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Extracting reliable reaction kinetics from nonisothermal calorimetric results can be difficult. The reaction
model, activation energy, and frequency factor make up a “kinetic triplet” for a particular reaction and define
the reaction kinetics. One expects a good correlation between data and the predictions of the reaction model
for a variety of experiments, provided the reaction triplet has been well determined. Such a correlation is
expected for the results of accelerating rate calorimeter (ARC) and differential scanning calorimeter (DSC)
experiments. As an example, the reaction gfCldO, in nonaqueous electrolyte (as is important in Li-ion
battery safety) has been studied with both DSC and ARC. Comparing the shape of ARC profiles to those
predicted theoretically limits the choice of reaction model. The activation energy is determined from the shift
of the DSC profile with heating rate or from the change in the initial self-heating rate of ARC samples as a
function of temperature. The frequency factor is then chosen to give the correct DSC peak temperature and
correct self-heating rate. Calculated DSC and ARC curves fit experiment well for several related reaction
models.

Introduction TABLE 1: Reaction Models Typically Applied to Describe

the Thermal Decomposition of Solids

When a reactant is converted to products by a single-step

thermally induced reaction, it is common to write ka(1—0)*(—In(1-a))”

reaction model a/dt = m n P
do _ 1 one-dimensional ka1 -1 0 0
ot k(Mf(e) @) diffusion
2 kot 1 0 0
. . . . . 1/2
wheret is the time,T is the temperature, aruis the fractional i ngz; :gw ||$2’3 2,2'5 8 8
degree of conversion of reactantsQx < 1). It is common to 5 power law Kko3/4 3/4 0 0
assume that the temperature dependence of the rate constants zero order k 0 0 0
k(T) can be separated from the reaction mofdiel), and that 7 Contrlf;w(tjing k(1-a)'2 0 05 0
cylinder
_ contracting k(1-a)23 0 2/3 0
k(T) = ye ke @) sphere
9 first order k(1-ar) 0 1 0
whereE; is the activation energyg is Boltzmann’s constant, (n™ order)
- - second order k(1-at)2 0 2 0
andy is the frequency factor. The reaction modéd,), can be (n'" order)
derived for a number of physical situations and examples are 11 Avrami-Erofeev k(1-0)(-In(1-a))2 0 1 0.5
given in Table 1 To describe the reaction kinetics accurately, 12 Avrami-Erofeev k(l-on)(-ln(l-on))zj3 0 1 2/3
it is necessary to determine the “kinetic triplef(e), Ea andy. 1431 :&/trgg;;irtci)cfeev t&l(-fgln(l-a))“ 2 1 3/61
The determmatl(_)n of reaction I_<|net|cs from nonlsoth_ermal 15  two-dimensional K(-In(1-00)~* 0 0 1
methods such as differential scanning calorimetry (DSC) is well- diffusion
known12 However, significant care must be taken to ensure 16 diffusion k(1-(1-0)¥9)~3(1-00)23
that the kinetic triplet obtained from an analysis of results is g controlied s ava
. 2 . . . iffusion k((1-o)~13-1)
meaningful* In some studies, the kinetic triplet has been controlled

determined by fitting (optimizing activation energy and fre-

quency factor) alternative reaction models to a single or a seriess|ightly higher residual and values of activation energy and
of differential scanning calorimeter (DSC) or thermal gravi- frequency factor that can be different by a factor of 4 and several
metric analysis (TGA) experiments. The kinetic triplet giving  orders of magnitude, respectively. For example, Vyazovkin and
the lowest residual is then selected as representative of thewight® show that fitting models to experiment can lead to a
reaction, even though other reaction models may give fits of variation inE,and In) of a factor of 4, depending on the model
Towh p Hould bo add o 907.494 2312chosen, with little change in the residual of the fit (see Table 3
*Towhom correspondence snou € aaaressed. one: - - H : H H
Fax: 902-494-5191. E-mail: jeffdahn@is.dal.ca. in ref.3). They goonto sho.w that confldenge in the dgtermmed
reaction model can be obtained when combinations of isothermal
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method. The kinetic treatment of adiabatic data, such as thatas DSCL3 thermal gravimetric analysis (TGX)and ARG516.17
collected in accelerating rate calorimetry, usually involves the to study the reactions occurring at elevated temperatures.

