ELSEVIER

Available online at www.sciencedirect.com

science (@horneer

Journal of Power Sources 119-121 (2003) 874-886

JOURNAL OF

www elsevier.com /locate /jpowsour

Correlation of Arrhenius behaviors in power
and capacity fades with cell impedance and heat
generation in cylindrical lithium-ion cells
Bor Yann Liaw', E. Peter Roth, Rudolph G. Jungst,

Ganesan Nagasubramanian, Herbert L. Case, Daniel H. Doughty”

Lithium Battery R&D Department, Sandia National Laboratories, P.O. Box 5800,
MS-0613, Albuquerque, NM 87185, USA

Abstract

A series of cylindrical 18650 lithium-ion cells with an MAG-1011.2 M LiPFg ethylene carbonate (EC):ethyl methyl carbonate (EMC)
(w:w = 3:7)ILi,Nig gCoyq.15Alj 050, configuration were made and tested for power-assist hybrid electric vehicle (HEV) applications under
various aging conditions of temperature and state-of-charge (SOC). The cells were intermittently characterized for changes in power
capability, rate capacity, and impedance as aging progressed. The changes of these properties with temperature, as depicted by Arrhenius
equations, were analyzed. We found that the degradation in power and capacity fade seems to relate to the impedance increase in the cell.
The degradation follows a multi-stage process. The initial stage of degradation has an activation energy of the order of 50-55 kJ/mol, as
derived from power fade and C, capacity fade measured at C/1 rate. In addition, microcalorimetry was performed on two separate unaged
cells at 80% SOC at various temperatures to measure static heat generation in the cells. We found that the static heat generation has
an activation energy of the order of 48—55 kJ/mol, similar to those derived from power and C, capacity fade. The correspondence in the
magnitude of the activation energy suggests that the power and C, capacity fades were related to the changes of the impedance in
the cells, most likely via the same fading mechanism. The fading mechanism seemed to be related to the static heat generation of the

cell.
© 2003 Published by Elsevier Science B.V.
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1. Introduction

Lithium-ion batteries have experienced rapid acceptance
for use in consumer electronics. Similar technologies are
also being considered for transportation applications such as
in the hybrid electric vehicles (HEV). Calendar and cycle
life of these batteries are therefore an important concern that
needs to be assessed and addressed. Under the US Depart-
ment of Energy’s (DOE) Advanced Technology Develop-
ment (ATD) Program, there is a collective effort between US
auto industry and five DOE national laboratories to develop
advanced lithium-ion battery technology for power-assist
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HEV applications. Sandia National Laboratories have been
involved in the investigation of accelerated life tests (ALT)
to determine battery life and to develop predictive models
[1].

In the accelerated life tests, the cells were exposed to
different temperatures for thermal aging. In our tests, four
different temperatures (25, 35, 45, and 55 °C) were used.
The degradation from thermal aging was estimated from
the cells by gauging, for example the power capability loss
(PCL, power fade) or capacity loss (capacity fade) as a
function of aging conditions. The cells were also subjected
to aging at different states-of-charge (SOC), so degrada-
tion on composition dependence was assessed. Three
different SOCs at 60, 80 and 100% were investigated in
this work. The cells were also subjected to cycling, so that
their dependence on cycling conditions was investigated as
well.

The thermal aging provides the basis for Arrhenius type
analysis of the thermally activated process in the degradation.
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Arrhenius behavior is depicted by the well-known Arrhenius
equation, typically expressed as

E,
A :Aoexp<—ﬁ) (D)

where A is a quantity of interest, typically related to the rate
of change of the property in the system, which is thermally
activated; A, a pre-exponential term, depicting an intrinsic
value of such a property; E, the activation energy repre-
senting the energy barrier for the thermal activation pro-
cess; R the universal gas constant; and, 7 the absolute
temperature in Kelvin. The activation energy related to
these properties can be derived from the slope of the
corresponding Arrhenius plot in which the quantity of these
properties in a logarithmic scale is plotted against the
reciprocal temperature and a linear slope is usually
observed. What will be discussed in this paper is the
correlation among the Arrhenius behaviors derived from
power fade, capacity fade, impedance change, and static
heat generation. The information derived from this work
can assist the understanding of the fading mechanisms and
the prediction of battery life using accelerated life tests.
Detailed diagnostic characterization of the fading mechan-
isms is in progress.

