Eq. B-2) 28X 107%m Adjustable h 65 mm
S (Eq. B-3) 42X 1073 m? Adjustable re 9mm
a; (Eq. B-4) 3600 m¥m3 € 0.55
a, (Eq. B-5) 0.084 m?/m?
a, (Eq. B-7) 0.3 m¥m3
p (Eq. B-11) 2040 kg/m?3
Cp(aT=25C) 746 Jkg K 8
ps (kg/m3) 950 19
Li,Cq (k = 1) Ref. Li,NiO, (k = 2) Ref.
Camaxk (Mol/m3) (Eq. B-9) 24X 10* (x=1) 23X 10%(y=1)
pix (kg/md) 1900 16 41002
My (g/mol) 78.9 97.6
C.x (MANQ) 340 150
Cik 1.0 0.55
€ 0.35 0.35
L (M) 125 X 1076 112 X 1076
oy (S/m) 100 16 1002
r (M) 10 X 10~ 10 x 10-6
agy (M¥m®) (Eq. B-6) 195 X 10° 195 X 103
k; (1/9) 20¢
E, 60 < 10% ¥mol ©
AHpy, —289 X 10° Jmol 13
Qak 05 16 052
ook 0.5 16 052
Kax (MV9) 5x 10792 5x 10792
ke (M/s) 5x 10792 5x 10792
Cu Ref. Al Ref.
Lek (M) 9x 1076 19 9x 107 19
pek (kg/md) 8930 30 2900 30

2 Assumed value.

€ Estimated from experimental data given in Ref. 12.
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t t
L= 125Hm

Open-circuit potential of cell L= 112m
Y he =5 Wm* K
1 lapp = 2.02 mA/em’ ¢o= 1.0 molar

1=6,=0.35

n=n=10Hm
To = Tamp=25°C

V, Cell Potential (V)
w
)
+

1
93
L

22 + t + t t
0.45 0.55 0.65 0.75 0.85 0.95
Lithium Intercalation Fraction, y, in LiNiO,

Figure 2. Cell potential vs. state-of-discharge at three different galvanostatic
discharge rates. The dashed line represents the open-circuit potential of the
cell.

where U, is the open-circuit potential of electrode k with respect to
a lithium reference electrode. Since dU,/dT is not known and ex-
pected to be small, Eq. 5 can be approximated as™

UH,k = Uk [6]

Substituting Eq. 6 into Eq. 3, followed by integrating the appropi-
ate terms over the electrode volumes (v, and v,), and considering
that the local interfacial current densities are defined negative and
positive for the cathodic and anodic reactions, respectively, yields

oT : | - A
PCpE —= V_c(U2 - U - al'appv — AH, (71

where | isthe total applied current for the cell. Knowing that the dif-
ference between U, and U, is the open-circuit potential of the cell

(Uogp) and that theratio of 1/v; is equal to a; multiplied by i, Ed. 7
becomes
oT - . ,
pCpE = Q + &igp(Uoep — V) — AHpt [8]

The term on the left of Eq. 8 accounts for the sensible heat, the
first term on the right accounts for the heat transfer to the ambient,

the second term accounts for ohmic heating of the cell, and the last
term accounts for the heat generated during the decomposition reac-
tion of the anode.

The remaining equations governing the performance of the lithi-
um-ion cell system have been described by others®1® and are sum-
marized in Appendix A. Theinitial conditionsfor the simulations are
shown in TableI.

Equation 8 was used for the energy balancein the lithium-ion cell
under normal operation of the cell before the separator melts (i.e.,
below 135°C). If the temperature of the cell rises above 135°C, we
assume that the separator melts, and the model with the equations
described above no longer applies. Consequently, when the cell is
above 135°C, the model of the cell is changed to that for a batch re-
actor (see Eqg. A-29) with an energy balance given by Eq. 8 with no
ohmic heating (i.e., the second term on theright of Eq. 8 isdropped).

Results and Discussion

We modeled a cell sandwich (see Fig. 1) consisting of a petrole-
um coke carbon negative electrode, a microporous polyethylene sep-
arator, and a nickel dioxide positive electrode. The electrolyte used
was lithium perchlorate with propylene carbonate (PC) as the sol-
vent. The polyethylene separator was assumed to be inert with avoid
fraction of e = 0.55. A nickel dioxide positive electrode was chosen
because the open-circuit potential function available for nickel diox-
ide describes the entire range of intercalated lithium (0.45 <y <
1.0)17; in addition, nickel dioxide electrodes have a higher capacity
than cobalt dioxide electrodes. However, nickel dioxide electrodes
have been found to be less safe than cobalt dioxide electrodes.!®
Lithium perchlorate was chosen as the electrolyte because transport
data are available for this electrolyte. Important model parameters
for this system arelisted in Table I1. The cell density was calculated
based on the density of the individual components of a lithium-ion
battery, as shown in Appendix B. The maximum solid-phase con-
centrations were calculated based on the theoretical density of the
solid-phase active materials when x = 1 and y = 1, for the negative
and positive electrode, respectively.