assumption of a kinetic model to determine the kinetic param-  Qur |aboratory has pioneered the analyses of the electrode/
eters; but again, these values may produce the incorrect glecirolyte reactions using ARE:617The ARC is an adiabatic
behavior under a variety of conditions. New methods have beencg|grimetert® In our work, a charged electrode (0.35 g) and
developed, such as in ref 6, but their discrimination among gectrolyte (0.35 g) are hermetically sealed in a thin-walled
kinetic models is not very effective (see Figures 7 and 8 in ref ¢i-.h1ass steel tube (0.9 g) by Tungsten Inert Gas (TIG) welding
6). o . to make a sample for ARC analysis. The sample is mounted on
Commonly, the kinetic analyses of DSC profiles are per- a thermocouple at the center of the ARC chamber. The walls
formed with methods derived from those traditionally assigned of the ARC heat the sample to a target temperature at a rapid
to Ozawd and Kissingef. Although theses methods can provide rate (usually 5 K/min) and the sample comes to equilibrium
a kinetic triplet for the process under study, the correct selection inere  |f an exotherm is detected (self-heating of the sample
for the reaction modeff(a)) is based on a plot of experimental g reater that 0.02 K/min) then the calorimeter walls match the
data in a particular fashion. In the end, the correct kinetic triplet sample temperature and follow the exotherm as it occurs. If no
is based on the agreement bgtween th_e.expenr.nental an_d t@xotherm is detected, the calorimeter increases the target
calculated profiles using statistics. The difficulty with determin- temperature in a series of steps. Since the sample and the

ing the reaction triplet in this fashion is that the parameters are calorimeter walls are at almost the same temperature during

qften determlneq ur'u?Ier a limited range of experimental concﬁ- the exotherm, the exotherm is monitored under quasi-adiabatic
tions, and thus, significant care must be used when extrapolatmgConditions

the kinetic triplet to unexplored reaction conditions. What is ) )
required is an experimental method that probes the reactions W€ have leamned the importance of doing numerous ARC

over a widely varying temperature regime and a kinetic triplet €XPeriments on nominally identical samples. We use the first
that can fit all these experiments satisfactorily. experiment to find the temperature of the exotherm at our

detection limit and follow it to completion. Subsequent experi-
appropriate reaction model is that the shape of DSC profiles is ments on fresh samples are initially forced to temperatures above
not strongly dependent on the choice of reaction model. In the initial onset of the exotherm. Provided that the heating rate
particular, a single DSC trace of a single-step reaction can ©f the ARC to the target (5 K/min) is much larger than the
always be fitted quite closely for most choices(af), provided initial self-heating rate of the sample at the .target temperature,
that the choice ofE, and y is arbitrary. If several DSC ~ We can then assunféo) in eq 1 has approximately the same
experiments are ava”ab'e at Very d|fferent Sweep ratesl thenvalue fOI’ a" the Samples at the start Of the|r exotherms. Because
the kinetic triplet can be more tightly determideelecting  the self-heating rateTddt is proportional to d/dt, we can use
kinetic parameters and models from the analysis of DSC peakan Arrenhius plot (log(@dt) versus1/T) of the initial self-
shapes has been reviewed elsewhere (see Biader Ceipidor et aheating rates at various temperatures to deter&@iady f(ao),

and references therén but again, the selection of the most where oy is the initial value ofa at the start of the reaction.
suitable kinetic triplet is often determined by the fit to We then use the shape of th&/dt versusT plots, the ARC
experiment with the smallest sum of residuals. profiles, to assist in the selection of the reaction model. Once

In this paper, we show that the shape of accelerating rate () is determined, then one can solve far
calorimeter (ARC) profiles (self-heating rate versus temperature) DSC results are then used to test the kinetic triplet obtained.
is very sensitive to the choice &f). This has been discussed Generally, the obtained kinetic triplet can model the DSC results
by Sempere et dP for a limited number of functions of(c) approximately, without severe adjustment. However, the tem-
(see Figure 3 in ref 10). Accelerating rate calorimetry has a perature dependence of the DSC peak position and the shape
number of advantages over DSC analysis because the ARC haand width of the DSC peaks can be used to “fine tune” the
a detection limit of 0.02 K/min that effectively corresponds to kinetic triplet obtained from ARC. Finally, a complete simul-
a sweep rate that is 50 times lower than conveniently obtainabletaneous least-squares fit of the kinetic model to a number of
by DSC. This lower effective sweep rate gives rise to a much DSC runs at different sweep rates and a number of ARC runs
larger range, over which exothermic reactions can be analyzedat different starting temperatures is made, to optimize the kinetic
and the reaction triplet tested. Thus, including ARC results in triplet. In this paper, we show how the results of both ARC
any kinetic analysis allows for a stringent test on any possible and psC experiments agree well with the predictions of a single
model proposed. If DSC results at several sweep rates and ARGinetic triplet for the reaction of LCoO;, in electrolyte. In
profiles for a number of different start temperatures can be fit addition, we show that DSC experiments on@o0, in
with a single kinetic triplet, then confidence in the description electrolyte must have analysis conditions controlled very
of the reaction is assured. This will give confidence in predicting carefully, or else irreproducible results can be obtained.
the outcome of other unexplored reaction conditions (such as ’ . . .
thermal modeling of batteries exposed to elevated temperatures). Calculated ARC and D_SC Profiles for Var_lous Ch(_)lce_s
We illustrate our procedure with studies of the reaction of of f(a). In an ARC experiment, the self-heating rate is given
LixCoO, with nonaqueous electrolyte, as would be found in a Yy
lithium-ion cell under thermal abuse.