2. Experimental

A series of cylindrical 18650 lithium-ion cells with an
MAG-10I1.2 M LiPFg ethylene carbonate (EC):ethyl methyl
carbonate (EMC) (w:w = 3:7)ILi,Nig gCoq 15Alp 050, con-
figuration were made by Quallion (Sylmar, CA) with special
tap design to deliver high power (herein we called GEN 2
cells). The test procedures are described in the partnership
of new generation vehicles (PNGV) test manual developed
by the US Department of Energy [2]. The cells are typically
stored at 10 °C when they are not being subjected to the
aging tests. For accelerated life tests, three to five cells are
usually used and subjected to the same test condition under
thermal stress to accelerate degradation. At 4-week inter-
vals during aging, the cells are brought to 25 °C for refer-
ence performance tests (RPT), which include hybrid pulse
power characterization (HPPC), rate capacity determina-
tion at C/1 and C/25 rates, and ac electrochemical impe-
dance spectroscopy (EIS) measurements, as described in the
test manual [2]. When the cells meet the end of test (EOT)
condition, they are removed from aging. The data presented
here cover as long as 36 weeks of aging for some of the lower
temperature aged cells, while some of the higher tempera-
ture higher-SOC aged cells were retired as early as 20
weeks.

The power fade reported here is estimated from the
characterization of power capability determined by the
HPPC. The HPPC typically tests cells at 10% SOC intervals
with a 5C 18-s discharge pulse, a 32-s rest, and a 3.75C 10-s

regenerative pulse, within the voltage range of 3.0 and
4.3 V. The hybrid power capability is estimated from scal-
ing the cell test result with a battery size factor to meet the
PNGV goal of 300 Wh for power-assist HEV application.
The power fade is reported in reflecting the percentage drop
in power capability in each RPT from the value determined
at the beginning of life (BOL; usually within 2 weeks prior
to commencing life tests). The capacity fade is reported
also in percentage, showing the decrease in rate capacity
from the value determined at the BOL. The interfacial
impedance reported here is the width of the semicircle
or arc often shown up in the middle frequency range in
the NyQuist plot, usually referred to originating from
charge transfer. The change in impedance refers to the
difference in impedance in each RPT from the value
determined at the BOL.

3. Results and discussion

The power degradation behavior observed in the GEN 2
cells that went through different stages of thermal aging at
different SOCs and durations is shown in Fig. 1, which
illustrates the time- and temperature-dependent aging
behavior related to the power fade found in HPPC after
each RPT. The most intriguing feature that we found in
the power degradation is the distinct slopes in the per-
centage power fade versus logarithmic time curves for all
SOCs, as shown in Fig. 2. The symbols are averaged
power fade values measured from RPTs at each 4-week
interval of aging. The solid lines represent a series of
linear curve fittings with the best fit subjectively selected
over a region on the curve. The region that shares a
common slope is considered dominated by the same
degradation process. The presence of multiple distinct
slopes on each curve suggests that the power degradation
follows multi-stage thermal aging, each stage with distinct
time dependence.

The curve fitting results also show that the higher-tem-
perature, higher-SOC aging (e.g. 100% SOC at 45 and
55 °C, and 80% SOC at 55 °C) behaved differently from
the rest, as indicated by the disappearance of a ‘“middle
transition stage.”” In contrast, the lower the temperature and
SOC, the middle-stage transition becomes more noticeable.
The progression with logarithmic time scale also suggests
that the processes are most likely related to reaction kinetics
(such as charge transfer or chemical reaction rate), not mass
transport.

The amount of power fade (in a logarithmic scale) aver-
aged over cells tested under the same condition was then
plotted against the reciprocal temperature (at which they
were aged), according to the Arrhenius equation. Such plots
are presented in Fig. 3 for three SOCs, respectively. Each
plot displays the progression of the Arrhenius curves with
aging intervals (or RPTs). Least-square linear curve fitting
was applied to yield a slope for each curve, which was then
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Fig. 1. Time- and temperature-dependent power degradation in the GEN 2 cells through thermal aging at different SOCs.
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Fig. 2. Multi-stage power degradation in the GEN 2 cells through thermal aging at different SOCs.
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Fig. 3. Arrhenius plots of power fade vs. reciprocal temperature according to the Arrhenius equation representing logarithmic power capability loss (PCL) in watts with temperature for cells aged at three SOCs.
The slope of each curve represents the gross (or apparent) activation energy related to the power fade at each stage of life. The values for RPT1 (4 weeks), RPTS (20 weeks, for 100% SOC) and RPT8 (32 weeks,
for 80 and 60% SOCs) are shown.
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Fig. 4. Activation energy values determined from the power fade Arrhenius curves as a function of time and SOC, showing distinct changes with time and

stage of degradation.

used to derive the activation energy for each stage of
degradation. The activation energy values for each SOC
as a function of aging interval are shown in Fig. 4. Our
discussion will focus on 80% SOC data, due to limited
information obtained from the microcalorimetry measure-
ments.

In the beginning of aging, the cells aged at 80% SOC
degraded with a thermally activated process exhibiting
descending activation energy values, from 50.3 kJ/mol at
the end of the 4th week interval to 42.5 kJ/mol at the end of
the 12th week interval. The value stays in a narrow range of
43.1 £ 0.6 kJ/mol between the 12th and 20th week intervals
and then begin to descend, reaching 28.6 kJ/mol at the end of
the 32nd week interval. The trend of changes in the activa-
tion energy values coincide with the trend of changes in the
power fade degradation behavior, as depicted in Fig. 2 for
80% SOC cells.

