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ABSTRACT

This report presents the test results of a special calendar-life test conducted
on 18650-size, prototype, lithium-ion battery cells developed to establish a
baseline chemistry and performance for the Advanced Technology Development
Program. As part of electrical performance testing, a new calendar-life test
protocol was used. The test consisted of a once-per-day discharge and charge
pulse designed to have minimal impact on the cell yet establish the performance
of the cell over a period of time such that the calendar life of the cell could be
determined. The calendar life test matrix included two states of charge (i.e., 60
and 80%) and four temperatures (40, 50, 60, and 70°C). Discharge and regen
resistances were calculated from the test data. Results indicate that both
discharge and regen resistance increased nonlinearly as a function of the test
time. The magnitude of the discharge and regen resistance depended on the
temperature and state of charge at which the test was conducted. The calculated
discharge and regen resistances were then used to develop empirical models that
may be useful to predict the calendar life of the cells.
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EXECUTIVE SUMMARY

The DOE Office of Advanced Automotive Technologies, through the
Partnership for a New Generation of Vehicles (PNGV) Advanced Energy
Technology Development (ATD) Program, is engaged in the study of 18650-size
lithium-ion cells, which baseline the high-power battery chemistry being
developed for use in hybrid electric vehicles (HEVs). The cells received for
testing were built by a commercial vendor to specifications supplied by the ATD
program. These cells contain cathodes of 84 wt% LiNijgCo0¢,0,, with graphite
and carbon black added for electrical conductivity. The anode is a blend of SFG-
6 and MCMB-6 carbons. The electrolyte is 1.0 M LiPF¢ in 1:1 EC/DEC
(ethylene carbonate:diethyl carbonate = 1:1). PVDF [polyvinylidene fluoride, (-
CH,-CF,-),] binder was used in the fabrication of both electrodes. The anode
current collector is copper foil; the cathode current collector is aluminum foil.
Celgard supplied the separator (polyethylene). The cells, as part of their
electrical performance testing, were tested using a new test protocol developed
by the ATD program to test calendar-life.

This report presents the test results pertaining to this group of prototype
lithium ion batteries. The cells had a nominal capacity of 0.9 A-h at a C/1
discharge rate with a voltage range of 3 to 4.1 V. The cells were assembled into
a 18650-size container (64.9 mm high, 18.1 mm diameter). The cells underwent
a number of electrical performance tests to determine their electrochemical
performance at 25°C. A special calendar-life test was also conducted at elevated
temperatures of 40, 50, 60, and 70°C.

The specific test for which the data are presented and discussed in this
report was a special calendar-life test conducted once per day for a period of time
depending on the test temperature. This test, consisting of specified discharge
and charge protocols, was specially designed to have a minimal impact on the
cell yet establish the performance of the cell over a period of time such that the
calendar life of the cell could be determined. Specific discharge and regen
current levels at specific time duration were used at each once-per-day test cycle.
The calendar-life test was conducted at 60 and 80% state of charge (SOC).
During the calendar-life test, the discharge resistance was determined from the
discharge portion of the test; the regen resistance was determined from the regen
portion of the test.

The results of the testing indicate that both the discharge and regen
resistance increased nonlinearly as a function of the test time. The magnitude of
the discharge and regen resistance depended on the temperature and SOC at
which the test was conducted. General observations derived from this study are
as follows:

1. Both the discharge and regen resistances have a nonlinear increase with
respect to time at test temperature.

2. The discharge resistances are greater than the regen resistances at all of
the test temperatures of 40, 50, 60, and 70°C.