Lithium-ion batteries are used in laptop computers, cellular
phones, and other portable electronic equipment. This technol-
ogy has always been subject to strict safety regulations for
application in consumer products because it is well-knévh whereh is the total heat which can be evolved by the sample
that the charged electrodes react with the electrolyte in the cellsdue to the reaction (Joules) a@gy is the total heat capacity of
under conditions of severe electrical or thermal abuse. Lithium- the reactants and the stainless steel tube {JK/C; corre-
ion battery researchers currently use a variety of techniques sucksponds to the temperature ris&T, from the onset of the

It is our opinion that much of the difficulty in selecting the

¢T_ h do
dt  Cy Kt 3)
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TABLE 2: Parameters Used to Calculate ARC and DSC 1000 ¢ . T . T .
Profiles for the Reaction Models of Table 1 - ; 3
reaction model Ea(eV) y (min~%) o E 100 3
1 1.6 5x 105 0.001 g 10
2 1.6 5x 108 0.001 p i E
3 1.6 5x 107 0.001 = 1F
4 1.6 5x 1047 0.001 o b ]
5 1.6 8x 10V 0.001 01¢
6 1.6 5x 1016 0.001
7 1.6 5x 10 0.001 ®
8 1.6 5x 1016 0.001 g £ o4l i
9 16 5x 1016 0.001 ELfg ™~
10 1.6 5x 106 0.001 8o
11 1.6 5x 107 0.001 328 E
12 1.6 5x 107 0.001 g-‘gé 0.2l ]
13 1.6 5x 107 0.001 532
14 1.6 5x 10t 0.001 23
15 16 5x 10% 0.001 & =
16 1.6 5x 101 0.001 0 ] -
17 1.6 5x 105 0.001 120 160 200 240

Temperature (°C)
exotherm to the end of the first exothermic behavior because rigyre 1. calculated (a) ARC and (b) DSC profiles for zero order

kinetics (model 6 in Table 1) using the parameters for model 6 in Table
°°d_T= AT (4) 2. The large circles in (a) indicate the start point of the ARC

0 dt calculations. A value oh/Cy = 60 K was used in (a) and = 270
J/g in( b). The scan rates in (b) were 1, 2, 5, and 15 K/min.
and
1000 3 g T T T
«» h do h h E a) E
——dt=—Ao=— (5) T 100F 3
0 Cy dt Coot Ceot E - ]
o 10k - 3
SinceAo. = 1 for the complete consumption of the reactant, < 2 ]
k<] 1F E
thus = E E
T F ]
h 0.1 E' _ =
AT =— S . .
CIO'( » T T T T
88 ,,L b i
For the experiments to be described lateT, was found to be g5 7
about 60 K. )
In a DSC experiment, the generated power is 59 E
Q'c 0.1
P = H da/dt (6) 53
58
whereH is the total heat generated by the reaction per gram of & 0 i
reactant, and andt are as described above. For the experiments 120 160 200 240
to be described lateH was found to be about 265 J/g. Temperature (°C)

To compare ARC and DSC calculations for various reaction gjqre 2. calculated (a) ARC and (b) DSC profiles for first-order
models, we made the following restrictions. First, we selected kinetics (model 9 in Table 1) using the parameters for model 9 in Table
Eato be 1.6 eV, which is close to experiment, as we will see 2. The large circles in (a) indicate the start point of the ARC
below. Next, we selecteg so that the ARC simulation would  calculations. A value of/Cq = 60 K was used in (a) andl = 270
produce measurable self-heating at 2@0Finally, we selected /9 in (b). The scan rates in (b) were 1, 2, 5, and 15 K/min. The dashed
oo = 0.001 for most simulations. Table 2 lists the values of the 'In€ in (@) is the “Arhennius line” described in the text.