Figs. 5 and 6 show C; and C,5 capacity fade, respec-
tively, by thermal aging for three different SOCs. The C,5
capacity fade is generally less then the C; fade. The
difference however disappears as temperature and SOC
decrease.

Figs. 7 and 8 illustrate the trend of C; and C,5 capacity
fade, respectively, over the 36-week period of aging for
three SOCs. A multi-stage behavior, more or less coincides
with the power fade trend, is also observed. The Arrhenius
plots of both C; and C,s for cells aged at 80% SOC are
given in Fig. 9. In the figure, we noticed that the 25 °C data

behave differently from the higher temperature coun-
terparts. By excluding them from linear curve fittings,
we obtained more consistent linear fit for data over the
35-55 °C range on each RPT curve. Thus, we yield an
activation energy for the higher temperature degradation in
C, and C,5 fades after each aging interval. The results are
summarized in Fig. 10, where the change of activation
energy for Cy and C,5 fade respectively is shown with aging
intervals. Due to limited data sets available for such
analyses, only the first five RPTs are derived and shown.
Interestingly, the first three values derived from C; fade are
very similar to those derived from the power fade, implying
the same origin in the first stage of thermal degradation.
Between the 12th and the 20th week intervals, the activa-
tion energy values derived from the C,5 fades coincide with
those from the power fade, again, suggesting that they
might come from the same origin in the ““middle transition
stage” of aging.

Fig. 11 displays an interfacial impedance change in a cell
after 12 weeks of aging at 80% SOC. The slope derived from
the interfacial impedance yields an activation energy of
32.2 kJ/mol, a value very close to those derived from the
C»5 fades in the first stage of degradation, as shown in
Fig. 10.

Fig. 12 shows microcalorimetry results obtained from
two cells at 80% SOC that have not been subjected to
thermal aging. The static heat generation rates from the
cells were measured in the microcalorimeter at five different
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Fig. 7. Multi-stage C; capacity fade as a function of logarithmic time and aging temperature at three different SOCs.
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Fig. 8. Cy5 capacity fade also shows multi-stage degradation as a function of logarithmic time and aging temperature at three different SOCs. The trend lines are however different from those of the C; capacity
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Fig. 10. Activation energy related to the C; and C,s capacity fades change with aging time for cells aged at 80% SOC. The activation energy values are
derived from the slopes corresponding to the 35-55 °C range. Only first five RPTs are shown. The 80% SOC power fade data shown in Fig. 4 are also

included for comparison.

temperatures from 25 to 65 °C. The resulting heat in micro-
watts (LW) is shown in logarithmic scale against reciprocal
temperature. The result is a linear dependency depicting a
constant Arrhenius activation energy of the order of 48.0

and 61.8 kJ/mol, respectively. The mean value of 54.9 kJ/
mol surprisingly resembles to those observed in the first
stage of degradation derived from the power and C; capacity
fades.
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Fig. 11. Arrhenius plot and activation energy derived from the interfacial impedance change of a cell aged at 80% SOC for 12 weeks.



886 B.Y. Liaw et al./Journal of Power Sources 119-121 (2003) 874-886

7 =
\
6 —~

\@\\’

In(Heat Output, pW)

2 @ Cell #340
® Cell #326

0 T T
2.9 3 3.1

3.2 3.3 3.4

1000/T, K
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4. Conclusion

This paper reports on the Arrhenius analysis of the GEN 2
cells undergoing various aging conditions at different tem-
peratures and SOCs. The changes of power capability, rate
capacity, and impedance with aging conditions were inves-
tigated in the accelerated life tests. The degradation follows
a multi-stage process with a middle transition stage shown in
cells subjected to lower temperature aging. The changes of
these properties with temperature, as depicted by Arrhenius
equations, were analyzed and correlation among these prop-
erties was sought. In addition, microcalorimetry has also
been performed on two unaged cells at 80% SOC to study
static heat generation across a comparable temperature
range of 25-65 °C. We found that the activation energy
derived from the Arrhenius analyses on power fade, C,
capacity fade, and static heat generation all yielded a similar
value of the order of 50-55 kJ/mol in the initial stage of
degradation, suggesting that they might come from the same
origin. On the other hand, the correlation between the
activation energy derived from the interfacial impedance
change and C,5 capacity fade yielded a similar value of the
order of 32 kJ/mol, implying that they might be related. The

activation energy derived from the power fade and the Cps
capacity fade yielded a similar value of the order of 43 kJ/
mol in the middle transition stage, suggesting that they
might follow the same degradation mechanism.
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