3. For both the discharge and regen resistances, generally the Aigher the test
temperature, the Jower the resistance.

4. The 70°C discharge and regen resistance data at 80% SOC do not follow
the general trend of the rest of the data in that the resistance at this
temperature is slightly greater than that at 60°C. At 60% SOC, the
discharge and regen resistance data indicate that a process is occurring
that causes the 60°C resistance to be greater than at 50°C. The 70°C data
may also be influenced at this SOC. These observations appear to
indicate that new physical/chemical processes are occurring that causes
an anomalous increase in the resistance. They also indicate that the state
of charge at which the test was conducted may influence the temperature
at which the onset of these new processes occurs. The exact nature of
these processes is not presently known.

5. Both the discharge and regen resistance are greater at 80% SOC than
they are at 60% SOC.

6. There are also differences in the rate of increase of the resistances in that
the 80% SOC resistance increases faster than at 60% SOC.

A model was developed to account for the time, temperature, and SOC of
the batteries during the calendar-life test. The functional form of the model is
given by

R(t,T,SOC) = A(T,SOC)F(t) + B(T,SOC)

where t is the time at test temperature, T is the test temperature, and SOC is the
state of charge of the cell at the start of the test. A and B are assumed to be
functions of the temperature and state of charge; F is assumed to be only a
function of the time at test temperature. Using curve fitting techniques for a
number of time-dependent functions, it was found that both the discharge and
regen resistance were best correlated by a square root of time dependence. These
results led to the relationship for the discharge and regen resistance:

R(t,T,SOC) = A(T,SOC)t"? + B(T,SOC) .

The square root of time dependence can be accounted for by either a one-
dimensional diffusion type of mechanism, presumably of the lithium ions, or by a
parabolic growth mechanism for the growth of a thin-film solid electrolyte
interface (SEI) layer on the anode and/or cathode. The diffusion type of
mechanism would arise from the lithium ions diffusing into or out of the
electrodes, through the electrolyte, through the separator, or through the SEI
present on the surface of the electrode materials. The growth of a thin film
mechanism could be related to the growth of an SEI layer on the anode and/or
cathode as a function of test time. The increased thickness of the SEI film would
increase the resistance of the cell due to increased hindrance of the transport of
lithium ions through the SEI layer to subsequently be intercalated/de-intercalated
into the active electrode material. The best physical/chemical model appears at
present to be the growth of the SEI layer. The present data, however, cannot
determine if the growth of the SEI layer with time occurs at the anode, the
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cathode, or both. There are characterization/diagnostic results, in particular
electrochemical impedance spectroscopic (EIS) methods, that indicate that the
resistance of the cathode is the major contributor to the resistance of the cell as it
ages. The temperature dependence of the resistance was then investigated using
various model fits to the functions A(T) and B(T). The results of this exercise
lead to a functional form for the temperature dependence of the fitting functions
having an “Arrhenius-like” form:

A(T) = a[exp(b/T)] and B(T) = c[exp(d/T)]

where a and c are constants, and b and d are related to an activation energy, E,
and E4, by using the gas constant, R, such that b= Ey/R and d = Ei/R. The values
of E, and E4 were determined and were found to be of the right order of
magnitude (several to several tens of kjoules/mole) for the activated transport of
lithium ions. It is not known what specific process or processes the determined
activation energy values correspond too. The functional form, therefore, for the
discharge and regen resistance, including the SOC, is then

R(t,T,SOC) = a(SOC){exp[b(SOC)/T]}t"* + ¢(SOC) {exp[d(SOC)/T]} .

The a, b, ¢, and d parameters are explicitly shown as being functions of the
SOC. However, due to the lack of testing at SOC values other than 60 and 80%
SOC, the exact form of the SOC dependence could not be determined from the
experimental data. Once the values of a, b, ¢, and d were determined, the
function R(t,T,SOC) could then be used to correlate the discharge and regen data
and to predict what the resistances would be at different times and test
temperatures.