arameters used for the simulations of the reaction models given
ﬁ] Table 1 9 were 140, 150, 160, and 170, and the DSC sweep rates were

The reaction models given in Table 1 are those typically used 1,2,5, and 15 K/min. In a zero-order reQCt'O”' the co_nsumptlon
to describe the thermal decomposition of solids. The Table of reactants does not affect the reaction rate until the_y are
contains a column for the reaction model type, a column for completely consumea(= 1), thus both DSC and ARC profiles

the differential equation describing the extent of conversion and Increase until they abruptly Stop. The_dashed line Ehrough_the
columns used to describe exponents in a “universal” equation start points of the ARC experiments Is called t_he Arrhenlu_s
for the thermal decomposition of solids line” here because these points would be used in an Arrhenius

plot to determineE,.
doe_, m n 0 Figure 2 shows ARC and DSC profiles for a first-order
ot ka(1 — @) (=In(1 — o)) @) reaction. The DSC curves display a bell-shaped appearance,
whereas the ARC profile deviates to the right of the “Arrhenius
The variables in eq 7 can be chosen to describe most solidline”. If the order of the reaction is increased (e.g., model 10 in
thermal decomposition mechanisms from simpfeorder to Table 1), then the shapes of the DSC and ARC profiles remain
diffusion-controlled reactions. approximately the same, with the exception that the DSC trace
The ARC and DSC profiles for a typical zero-order reaction becomes broader (half width increases) and the ARC trace has
are shown in Figure 1. The start points for the ARC calculations a greater deviation from the “Arrhenius line”. If the order of
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Figure 3. Calculated (a) ARC and (b) DSC profiles for diffusion-
controlled kinetics (model 15 in Table 1) using the parameters for model
15 in Table 2. The large circles in (a) indicate the start point of the
ARC calculations. A value ofi/C = 60 K was used in (a) and =

270 J/g in (b). The scan rates in (b) were 1, 2, 5 and 15 K/min. The
dashed line in (a) is the “Arhennius line” described in the text.
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Figure 4. Calculated (a) ARC and (b) DSC profiles for power-law
kinetics (model 4 in Table 1) using the parameters for model 3 in Table
2. The large circles in (a) indicate the start point of the ARC
calculations. A value oh/Cy = 60 K was used in (a) and = 270
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Figure 5. Calculated (a) ARC and (b) DSC profiles for Avrami
Erofeev kinetics (model 12 in Table 1) using the parameters for model
12 in Table 2. The large circles in (a) indicate the start point of the
ARC calculations. A value ofi/C = 60 K was used in (a) and =

270 J/g in (b). The scan rates in (b) were 1, 2, 5, and 15 K/min. The
dashed line in (a) is the “Arhennius line” described in the text.

falls off fairly rapidly after the peak in the trace in a manner
not so different from zero order kinetics.

Figure 4 shows the ARC and DSC profiles for a reaction
governed by power law kinetics (model 4 in Table 1). Power
law kinetics are obtained when the initial growth of nuclei is
slower than the constant value that is subsequently attained
The DSC profile is similar to that of a zero-order reaction as
can be seen by comparing to Figure 1. The ARC profile lies to
the left (above) of the “Arrhenius line” indicating that the
reaction is accelerated by the presence of product. This is seen
by the rapid initial rise in self-heating rate that then levels to
an approximately constant upward slope, which continues until
the reaction is complete. The ARC profile is easily distinguished
from those previously shown.

Figure 5 shows the ARC and DSC profiles for an Avrami
Erofeev reaction (model 12). The Avrasrerofeev expressions
have been found to describe many solid-phase decompositions,
phase transformations, recrystallizations and reactions between
solids? The DSC profile has a peak shape similar toréh
order reaction, except that the peak width is smaller. The ARC
profile lies to the left (above) the “Arrhenius line” with an

J/gin (b). The scan rates in (b) were 1, 2, 5, and 15 K/min. The dashed increasing self-heating rate but then decreases smoothly when

line in (a) is the “Arhennius line” described in the text.