Figure 2 presentsthe cell potential asafunction of thelithium frac-
tion, y, in LiniOZ, where the cell potential, V, is calculated from the
differences in the solid-phase potential at the two current collectors

V=d, Z=Lq+Lgtly b1]2=0 [9

Intercalation fractions for the cathode materia range from a frac-
tion of y = 0.45 in the fully charged stateto y =~ 1.0 in the fully dis-

Tablelll. Approximate expressions for the diffusion coefficients and ionic conductivities as a function of temperature.

Transport property Expression? Vaueat T = 25°C Ref.
0 1200C
Do, (M¥s) 1x1087 TFC 16 x 10710 20, 21
4500
Do- (M?s) 26 X 10 “e%TE 6.5 x 10710 20,21
D (m?/s) Eq. 10 26x 10710 20,21
t0 Eqg. 11 0.20 20,21
500
Dy (M%) 2% 10_13e§ T 39 x 10714 23,24
0 31000
Dg, (M2/s) 7x107e? T O 2.0 % 101 25, 26
[—22000]
Ky (SM) 1500*ky|pgce” T ° | 7.7

aWhere TisinK.

B k| oo = 0.0001 + €k5c0855[0,00179 el ~0.08(0.00083¢~0.6616)2~0.0010733c+0.855]] \where c is in mol/m? (see Ref. 27), with k = 1, 2 for the negative
electrode and positive electrode, respectively. To evaluate the ionic conductivity in the separator region g, the porosity is replaced by the porosity of

the separator eg.
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charged state. In actua cells, they fraction in fully discharged cells
only approaches values close to 1.0 due to the small amount of lithi-
um lost during the first cycle. The negative electrode fraction, X, in
Li,Cg, cycles between afully charged fraction of 0.5 and afully dis-
charged fraction approaching 0.0. The dotted linein Fig. 2 represents
the open-circuit potential of the cell and was calculated from
Eq. A-15 and A-16, which describe the open-circuit potential for both
electrodes as a function of solid-phase lithium concentration at
Tanp = 25°C. The gpplied current densities of 2.02, 4.04, and
6.06 mA/cm?, represent C/2, 1 C, and 3 C/2 theoretical discharge
rates (see Appendix B), respectively. A heat-transfer coefficient of
5W per square meter of cell surface area per kelvin was used for most
results shown in this paper. This value was used to represent acell in
a battery pack. The cell was assumed to be an 18650 sized cell (i.e.,
acdl with an 18 mm diam and 65.0 mm height) which has approxi-
mately 500 cm? of geometric electrode surface area for each elec-
trode in thejelly roll per 42 cm? of external cell surface area.l® These
values are used to calculate the parameter a, (see Appendix B).

Before going into the analysis of the influence of some design
parameters on the thermal behavior of lithium-ion batteries, it is use-
ful to predict approximately the influence of the temperature de-
pendence of some of the transport properties (solid diffusion co-
efficients, electrolyte diffusion coefficient, electrolyte transference
number, solid-phase or electronic conductivity, and solution-phase
or ionic conductivity) on the behavior of the cell. Unfortunately,
transport properties for lithium-ion cells are not available for awide
range of temperatures. Consequently, we made estimates of these
based on the following approximations

1. The temperature dependence of the diffusion coefficients of
Li™ in the solid and solution phases, the ionic conductivity, and the
electronic conductivity follow an Arrhenius expression.

2. The diffusion coefficient of the electrolyte (D) was estimated
from the data given by Soetens et a.22; in their work, the diffusion
coefficients for LiBF, in PC were calculated using molecular dy-
namic smulations at two different temperatures: 25 and 50°C. A
ratio between the diffusion coefficient of LiCIO,/PC at 25°C given
by Sullivan et a.?* and the one for LiBF,/PC given by Soetens
et a.?° was calculated and used to determine Dy, and Dy_ of
LiClO,/PC at 50°C; with these two values Arrhenius expressions for
Dg+ and Dy_ of LiClO,/PC were calculated; these expressions are
presented in Table I11. The diffusion coefficient of the electrolyte (D)
was calculated from the diffusion coefficient of the different species
in the solvent (D, and Dy_) by using the following expression??

D = Po+Do-(z: = 2) [10]
2, Do+ — 2-Dp-

where z, and z_ are 1 and —1, respectively. The transference num-

ber of the lithium ions in the solvent (tE) was calculated from the

diffusion coefficient of the different species in the solvent?2

0= 2Dy [11]
2, Doy — 2D

3. The diffusion coefficient of the lithium ion in the petroleum
coke anode (Dg;) was estimated from the data given by Yu et a.%3; in
their work, diffusion coefficients for an Aldrich artificial graphite at
two different temperatures (25 and 55°C) were measured experimen-
tally using impedance techniques. The same procedure used to esti-
mate the diffusion coefficient of the electrolyte was used to estimate
the expression for Dg; in petroleum coke based on the value given by
Doyle et a.?* The Arrhenius expression for D, is given in Table 11,

4. The solid diffusion coefficient of lithium ions in the Li,NiO,
cathode (D) was estimated from the data given by Basu and Wor-
rel1?5; in their work, diffusion coefficients for Li,TaS, at two differ-
ent temperatures (30 and 70°C) were measured experimentally. The
procedure explained before was used to estimate the expression for
Dy, in LiyNiO, based on the value given by Bruce et al.° The Arrhe-
nius expression for D, is presented in Table 1.