As part of the calendar-life testing, the cells underwent the calendar-life
once-per-day test for a specified period of time at a specified test temperature.
For test temperatures of 40, 50, and 60°C, the test time was 4 weeks. For the
cells tested at 70°C, the test time was 2 weeks. The cells were then cooled to
25°C for conduct of reference performance tests. The cells were then reheated to
the specified elevated test temperature, and the calendar-life test was repeated.
During conduct of this second, and subsequent calendar life cyclic testing, the
discharge and regen resistances were observed to slowly reach the resistance
before cool down. After this previous resistance was reached, the resistance
continued to increase throughout the test. The above model and one that has a
logarithmic in test time at temperature dependence were applied to this resistance
regrowth and were found to account for its time and temperature behavior.

Analysis of the C/1 discharge test results allowed determining the leakage
current, i.e., the current required to maintain a given voltage on the cell. In this
case, the cells where held constant at 4.1 V. The leakage current was found to
decrease quite rapidly for new cells, but after aging due to testing, the magnitude
of the leakage current as a function of test time increased. The leakage current
can be related to a leakage resistance via Ohm’s law. The leakage resistance
decreased as the cell aged, which means that more current, i.e., charge, has to be
put into the cell to maintain a given voltage. This increased charge results from
IR-losses in the battery. The IR-losses increase, due to presently unknown
complex processes, as the cell ages.
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Further analysis of the C/1 (and C/25) charge and discharge data using the
concept of differential capacitance was applied to the test data. This analysis
simply takes the derivative of the charge added or removed with respect to the
cell voltage, or alternatively the charge added or removed during the test. Peaks
in the differential capacitance are believed to relate to intercalation sites within
the anode and cathode. As the cell aged with testing, the height of the peaks
changed, as did their positions with respect to the cell voltage or
charge/discharge state. The exact nature of these sites, and how the testing
influences them, is not presently known. This concept of differential capacitance
is believed to be useful to research groups conducting characterization/
diagnostic studies on the fresh, as well as aged, cells. The usefulness arises in
that it provides information regarding the voltage and state of charge at which the
properties of the cell are changing the most due to use.
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Calendar-Life Studies of Advanced Technology
Development Program Gen 1 Lithium lon Batteries

1. INTRODUCTION
1.1 Background

The DOE Office of Advanced Automotive Technologies, through the PNGV Advanced Energy
Technology Development Program, is engaged in the study of 18650-size lithium-ion cells, which
represent the high-power battery chemistry being developed for use in hybrid electric vehicles (HEVs).
Concentrating on high-power battery development, the Advanced Energy Technology Development
(ATD) Program supports the PNGV, a government-industry partnership striving to develop, by 2004, a
mid-size passenger vehicle capable of achieving up to three times the fuel economy of today’s vehicles,
while adhering to future emissions standards and maintaining affordability, performance, safety, and
comfort. The ATD Program addresses these technical challenges through five major program areas:
baseline cell development, diagnostic evaluations, electrochemical improvements, advanced materials
development, and low-cost packaging. The major objective of the work is to determine the causes of
power fade after these cells are exposed to elevated temperatures and tested under various electrical
performance evaluation tests. Another objective is to develop diagnostic analysis methods that can be
used to determine the physical/chemical causes for cell degradation.

1.2 Purpose and Applicability

This report presents the electrical performance of lithium-ion cells developed for the ATD
program' during the special pulse-per-day calendar-life testing conducted at various temperatures and
states of charge. All these tests were conducted either in the Energy Storage Testing (EST) Laboratory,
which is part of the Transportation Technologies and Infrastructure Department at the Idaho National
Engineering and Environmental Laboratory (INEEL), or at the Lithium Battery R&D Department 1521 at
Sandia National Laboratory (SNL). Also, differential capacitance comparisons were based upon a C/25
constant-current discharge calibration curve provided by the Analysis and Diagnostics Laboratory within
the Chemical Technology Division at Argonne National Laboratory (ANL).