the reactant begins to run out.
So far, the value ofig in all the simulations has been set to

the reaction is decreased (model 7 in Table 1), then the shape$) 001. Figure 6 shows the dependence of a typical ARC profile

of the DSC and ARC profiles remain approximately the same,

for an Avrami-Erofeev reaction (model 12 in Table 1) on the

with the exception that the DSC trace becomes narrower (half jnitial choice ofo,. As the value ofy increases, the initial rise
width decreases) and the ARC trace lies closer to the “Arrhenius jn the self-heating rate is reduced. Figure 7 shows the

line”
Figure 3 shows the typical profiles that would be obtained

dependence of the DSC profile amy for the same reaction
model. As ag increases, the peak width of the DSC trace

in a reaction governed by diffusion (model 15 in Table 1). These increases, although the effect is small oy < 0.02. If o is
reactions have their overall rate governed by the movement of treated as an adjustable parameter during modeling of reactions,
one or more reactant species to, or a product from, a reactionthen it is clear that fits to ARC profiles can help to extract it.

interface. The ARC profile is easily distinguishable fraf
order reaction kinetics since it has a high initial self-heating

Calculations of ARC and DSC traces for the other models in
Table 1 are similar to one of Figures-5. It is our opinion

rate that then rapidly decreases followed by a region of that the changes in the ARC profiles with reaction model are
approximately constant increasing slope. On the other hand, themore profound than the changes seen in DSC. In any event,
DSC profile increases slowly from low temperature and then the combination of studies by both ARC and DSC should lead
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Figure 6. Calculated ARC profiles based on the model and parameters
used in Figure 5, except for values @f as indicated.
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of LixCoO, were prepared in standard 2325 coin cell hardware
in a true lithium-ion configuration, that is, a LICo@FMC)
cathode and an MCMB (Osaka Gas) carbon anode, to simulate
conditions of true commercial batteries, as described previ-
ously!® Electrodes were prepared by combining 7%, by mass,
each of Super S Carbon Black (MMM Carbon, Belgium) and
poly(vinylidene difluoride) (PVDF, 10% itN-methyl pyrolidi-
none (NMP), NRC) with the electrode powders. The amount
of MCMB used was~300 mg, whereas the amount of LiCpO
used was~750 mg. The pellets were about 18 mm in diameter
and each was about 1 mm thick. Assuming a first discharge
capacity of about 350 mAh/g for the carbon and a reversible
capacity of about 140 mAh/g for the LiCo@t 4.2 V, these
masses lead to a coulometrically balanced cell.

The electrodes were then transferred to an argon filled
glovebox and cell construction proceeded as befotd LiPFs
in ethylene carbonate (EC): diethyl carbonate (DEC) (33:67)
electrolyte (Mitsubishi Chemicals) was used as electrolyte and
three polypropylene #2502 separators (Celanese) were used. The
cells were first charged to 4.2 V, with a current of 1.0 mA.
After obtaining 4.2 V the cells were cycled twice between 2.5
and 4.2 V. After cycling, a signature-charge test (equivalent to
constant voltage charging) was used to stabilize the electrode
at the desired voltage. The coin cells were then transferred to
an argon-filled glovebox where construction of the ARC and
DSC samples was done. The DSC samples7(2ng) were
placed and sealed into hermetic aluminum DSC cans in the
argon-filled glovebox. No additional electrolyte was added. The
DSC measurement were performed at a variety of heating rates
starting from room temperature using a DuPont 910 differential
scanning calorimeter. For the ARC samples, the€aO, powder
(0.35 g) was placed in a stainless steel tube with an equal amount
of excess electrolyte added, and the tube was then sealed by
TIG welding in the glovebox. The sample was then analyzed
in the ARC.

Comparison of the predictions of model kinetic triplets to
experiment was made by least-squares analysis. Goodness of
fit parametersy?, for the fits to ARC and DSC results are
defined here as follows

, 1 N[dT/dt, — dT/dte,d®
Tare T\ £ AT/l ®)
_ E) N [Heypt — Hcalc]2 ©
Xbsc ™ NpA Hexpt
and
tht = X,ZARC + XZDSC (10)

A 10 times weighting factor (see above in eq 9) was given to

Figure 7. Calculated DSC profiles based on the model and parameters the DSC results because the numerical values of the power per

used in Figure 5, except for values @f as indicated.

to a more reliable determination of kinetic triplets. We now
attempt to illustrate this with our studies on4CbO, in
electrolyte.

Experimental Section

LiCoO, was obtained from E-One Moli/Energy Canada Ltd
(Vancouver, B.C.). It had lattice constamts= 2.8141 A anc:
= 14.0436 A, and a BET surface area of 0.13/gn Samples

gram per sweep rate were on average about 10 times smaller
than the self-heating rates in the ARC. With this procedure, fit
quality to ARC and to DSC was given about equal overall
weight. Fits were made to individual experiments and in addition
one fit was made simultaneously to the results of six experi-
ments: DSC runs at sweep rates of 1, 2, 5 and 15 K/min and
ARC runs starting at 160 and 17C.