5. The ionic conductivity of the electrolyte (k,) was estimated
from the expression given by Verbrugge’ for the temperature depen-
dence of the ionic conductivity of LiAsFg in PC (1 M). The same
procedure used to estimate the diffusion coefficients was used to
estimate the ionic conductivity of LiClO, in PC, based on the
expression given by Doyle.2” The expression for the ionic conduc-
tivity isgiven in Table 1.

6. The influence of the electronic conductivity of the solid phas-
es (o) on the predicted temperature profiles was checked by chang-
ing the values of o} by one order of magnitude. No changes were
observed in the results based on these changesin o.

Figure 3 presents the predicted temperature of the cell as afunc-
tion of time when the transport properties were evaluated at different
temperatures: 25, 75, and 125°C. This figure shows the results for a
galvanostatic discharge (at 12.12 mA/cm?) to 2.2 V cutoff voltage,
followed by the relaxation of the cell (no current applied) for an addi-
tional 20 min. The simulation started with an initial temperature of
75°C. It was predicted to take about 4.00, 5.20 and 6.00 min to reach
the cutoff voltage at this discharge rate for the transport properties
evaluated at 25, 75, and 125°C, respectively. The additional condi-
tions of this simulation are given on the figure. The purpose of this
figure is to demonstrate the effect of using the transport properties at
25°C vs using them at a temperature of 125°C (maximum tempera-
ture reached) or at the initial temperature T, = 75°C. Curve 1 pre-
sents the results with all the transport properties (D, t9, k., Dy, and
Do) evaluated at 25°C, curve 2 shows the results with &l the proper-
ties evaluated at 75°C, while curve 3 gives the results when al the
properties are evaluated at 125°C. As shown in Fig. 3, the qualitative
behavior of the three curves is the same, and the temperatures pre-
dicted are close to one another. Since the three curves in Fig. 3 are
similar and close to one another, and experimental data are not avail-
able for the transport properties of this system at different tempera-
tures, al the transport properties used here were evaluated at 25°C.

Figure 4 presents the predicted temperature of the cell vs. state-
of-discharge when the cell was discharged galvanostaticaly at differ-
ent current densitiesto a2.2 V cutoff voltage. The 15°C temperature
rise at the 4.04 mA/cm? discharge rate, as shown in Fig. 4, is approx-
imately in agreement with the measured temperature rise observed
in our laboratory for an 18650 Li,Cg/Li,C0O, cell at the same dis-
charge rate. As expected, because of on1mic heating, a higher dis-
charge rate heats the cell faster, as shown in Fig. 4.

Figure 5 shows how the predicted cell temperature depends on
the heat-transfer coefficient at the surface of the cell, for adischarge
current density of 12.12 mA/cm?. The values for the heat-transfer
coefficient represented in this figure range from 0 to 25 W/(m? K).
This range represents various degrees of insulation observed from
placing cells in battery packs where h, would be expected to vary
between about 0 to 25 W/(m? K).6

Figure 6 presents the predicted temperature of the cell for differ-
ent positive and negative electrode porosities. The cell was dis-

L D% Dy, Dy at T=25°C
2 D', D, Dy, ke at T=75°C

120 3. D%, D, Dy, K at T= 125°C
g s
< o Ly =125um
s L,=112pm
§ 105 iy = 12,12 mA/rr? 1
é 100 h=5Wm'K
; 95 o= 1.0 molar

0 £ =g=035

1 =20 pm
85 r=10pum
80 To=Ta=75°C

0 4 ; 1'2 16 2'0 24
time (minutes)
Figure 3. Effect of the transport properties in the temperature of the cell with

galvanostatic discharge to 2.2 V and relaxation (no current applied) for 20
additional min. Initial and ambient temperatures of 75°C were used.
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&S+ttt
L,=125um =12.12 mA/em®
L,=112 um
h.=5 W/m*>K
co = 1.0 molar
€, =¢,=035
r=r,=10 um
To= Tamp= 25 °C

Lapp

75

65

55 =6.06 mA/cm® 3

Temperature (°C)

45 1
iapp = 4.04 mA/cmZE
35 E N
iapp = 2.02 mA/em’
25 e S S S S ST S S S WU SN S SR S 1 S e S —
0.45 0.55 0.65 0.75 0.85 0.95

Lithium Intercalation Fraction, y, in Li,NiO,

Figure 4. Cell temperature vs. state-of-discharge for different applied cell
current densities at an initial and ambient temperature of 25°C with galvano-
static dischargeto a2.2 V cutoff potential. The current densities 12.12, 6.06,
4.04, and 2.02 mA/cm? represent approximately 3C, 3/2 C, 1C, and C/2 the-
oretical discharge rates, respectively.