The main focus of the report is to present calendar-life test data on the cells developed by the ATD
program. Calendar life is of great importance, as battery systems are expected to have a lifetime of
approximately ten years if they are to be a viable energy storage/source for the next generation of
vehicles. Calendar life has been defined by two general statements. The USABC Electric Vehicles
Battery Test Procedures Manual, Revision 2 defines calendar life as “The length of time a battery can
undergo some defined operation before failing to meet its specified end-of-life criteria.” This definition is
rather nebulous. The specific definition of some defined operation would need to be clarified and
stipulated in the test plan for a given battery system. The PNGV Battery Test Manual, Revision 2, is also
rather terse in its definition of calendar life: “This test is designed to permit the evaluation of cell
degradation as a result of the passage of time with minimal usage. It is not a pure shelf-life test, because
the cells under test are periodically subjected to reference discharges to determine the changes (if any) in
their performance characteristics.” The ATD program' has attempted to more clearly define what is
meant by a calendar-life test. The calendar-life test as used in the ATD program has been designed to
have a minimal impact on the cell, yet still subject the cell to a well-specified charge/discharge test
sequence over a well-defined period of time.



The intent of testing the model lithium-ion cells developed by the ATD program is to characterize
the electrical performance and to determine the calendar-life and cycle-life behavior of specially designed
lithium ion cells having a nominal capacity of 0.9 A-h. The DOE Office of Advanced Automotive
Technologies (OATT) sponsored the testing and with the designated ATD Program Manager also
provided oversight. In general, the cells were subjected to the performance and life test procedures
defined for the PNGV Program.’

Discussion of the terminology used in this report can be found in Reference 2, USABC Electric
Vehicle Battery Test Procedures Manual, Revision 2, and Reference 3, PNGV Battery Test Manual,
Revision 2. The entire test procedure used to test the ATD Gen 1 cells is not reproduced here inasmuch as
it is given in Reference 1, PNGV Test Plan for ATD 18650 Gen 1 Lithium lon Cells.



2. DESCRIPTION OF LITHIUM ION CELLS

The baseline lithium ion cells had the following specifications, as developed by Argonne National
Laboratory (ANL) for the ATD program. Cells produced with these specified materials are referred to as
Gen 1 cells.

Positive electrode

LiNio‘gCOQ‘zoz (Sumitomo) (84 Wt%)

. Electronic additive: acetylene black (4 wt%) + SFG-6 graphite (Timcal) (4 wt%)

. Binder: polyvinylidene fluoride (-CH,-CF,-),,(PVDF), (Kureha KF-1100 (8 wt%)

Negative electrode

. Blend of MCMB-6-2800 graphite (Osaka Gas) (75 wt%), and SFG-6 (Timcal) (16 wt%)

. Binder: PVDF (Kureha C) (9 wt%)

Electrolyte

. LiPF¢/EC (ethylene carbonate)+DEC (diethyl carbonate) 1:1

Separator

. polyethylene (PE) Celgard separator (37 micron thick)

Three hundred cells were built (18650-size; 64.9 mm high, 18.12 mm diameter) and shipped to
various national laboratories (ANL, BNL, INEEL, LBNL, and SNL) for electrical performance testing,
and physical/chemical diagnostic analysis. The cell distribution is given in the test plan.' For the various
temperature tests, controlled temperature chambers having both heating and cooling capabilities were

used. Temperature control was usually +3°C.

The ATD Gen 1 cell limits are as follows:

Discharge

Minimum discharge voltage: 30V

Maximum discharge current: 2.0 A continuous; 7.2 A (8°C) for up to an 18-s pulse; and
13.5 A (15°C) for up to a 2-s pulse

Maximum discharge temperature: 70°C

Charge and Regen
Maximum charge/regen voltage: 4.1 V continuous; 4.3 V for up to a 2-s pulse

Maximum charge/regen current: 0.9 A continuous charge current; 12 A maximum regen
current for up to a 2-s pulse



Maximum Charge Temperature: 40°C
Maximum Regen Temperature: 70°C

Recharge Procedure

Charge at 0.9 A (C/1) constant current rate to a voltage of 4.1 V; continue to apply a constant
voltage of 4.1 V for 2.5 hr total recharge time. All recharging is to begin at 25 + 3°C.