Results and Discussion

In a previous papé€'f, we reported that the initial reaction of
LixCoO, at elevated temperature followed an autocatalytic
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Figure 8. ARC experiments on LCoQO; in electrolyte. The large dots '-E ]
indicate the start point of each experiment. The dashed line is the L J
“Arhennius line” described in the text. .
10.0¢ d) E
mechanism, whereby the reaction is accelerated by the presence i
of products. The self-heating profiles forJoQ; in electrolyte 1.0 3 3
are shown in Figure 8, where the start points of identical samples i
are indicated by the large circles. It is clear that the majority of 0.1¢ 3
the ARC profiles lie to the left (above) the Arhennius line. A ’ .
simple model was proposed to describe this behavior based on E ' 3
that given by Grewe¥ using a modified Sestak-Berggren 100k ]
equation (eq 10). The proposed model reproduced the behavior : e) ]
seen in the initial decomposition of JGo0,. Grewer's model 1.0 | E
is based on the following differential equation E | ]
01¢ I
G =Ko +a®) (12) S R T
160 200 240
wheref is the parameter of autocatalysis. This is approximately Temperature (°C)

eqUI\_/aIent to eq 7 it = /7, m= 0.5 n= 1 andp = 0. lf o Figure 9. The experiments of Figure 8 (solid) compared to the
= 01in eq 11, the autocatalytic reaction has not been initiated yregictions (dashed) of equations 3 and 7. The parameters used are
and a high degree of autocatalysis implies a small valyé. of  |isted in Table 3 under Grewer. DSC experiments ogChO; in

In ref 15, the parameters were chosen by “eye” such that the electrolyte at the scan rates indicated.
model reproduced the behavior seen in the initial decomposition
of all the experimental results forJGoO,. An activation energy ~ 9.93 x 102 min™%, ¢p = 0.02,m = 0.5,n=1,p = 0 and
of 1.6 eV was chosen and with the corresponding frequency h/Ci,t = 61.1 K (see Table 3 under Grewer). An accurate
factor of 1.9 x 10! min~! the behavior was qualitatively  reproduction of the first process in the thermal decomposition
reproduced. In this work, an optimized fit to the experimental of LiyCoQ, in electrolyte is obtained withy? = 0.0139. To
ARC data (collected at 160C and 170°C) was obtained and  confirm that the obtained parameters describe the reaction
the ARC profile is shown in Figure 9. The initial kinetic values kinetics well, a comparison of the same model to DSC
were obtained through an Arrhenius plot of the initial self- experiments is needed.
heating rates versus inverse temperature. The initial parameters During the collection of the DSC needed for this work, an
were then optimized by obtaining the lowegt value. The interesting feature developed about the reaction gZad; in
optimized parameters for eq 7 and (3) wege= 1.28 eV,y = electrolyte at elevated temperatures that has not been discussed

TABLE 3: Statistical Analysis

model Ea(eV) y (x 10%) (min™Y) m n p o h/Ciot (K) %2ARC %psc 2ot

Grewer 1.284 0.933 0.5 1 0 0.02 61.1 0.0139 0 0.0139
Grewerl3 1.291 0.933 0.5 1 0 0.04 70.0 0.0814 0.3829 0.4643
all-fit 1.284 1.48 0.26 1.6 0.49 0.04 66.4 0.0229 0.1027 0.1256
model 11 1.264 0.508 0 1 0.5 0.03 62.3 0.0523 0.3750 0.4273
model 12 1.242 0.400 0 1 2/3 0.03 59.3 0.1810 0.1302 0.3112
model 13 1.262 0.900 0 1 0.75 0.02 58.3 1.9318 0.2267 2.1585
model 14 1.252 1.075 1 1 0 0.04 58.9 0.8812 0.7955 1.6767
Ozawa 1.292