[ Tttt —r
95 1 ipp=12.12 mA/em’ h, =0 Wim® K T
I L, =125um
854 Ly=112um 1
E o = 1.0 molar ] ]
G 754+ 8i=e=035 1
% [ n=r,=10um 10 ]
::: 65 -E To= Tamy= 25 °C ;r
g [ 25 ]
g )
E St T
o
= [ ]
45 4+ +4+
[ ]
35§ T
LI V=i — —— e e )]
0.45 0.55 0.65 0.75 0.85 0.95

Lithium Intercalation Fraction, y, in Li,NiO,

Figure 5. Cell temperature vs. state-of-discharge for different heat-transfer
coefficients at an initial and ambient temperature of 25°C with galvanostatic
dischargeto a2.2 V cutoff potential.

charged galvanostaticaly, 4.04 mA/cm?, to a 2.2 V cutoff voltage.
Nagarajan et al.28 showed that the porosity of a porous electrode can
vary between 0.17 and 0.375 with different combinations of particle
sizes. Since Nagarajan et al .28 showed that the various porosities can
be achieved only with different particle size distributions, the 10 um
particle size used to prepare Fig. 6 represents an average value. As
shown in Fig. 6, when the porosity of the electrodes is reduced, the
temperature in the cell rises, as expected since more active material
isinthecell.

Figure 7 presents predicted cell temperatures vs. state-of-dis-
charge for different positive and negative electrode thicknesses. The
applied current density was varied in order to keep constant the the-
oretical discharge rate (1 C), while an initial and ambient tempera-
ture of 25°C and a galvanostatic dischargeto a2.2 V cutoff potential
was used. This figure shows that thinner electrodes heat up less dur-
ing this theoretical discharge rate of 1 C. Cells constructed of thin-
ner electrodes operate at arelatively lower concentration overpoten-
tial and thus have a lower heating rate.

Figure 8 presents the predicted temperatures and cell voltages for
different negative electrode particle sizes. The cell was discharged
galvanostaticaly to a 2.2 V cutoff voltage. Figure 8a shows that the
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Figure 6. Cell temperature vs. state-of-discharge for different positive and
negative electrode porosities at an initial and ambient temperature of 25°C
with galvanostatic discharge to a 2.2V cutoff potential.
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Figure 7. Cell temperature vs. state-of-discharge for different positive and
negative electrode thicknesses at an initial and ambient temperature of 25°C
with galvanostatic discharge to a 2.2 V cutoff potential. The ratio between
positive electrode thickness and negative electrode thickness held constant.
The current density was changed in order to maintain the theoretical dis-
charge rate constant in 1 C.

heating rate of the cell depends strongly on the active material parti-
cle size in the negative electrode at moderate theoretical discharge
rates (6.06 mA/cm?, 3 C/2). Note that the particle size in the positive
electrode is relatively unimportant because of the high lithium diffu-
sion coefficient in nickel dioxide. Figure 8b shows that the bigger the
particle size in the negative electrode the faster the cell reaches the
cutoff potential due to polarization. This effect is due to an increase
in the solid-state diffusional limitations and an increase in the surface
overpotential (due to smaller surface area for the electrochemical
reaction), because of the large particle size. Since cells with larger
particles reach the cutoff voltage during discharge in less time, the
ohmic heat generated is larger (according to the second term on the
right of Eqg. 8) causing a higher temperature (see Fig. 8a). At dis-
charge rates below C/2, the effect of the particles size in the negative
electrode on the temperature of the cell was found to be insignificant.

Figure 9 presents the predicted temperatures and the cell poten-
tials a high discharge rates. The cell was discharged galvanostati-
caly at different current densities to 2.2 V cutoff. Figure 9a shows
that the temperature increases with larger discharge rates, due to
ohmic heating. However, it isimportant to point out that the temper-
atures shown in Fig. 9a are the maximum that can be reached in the
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(b) cell potentia vs. time.
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Figure 9. Results of the simulation at high discharge rates at an initial and
ambient temperature of 60°C with galvanostatic discharge to 2.2 V cutoff
potential, (a) temperature vs. time, and (b) cell potential vs. state of dis-
charge. The current densities 20.20, 24.24, 28.28, 32.32, 36.26, and
40.04 mA/cm? represent approximately 5C, 6C, 7C, 8C, 9C, and 10C theo-
retical discharge rates, respectively.
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Figure 10. Results of the simulation for different negative electrode particle
sizes at an initial and ambient temperature of 75°C with galvanostatic dis-
charge to a 2.2 V cutoff potential and relaxation for 20 additional min: (a)
temperature vs. time at i, = 20.20 mA/cm? and (b) temperature vs. time at
igpp = 12.12 mA/cm?,

system because the cells have already reached the 2.2 V cutoff
potential, according to the results presented in Fig. 9b.