3. ELECTRICAL PERFORMANCE TESTS

Characterization tests were performed on all the cells following a pretest readiness review. The
characterization tests included a C/1 static capacity test; low- and medium-current hybrid power pulse
characterization (L-HPPC and M-HPPC, respectively) tests at 2.7 A and 7.2 A, respectively; and a 7-day
self-discharge test at 3.660 V, which corresponds to 50% state of charge (SOC). Thermal performance
tests consisting of the static capacity and low-current HPPC tests were performed on four cells at ambient
temperatures of +5 and +40°C. Finally, reference performance tests (RPTs) were conducted on all cells
prior to beginning the life testing. The RPTs consisted of a single C/1 constant-current discharge, one
medium-current HPPC test (M-HPPC), and impedance measurements at 1 kHz at 100 and 0% SOC. The
RPTs were repeated every 4 weeks for the cells at 40, 50, and 60°C, and every 2 weeks for the cells at
70°C.

This report will deal with the calendar-life testing of these cells using a special test developed by
the ATD Program. The special calendar-life test is theoretically charge-neutral, so it will not perturb the
SOC of the cell any more than absolutely necessary. The magnitude and duration of the test discharge
and regen are relatively modest, compared with the corresponding M-HPPC test profile, so it will have
minimal effect on the thermal condition of the cell under test. [The magnitude and duration of the
discharge pulse for this test (i.e., 3.6 A for 9 s) was set to one-half the corresponding values used for the
M-HPPC test.] The test incorporated a somewhat longer-than-normal rest period after the discharge pulse
to allow additional time for voltage recovery before the regen pulse. The calendar-life test profile is
shown in Table 1 and Figure 1 (see Appendix A). Note that positive values for the current correspond to
a constant current discharge.

Each cell tested using the calendar-life test was assigned a temperature and target state of charge,
SOC, (either 60 or 80% SOC in this study). The determination of the voltage at a given SOC was
determined from a calibration table provided by ANL that showed the voltage at a given SOC, as found
by conducting C/25 discharges on a number of test cells. The discharge and regen resistances were
calculated using R = AV/AL, i.e., the change of the voltage of the cell at the beginning of the discharge (or
charge) to the end of the discharge (or charge) divided by the change in the current during the discharge
(or charge). For the calendar-life tests (see Figure 1 and Table 1), the discharge was held constant, but the
voltage did change during the course of the discharge or recharge. The test was conducted once per day
for a 4-week period for the 40, 50, and 60°C tests, and for a 2-week period for the 70°C test. This is a
new calendar-life test designed to obtain additional resistance data at regular intervals without unduly
cycling the cells. The idea was to apply a single-pulse profile once per day from which the discharge and
regen resistances could be calculated.

Table 1. Special calendar-life test pulse profile.

Cumulative

Step Time Cumulative Time Current Charge Charge
(s) (s) A) (A-s) (A-s)

9 9 3.6 32.40 32.40

60 69 0.0 0.00 32.40

2 71 -3.6 -7.20 25.20

2 73 0 0 25.20

47 120 -0.54 25.38 0.18




Restating the test sequence: Reference Performance Tests (RPTs) at 25 + 3°C were conducted on
all cells designated for testing, using the calendar- and cycle-life tests, and periodically during life testing.
Each set of RPTs consisted of a single C/1 constant current discharge, a medium-current HPPC test, and
impedance measurements at 1 kHz at 100 and 0% SOC. Cells undergoing life testing at 40, 50, and 60°C
underwent RPTs every four weeks. Cells undergoing life testing at 70°C initially underwent RPTs every
two weeks. An end-of-life criterion was set as being when a cell was unable to perform the medium-
HPPC test at 60% DOD as specified by falling below the 3-V minimum voltage during the test. RPTs
were performed prior too and after the 4-week or 2-week test interval, depending on the calendar- or
cycle-life test temperature.