Kissinger 1.208 0.0749
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Figure 10. DSC experiments on CoO, charged to 4.2 V in
electrolyte, at the heating rates indicated.
in previous work to our knowledge. The DSC profiles of-Li
CoQ;, charged to 4.2 V at various heating rates are shown in
Figure 10. To obtain reproducible DSC traces one must control
the analysis conditions strictly, as shown in Figure 11, where
we can see the progression from three DSC peaks to a DSC
trace with only two peaks. It was believed that the appearance
of the two-peak profile was a result of a time-delayed reaction
that destroyed the reactant that produced the missing third peak.
We set out to systematically discover the nature of this change
in DSC pattern. There were three possibilities that were believed 100 150 200 250 300
to be causing this change to the DSC profile. First, there could Temperature (°C)

be a reaction.occurring within the sample upon exposure to the Figure 11. DSC experiments as a function of exposure time gEh0;
atmosphere in the glovebox. Second, the eIectlronte could to glovebox atmosphere (0, 30, 60, 120 min) and as a function of wait
evaporate, changing the electrolyte-to-powder ratio. For theseime pefore measurement (given in days), solid curves were measured
two possibilities, the obtained profile would be dependent on at 5 K/min, whereas dashed curves at 2 K/min.
the time required to produce a DSC sample in the glovebox.
The third possibility is that a delayed reaction or evaporation  The results of this experiment show that the DSC profile of
that occurs during the time lapse between fabricating the sampleLi,CoQ; in electrolyte depends on the time between sample
and actual analysis in the calorimeter. preparation and measurement. Careful procedures are required
The experimental design to analyze these possibilities wasin order to obtain reproducible results, and we believe that the
as follows. Prepare three DSC samples from the same electroddDSC experiments should be performed on the same day as the
at the same time in the glovebox and seal the samples withinsample has been prepared.
vials in the glovebox. Next, expose the lightly ground electrode  The optimized ARC parameters for the Grewer model were
to the atmosphere in the glovebox for various intervals (30, 60, then used to calculate DSC profiles for a variety of heating rates.
and 120 min.) and prepare three DSC samples at each timeTo calculate the DSC response, we need to calculate the reaction
interval. One of each of the samples (0, 30, 60, 120 min power per gram of sample. The power per gram Q€biO; is
glovebox exposure) was measured by DSC as soon as possiblgiven by eq 6. Using the definition of h in eq 3, we fikl=
(day 0= same day as prepared). A selection of the results are h/m wherem is the mass of LICoG; in the ARC sample. To
shown in Figure 11, where the DSC profiles contain three peaks obtainh, we useh/Co; = 61.1 K, and the heat capacity of an
even after 120 min exposure to the atmosphere in the glovebox.ARC sample Ci,: can be calculated from the specific heats,
As the time delay between sample construction and measure-and massesn, of the materials in the ARC sample. The specific
ment increases, the pattern switches from three peaks to twoheats of stainless steel, EC and DEC were found in Touloukian
peaks after about 3 days. et al?2% and that of LiCoO, was estimated from the law of
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T ' T ' ' profiles for the Grewer model do not reproduce well the peak
width of the experimental profiles, and this could be due to an
incorrect choice for the reaction modélo()). What remains to

be determined is if the addition of optimizing the DSC together
with the ARC profiles will result in a kinetic triplet for the
Grewer model that can fit the ARC and DSC profiles simulta-
7 neously.

] The result of optimizing both ARC and DSC profiles

] simultaneously is shown in Figure 12 (panel b, Grewer13). The

@ parameters to this fit are given in Table 3 under the Grewer13
© % . model, the ARC profiles are not shown, but are similar to those
E Ty ] shown in Figure 9. The DSC profiles reproduce the correct shift
=8 > 1 in peak temperature versus heating rate and have their maxima
E i near the peak in experimental data. The difficulty with these
Qx E | DSC prdfiles is that an incorrect peak width is obtained; the
c 0.8 i .
= 3 E calculated profiles are much broader than experiment. To
20 04 | sharpen the peak, different reaction models need to be examined.
o e ) Equation 7 can be used to reproduce the most common

reaction models given in Table 1. It also provides a means of
il ; ; { f examining other possible reaction schemes through the optimi-
zation of its various exponents. The reaction model with the
lowest totaly? should be indicative of the “true” reaction process
for the initial thermal instability of LICoO;, in electrolyte. This
1 optimization was performed and the values obtained were (see
Table 3 under Allit): E; = 1.28,y = 1.48 x 10 min~!, a
- ] =0.04 (ARC),m=0.26,n=1.6,p = 0.49, ancdh/C;,; = 66.5
160 180 200 220 240 K with a total y? of 0.1256. The difficulty with this method of
kinetic analysis is that no physical or experimental support can
be postulated for these exponents. One can obtain remarkably
Figure 12. DSC comparisons for various models of the first peak of good fits to both ARC (Figure 13) and DSC (Figure 12, panel

experimental data (solid) to that of the calculated (dashed) profiles at i oAt ;
heating rates of 1,2,5, and 15 K/min. The calculated parameters, with gtﬁgrﬁ%:pﬂ;S;/lé%l’;,sthese kinetic values can accurately predict