Figure 10 presents the predicted cell temperature vs. time for dif-
ferent negative electrode material particle sizes at an initial temper-
ature of 75°C for a galvanostatic discharge to 2.2 V and a resting
period (no current) for 20 additional min. Two different current den-
sitieswere used: 20.20in Fig. 10aand 12.12 mA/cm?in Fig. 10b. As
expected, the behavior shown in the figures indicates a heating
process during the discharge (ohmic heating) and a cooling process
after the cutoff potential has been reached. Figures 10a and b show
that electrodes with larger particle sizes heat up faster, because the
cell is more polarized; also, the time required to reach the cutoff
potential is shorter for the larger particles. Consequently, the final
temperature of a cell with smaller particles is higher than the final
temperature of a cell with larger particles because the cell with
smaller particles does not reach the cutoff voltage as soon as a cell
with larger particles. These results indicate that electrodes with
smaller particles are more likely to cause heating of the cell under
the conditions described. Another important point is that the cell dis-
charged at the lower current density (12.12 mA/cm?) reaches a high-
er temperature than the cell discharged at the higher current density
(20.20 mA/cm?) for a given particle size (compare Fig. 10b to a).
Figure 10b also shows that the electrode with 15 wm of particle size
reaches 135°C, which would cause the separator to melt. Since a
melted separator would prevent any diffusion of Li* across the sep-
arator, the cell would behave like a batch reactor (because the de-
composition reaction of the negative electrode would continue to
take place after the separator melts). The equations used in this case
and the procedure used to make predictions of the cell temperature
are given in Appendix A.
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Figure 11. Effect of the parameters of the decomposition reaction of the
anode in the temperature of the cell after the separator has melted (T =
135°C). The data presented here has been calculated using Eq. 8 (without the
ohmic heat term) and Eq. A-29, theinitia input for these equations are the last
values obtained from the simulation given in Fig. 10b after the galvanostatic
discharge (t = 5.95 min) for the anode particle radiusr; = 15 pm; (a) effect
of the enthal py of reaction (AH,,), and (b) effect of the activation energy (E,).

Figure 11 presents the predicted cell temperature for various val-
ues of the heat of reaction and activation energy of the decomposi-
tion reaction of the carbon anode electrode. Figures 11a and b show
that depending on the values of the heat of reaction and the activa-
tion energy, different rates of heating of the cell may take place. The
predictions presented in Fig. 11 are based on the results given in
Fig. 10b for the 15 pm particle size. As shown in Fig. 10b, the cell
was assumed to behave as a batch reactor after t = 5.95 min, and at
this time, the last average concentration in the anode is cf; =
0.324 molar (calculated with Eq. A-27). Figure 11 indicates that it is
very important to obtain accurate values for the activation energy
and the heat of reaction for the decomposition of the negative elec-
trode because for the case when AH,,, = —2.8 X 10° Jmol and
E, = 25 X 10% Jmol (see Fig. 11b) the cell could continue to heat
up above the melting point of the separator.

Conclusions

The model predictions presented here indicate that the negative
electrode active material particle size (assumed to be spherical) isan
important parameter in the heating rate of the cell for high and mod-
erate discharge rates. Larger particles cause higher heating rates due
to surface overpotential, and solid-state diffusion limitations. Carbon
electrodes made with small particles lead to higher temperatures in
the cell, because at high and moderate discharge rates, the total heat
generated by the cell with small particles in the negative electrode is
larger than that with big particles because it takes longer to reach the
cutoff voltage for the cell with smaller particles and the cell contin-
ues to heat up during this time.

The contribution of the self-heating of the carbon electrode (due
to the decomposition reaction) to the total heat of the cell is negligi-
ble compared to the ohmic heat except at relatively high tempera-
tures. The activation energy and the heat of reaction of the anode
decomposition play a significant role in the thermal behavior of the

cell, therefore very accurate values of these parameters are needed to
improve the predictions of the model presented here.
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Appendix A
Summary of Model Equations

The model includes three regions, as shown in Fig. 1. In the liquid-phase
of both electrodes, the equations are?’

ac _ 9 acO i, atd .
Ckar  agrkDerk EQ— an_; + as,k]+n,k(1 - tE)

k=12 (seeFig. 1) [A-1]

where the reaction term due to the decomposition of the anode electrode has
been neglected, due to the insignificant change in the concentration caused
by this term compared with the diffusion and migration processes in the cell.
The effective diffusion coefficients, Dy, are calculated using Brugge-
man correction, which leads to?’
Dery = 65D k=1,2 [A-2]
where the diffusion coefficient, D, is given by Eq. 10.
The current density in the liquid-phase is given by

. 0 k, RT O
IZZ*KK%+ kF B{Jr

0 In f%lftf\a Inc
0Inc I oz
k=12 [A-3]

where the potentia ¢, has been defined with respect to a lithium reference
electrode. For a single electrode reaction such as

D s e e [A-4]
|
The pore-wall flux of Li™ across the solid/liquid interface is given by
. —s, 0i, _
a =—=*-2 k=12 [A-5]
5 k)+nk nE oz

For a general lithium insertion process, the following form is assumed'®

Li* +e + 02 Li — 04 [A-6]

where 04 represents a site in the solid insertion material. From this reaction,
n=1ands, = —1. Therefore, Eq. A-5 becomes

% k=12 [A-7]

T~

) nk

The potential in the solid phase of the electrodes is given by16
Oy _

k=12 [A-8]
0z Ok
wherei, isthe current density in the solid phase and is equal to the difference
between the applied current density and the current density in solution phase
(i, iy = igp — id).
The solid diffusion of Li™ in the particles of the electrodes is given by
(assuming spherical particles)

0Ck
— = Dy

= A-9
™ k=12 [A-9]

ey | 2 dcg, D
ko, 2
Horz ¥ or

from symmetry
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k) =0 [A-10]

k=12

The two phases are related with the boundary condition at the surface of
the solid-phase particles, where?”

. 0
Jink = ~Da = k=12 [A-11]

r=rg

Since the diffusion coefficients in the solid phase (Dg) were taken to be
constant Eq. A-9 to A-11 can be solved independently by the method of
superposition transforming the pseudo-two-dimensional problem in one-
dimensional as made by Doyleet a.® The solution of Eq. A-9to A-11isgiven
as Eq. 2-74 in Ref. 27.

Furthermore, the porewall flux, j, is represented by the Butler-Volmer
form of the electrode kinetics such that

iox O [b‘a,k Fsk O 0 ogkFngx [

Jnk = —@X HTH H—T% k=12 [A-12]
where the exchange current density is given by?’
iok = FKa) k(K ) *aK(Csmaxk — Csp)*eK(Csi)™@k  k=1,2 [A-13]
where the overpotential, mg is defined as
Msk =1~ 2~ U k=12 [A-14]

For the carbon negative electrode, the open-circuit potential function is
given by?*
U;= —0.16 + 1.32 exp(—3x) [A-15]

where x isthe insertion fraction in Li,Cg (0.0 < x < 0.7). For the nickel diox-
ide positive electrode, the open-circuit potential function!’

U, = 6.515 + 2.3192y — 5.3342y"2 + 0.41082 exp[200(0.44 — y)]
— 0.24247 exp[60(y — 0.99)] [A-16]
was used, where y is the insertion fraction in LiyNiO, (0.45 <y < 1.0). Fur-

thermore, both Eqg. A-15 and A-16 provide values for U, and U, in V. The
insertion fractions for the anode and the cathode can be calculated through

Cs1
X=— A-1
csmax,l [ 7]
y=—52_ [A-18]
Csmax,z

In the separator region Eq. A-1 and A-3 apply with j, . = 0, the value
of the porosity corresponds to the porosity of the separator, €, and the effec-
tive diffusivity becomes the effective diffusion coefficient of the separator,
Dgst s Theinitial and boundary conditions used are

c=cpat=ty,Vz [A-19]
oc
a——OaIz—Oandz—L1+Ls+L2,Vt>0 [A-20]
z
i,=0az=0andz=L; +Lg+L,Vt>0 [A-21]
¢,=0az=LVt>0 [A-22]

The equations for the internal interfacesz = L; andz= L, + Lgare

oc oc
az=1L,,vVt>0
g%ﬁk "Za gjeﬁk 6Zar+L1 1
@D ac
RAFT: SR

éye,fkgﬂ dz=L+Ll,Vt>0 [A24]
Z[z=+(L1+Lg)

[A-23]

az=Ly,andz= (L, +LYVt>0 [A-25]

Ip = 'app

9 _gaz=1,adz=(L +L)VE>0 [A-26]

0z

There are two independent variables (i.e., t and z) and six dependent vari-
ables (i.e., ¢, by, iy, jink 1, @d Cgy). The six independent equations for
these variables are A-1, A-3, A-7, A-8, the solution of A-9 to A-11 (given by
Doyle?”), and A-12. These equations were discretized by using the Crank-
Nicolson method with three-point finite difference formulas for both the first
and second derivatives. The resulting coupled nonlinear algebraic equations
were solved by using Newton-Raphson iteration with the BAND(J) algorithm
developed by Newman.?® For the internal boundary conditions the control
volume method was used as discussed in Ref. 27.

After solving these equations, the average concentration of Li ions at the
surface of the carbon particles in the anode was obtained at a given time by

z=Lq

1 *
G = = Cs10z
1 Jz=0

[A-27]

where the lithium concentration at the surface of the particles is obtained by
the solution of Eq. A-9to A-11.27 This average concentration was used to eval-
uate the reaction rate of the anode decomposition, using Eq. 2. Equation 8 was
solved to obtain the temperature at the given time, using the initial condition

T=Ty, a t=t,Vz [A-28]

It can be noticed that the solution of Eq. 2 and 8 implies an iteration pro-
cedure since Eq. 2 aso depends on temperature. The procedure explained
above is used during the normal charge or discharge of the battery. If the tem-
perature of the cell reaches the melting point of the separator (T = 135°C),
the system is modeled in a different way. In this case, the eguation for the
energy balance is changed by dropping the ohmic heat term (second term on
the right of Eq. 8) in Eq. 8; the resultant equation is coupled with the fol-
lowing mass balance in the negative electrode

0-E. O
URrRT 4

dca _
dt

= 7k1€;1 exp [A-29]

It isworth mentioning that a general mass balance in the cell was not per-
formed because the change in the concentration due to the decomposition re-
action of the anode was insignificant. The initial condition for Eq. A-29 is
given by Eq. A-27 evaluated at the time at which the separator melts. There-
fore, after the separator melts, only two eguations are used, A-29 and the
modified Eqg. 8.