H = 265 J/g, corresponding to each panel model are given in Table 3 o ]
under their respective models. An examination of DSC and ARC profiles for the other

models in Table 1 (figures-15) shows that the Avrami
Dulong and Petif! For a typical ARC specimen, the heat Erofeev models (models #113) and the ProutTompkins
capacity is about model (model 14) can give DSC peaks with about the correct
halfwidth, and ARC profiles with the correct temperature
J J dependence. Therefore, we attempted to fit both the ARC and
Cot=» cm=10—03g+ 046—0.9g+ DSC results using these models, and the results are shown in
! gK gK Table 3 under the respective model numbers from Table 1. From
this set of reaction models, the kinetic triplet for the thermal

Temperature (°C)

LiCoO, Stainless Steel

15 i 0.4q— J decomposition of LICoO; in electrolyte at elevated temperatures
: gk 4 9= 13; (12) is best described by an AvramErofeev reaction type (#12)
Electrolyte with an activation energy of about 1.24 eV, a frequency factor

of 4.0 x 10 min~* anda = 0.03. The calculated ARC (Figure
where the terms arising from JG00, stainless steel and 14) and DSC (Figure 12, panel d model12) profiles are shown
electrolyte have been indicated (we assume the 0.35 g of wetand compared to the experiment for this choice of kinetic triplet.

electrode added is made up of 0.3 g@oO, and 0.05 g of We have found several models that describe the initial
electrolyte). Thereforeh = 61.1 K*1.3 J/K= 79 J, andH = reaction of LiCoO, with electrolyte at elevated temperature
h/0.3 g= 265 J/g. reasonably well (Grewerl3, All-fit, and modell12). However,

Equation 7 is used to calculateutlit and eq 6 is used to  this kinetic analysis procedure, using both ARC and DSC
calculate the evolved power. Figure 12 (panel a, Grewer) showsprofiles, eliminates many reaction models quickly and only small
the model DSC calculation fdi = 265 J/g,E. = 1.28 eV,m refinements to a few models are required to determine an
=0.5,n=1,p=0,andy = 9.93x 102 min~1, which are the acceptable kinetic triplet. The ARC experiment provides a much
parameters that fit the ARC data well, with a heating rate of 1, higher sensitivity for the process than DSC and thus together,
2, 5, and 15 K/min. Also shown is the first peak of the the experiments give a much larger range over which the
experimental results for L£oO, charged to 4.2 V. These plots ~ €xperiment can be tested and modeled. A higher degree of
are presented as normalized curves such that a direct comparisofonfidence should be reserved for the parameters that can model
of the peak shapes can be performed and eliminate experimentaPoth ARC and DSC, which gives the possibility of successful
errors introduced due to the inaccuracy of weighing small prediction of a variety of thermal events.
amounts (27 mg) in the glovebox. The figures only indicate There has been a long tradition of determining the kinetic
the first exothermic reaction for the experimental data becausetriplet from DSC experiments and two of the famous methods
this is the only reaction that is being modeled with the are based on the initial methods proposed by OZaaval
parameters determined from the ARC. The calculated DSC Kissinger® The results of these methods are also shown in Table
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Figure 13. ARC experiments (solid) on kCoQ, in electrolyte Figure 14.  ARC experiments (solid) on kCoQ; in electrolyte
compared to the predictions (dashed) of All-fit model in Table 1 at the COMPared to the predictions (dashed) of model 12 model in Table 1 at

start temperature indicated. The parameters are listed in Table 3 undefh® Start temperature indicated. The parameters are listed in Table 3
All-fit. under model12.

used to predict the outcome of thermal events, for example, in
our case those that occur in Li-ion cells under conditions of
thermal or electrical abugé.23

3. The activation energies obtained are similar to those we found
in the fitting described above, although the Kissinger method
gives an activation energy that is somewhat low. The methods

]?f Oﬁavlzd and Kissinget areb useful todgiv_el igitial (lastimatgsh Acknowledgment. The authors thank 3M, 3M Canada Co.,
or the kinetic parameters, but more detailed analyses with a 5,y NSERC for funding parts of this work under the Industrial

variety of methods are required in order to obtain full confidence Research Chair Program, and Tim Hatchard for useful discus-
in the kinetic parameters. sions '
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