Appendix B
Cell Parameters and Densities
The volume of the cell is defined by

ve=SL [B-1]

where the projected surface area of the electrodes, S, was assumed to be equal
to 0.05 m?. The thickness of the cell, L, is given by

L=Lest L+ Ls+Ly+ Lo [B-2]

where L. ; and L, represent the thickness of the current collectors in the
negative and positive electrodes, respectively. L, Lg, and L, represent the
thickness of the negative electrode, separator, and positive electrode, respec-
tively as shown in Fig. 1.

The externa surface area of the cell, S, is given by

S = fo(2mrch + 2mr2) [B-3]

where the radius of the 18650 cell and the height arer, = 9 mmand h =
65 mm, respectively. The symbol f, is a conversion factor equal to 1 X
106 m?/mm?, therefore S.isgivenin m?

The geometric electrode surface area per volume of the cell, ay, is calcu-
lated from

S
= — B-4
& v [B-4]

Theratio of external cell surface areato geometric electrode surface area,
a,, is calculated from

Y B-5
2= [B-5]
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The interfacial area of solid-phase particles per unit volume of porous
electrode, ag), is given by?’

ag = =8 k1

Tk

[B-6]

The ratio of the solid volume of the anode insertion material to the vol-
ume of the cell, a,, is

a = - &)y [B-7]
L
The maximum concentration of lithium ions in the solid phase is given
by27
kG
Comak = HEMES k=12 (B-]

F

where the density of the insertion materials, p; , is defined with x = 1 and
y = 1, for the negative and positive electrode, respectively; and C is the
theoretical coulombic capacity of the electrode k. The symbol f; is a conver-
sion factor equal to 3600 (A g s)/(mA kg h).

The theoretical coulombic capacities of the electrodes were calculated
using Faraday’s law, and they were corrected by a factor to account for the
range of the insertion fraction of lithium in which the open-circuit potential
is given. These theoretical capacities are

Cek Cr k k=12 (B-9]

_F

foMy
where M, is the molecular weight of the electrode insertion material with x
= 1for theanode andy = 1 for the cathode, and is given in g/mol. The elec-
trode capacity correction factor for the cathode was assumed to be ¢;, =
0.55. In the anode, the correction factor was assumed to be ¢; ; = 1.0, in order
to evaluate the effect of having the complete capacity of the negative elec-
trode (since its decomposition reaction has been considered in the model).
The symbol f, is a conversion factor equal to 3.6 (A s)/(mA h).

The applied current density equivalent to a theoretical 1C discharge rate
was calculated based on the theoretical coulombic capacity of the negative
electrode

iapp = Ceapia(Xo — X)Lafs [B-10]

where the density of the negative insertion materia, p; ;, is defined with x =

1, the initial and final intercalation fractions in the negative electrode are

equal to xg = 0.5 (see Table 1), and x; = O (completely discharged), respec-

tively. The symbol f5 is a conversion factor equal to 0.1 (g m?)/(kg cm?).
The density of the cell is calculated from

2 2
Z [Peklei] + Z [Pik@— &)L] + Ls(1 — &)ps
PR = =

B-11
C (B-11]
where p. and pg represent the density of the current collectors and separa-
tor, respectively. The density of the insertion materials, p;, is defined with
x = 1landy = 1, for the negative and positive electrodes, respectively. The
densities of the individual components of the cell are given in Table I1.

List of Symbols
a gezomsetric electrode surface area per unit volume of cell sandwich,
me/m
a ragi 0 gf external cell surface areato geometric electrode surface area,
me/m

agy interfacial area of solid-phase particles per unit volume of porous
electrode k (k = 1, 2), m¥m?3

ay ratio of the solid volume of the anode insertion material to volume
of cell sandwich, m¥m3
c concentration of electrolyte, mol/m3

Ccx  theoretical coulombic capacity of the electrode k (k = 1, 2), mAh/g
Cr electrode capacity correction factor for the electrode k (k = 1, 2),
dimensionless

Co initial concentration of electrolyte, mol/m3

Csk concentration of lithium ionsin solid-phasein electrode k (k = 1, 2),
mol/m?3

c&y surface concentration of lithium ions in solid-phase of the anode,
mol/m?3

(341

Camax k

average surface concentration of lithium ions in solid phase of the
anode, mol/m3

maximum concentration of lithium ionsin solid phase in electrode k
(k =1, 2), mol/m®

constant pressure cell heat capacity, Jkg K

diffusion coefficient of electrolyte, m?/s

effective diffusion coefficient of electrolyte in the electrode k (k =
1, and 2 for the negative and positive electrode, respectively), m?/s
efl;ective diffusion coefficient of electrolyte in the separator region,
me/s

diffusion coefficient of cationsin the solvent, m?/s

diffusion coefficient of anionsin the solvent, m?/s

diffusion coefficient of lithium-ions in solid-phase for electrode k
k=1,2),m¥s

activation energy for reaction shown in Eg. 2, Jmol

activity coefficient of the electrolyte, dimensionless

conversion factor used in Eq. B-3, 1 X 10% m%/mm?

conversion factor used in Eq. B-8, 3600 (A g s)/(mA kg h)
conversion factor used in Eq. B-9, 3.6 (A s)/gmA h)

conversion factor used in Eq. B-10, 0.1 (g m?)/(kg cm?)

Faraday’s constant, 96,487 Clequiv

height of the battery, 65 mm

heat transfer coefficient based on external cell surface area, W/m? K
total applied cell current, A

exchange current density for the electrode k (k = 1, 2), A/m?
solid-phase current density, A/m?

electrolyte-phase current density, A/m?

applied cell current per unit of projected electrode area, A/m?2

local interfacial current per unit of solid-phase particle areafor elec-
trodek (k = 1, 2), AlIm?

pore-wall flux of Li* acrossinterface for the eectrode k (k = 1, 2),
mol/m? s

anode decomposition reaction rate constant, 1/s

anodic reaction rate constant for electrode k (k = 1, 2), m/s
cathodic reaction rate constant for electrode k (k = 1, 2), m/s

total thickness of the cell given by Eq. B-2, m

thickness of current collector for electrode k (k = 1 and 2 for nega-
tive and positive electrode, respectively), m

thickness of electrode k (k = 1, 2), m

thickness of separator, m

species involved in the general electrode reaction given in Eq. A-4,
dimensionless

molecular weight of the active material in electrodek (k = 1, 2), g/mol
number of electronstransferred in general electrode reaction givenin
Eq. A-4, dimensionless (n = 1, see Eq. A-6)

heat-transfer rate from the cell to the environment per volume of the
cell, yIm®'s

radial coordinate of solid-phase particles, m

radius of the battery, 9 mm

radius of solid-phase particlesin electrode k (k = 1 and 2 for nega-
tive and positive electrode, respectively), m

universal gas constant, 8.3143 Jmol K

anode decomposition rate of reaction represented in Eq. 2 per vol-
ume of the cell, mol/m® s

geometric area of electrodes, m?

external surface area of the battery, m?

stoichiometric coefficient of speciesi in the general electrode reac-
tion given in Eq. A-4, dimensionless

stoichiometric coefficient of cationsinvolved in the general insertion
process given in Eq. A-6, dimensionless (s, = —1)

time, s

initial time, s

transference number of species cations, dimensionless

absolute cell temperature, K

absolute ambient temperature, K

absolute initial temperature of the cell, K

open-circuit potential of the electrode k (k = 1, 2) respect to alithi-
um electrode, vV

anode open-circuit potential respect to alithium electrode,® vV
cathode open-circuit potential respect to a lithium electrode, X’ V
local enthalpy potential for the electrode k (k = 1, 2),14V

open circuit potentia of the cell, V

volume of electrode k (k = 1, 2), m®

cell potential, V

volume of the cell, m3

insertion fraction of lithium in Li,Cg, dimensionless

insertion fraction of lithium in Li,NiO,, dimensionless
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z spatial coordinate of cell sandwich, m

z charge of species i in the electrode reaction given in Eq. A-4,
dimensionless

Greek

Qak anodic transfer coefficient for the electrode k (k = 1, 2), dimensionless

o cathodic transfer coefficient for the electrode k (k = 1, 2),
dimensionless

) extent-of-reaction parameter (see Eqg. 1), dimensionless

AH,,, heat of reaction for anode decomposition reaction represented in
Eq. 1, —2.89 X 10° ¥mol 13

€ porosity of regionk (k = 1, and 2 for the negative and positive elec-
trode, respectively), dimensionless

€S porosity of separator, dimensionless

by solid-phase potential, V

bs electrolyte-phase potential, V

Nsk overpotential, V

Ki effective ionic conductivity of electrolyte in the electrode k (k = 1,
2), m

Kg effective ionic conductivity of electrolyte in the separator, S/m

0 available site in the solid insertion material given in Eq. A-6,
dimensionless

P cell density, kg/m?

Pk density of current collectors for the electrode k (k = 1, 2), kg/m®

Pik density of insertion material for the electrode k (k = 1, 2), kg/m3

Ps density of separator, kg/m®

% electronic conductivity of solid-phase matrix for electrode k (k =
1,2), Sm

Subscripts

+ cation

- anion

0 initial condition

1 solid-phase or negative electrode

2 electrolyte-phase or positive electrode

f fina condition

k given electrode, 1, and 2 for the negative and positive electrode,
respectively

S solid-phase or separator
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