Some of the cells, as mentioned above, were subjected to cycle-life testing as part of their
performance evaluation. The test results and modeling for these cells will be published in a separate
report. The test profiles are presented here to compare to the calendar-life test described above. The
cycle-life test profiles for the delta 3, 6, and 9% SOC are given in Tables 2 through 4, respectively. They
are also shown in Figures 2 through 4. These test profiles are charge neutral, as shown. The test profiles
were conducted once the cell had reached the test temperature (either 40, 50, 60, or 70°C). Each cell
undergoing cycle-life testing was tested at the target temperature and SOC for 100 iterations, with a 1-hr
rest period before and after the 100 profiles. The cells underwent the cycle-life test for a 4-week period
for the cells tested at 40, 50, and 60°C, and for a 2-week interval for the cells tested at 70°C. As for the
calendar-life tests, C/1 and M-HPPC reference tests (at 25°C) were performed before and after the 4-week
or 2-week test interval.

Table 2. ATD cycle-life delta 3% SOC pulse profile.

Step Time Cumulative Time Current Charge Cumulative Charge
() (s) A) (As) (A-s)
14 14 7.20 100.80 100.80
10 24 0.00 0.00 100.80
2 26 -6.48 -12.96 87.84
2 28 0.00 0.00 87.84
32 60 2.745 -87.84 0.00
20 80 0.00 — —

Table 3. ATD cycle-life 6% SOC pulse profile.

Step Time Cumulative Time Current Charge Cumulative Charge
(s) (s) (A) (A-s) (A-s)
14 14 7.20 100.80 100.80
10 24 0.00 0.00 100.80

2 26 -6.48 -12.96 87.84
2 28 0.00 0.00 87.84
14 42 7.2 100.80 188.64
10 52 0.00 0.00 188.64
2 54 -6.48 -12.96 175.68
2 56 0.00 0.00 175.68
64 120 2.745 -175.68 0.00
40 160 0.00 — —




Table 4. ATD cycle-life 9% SOC pulse profile.

Step Time Cumulative Time Current Charge Cumulative Charge
(s) (s) A) (As) (As)
14 14 7.20 100.80 100.80
10 24 0.00 0.00 100.80

2 26 -6.48 -12.96 87.84
2 28 0.00 0.00 87.84
14 42 7.20 100.80 188.64
10 52 0.00 0.00 188.64
2 54 -6.48 -12.96 175.68
2 56 0.00 0.00 175.68
14 70 7.20 100.80 276.48
10 80 0.00 0.00 276.48
2 82 -6.48 -12.96 263.52
2 84 0.00 0.00 263.52
96 180 2.745 -263.52 0.00
60 240 0.00 — —




4. CALENDAR-LIFE TESTS AT 80% SOC

4.1 Discharge Resistance

For the calendar-life tests conducted at 80% SOC, cells were tested at both the INEEL and SNL.
The data discussed here combined all of the available discharge and regen resistances as measured by
each of the two laboratories. Note, however, that some of the cells tested under a given temperature
condition failed prior to, or during, the calendar-life test. When this occurred, the data for that cell is not
included in the averaged data presented below. Figures 5 through 8 (see Appendix B) show the discharge
resistances at 40, 50, 60 and 70°C, respectively. The notation convention used in this report is to identify
the test condition as (xxCyy), where xx gives the %SOC (either 80 or 60%) of the cell during the test, C
signifies that it is a calendar-life test, and yy specifies the test temperature (either 40, 50, 60, or 70°C).
Thus, 80C40 specifies a cell tested at 80% SOC, using the calendar-life test, and tested at 40°C. Figure 5
shows the discharge resistance (designated Rdis) as a function of time at test temperature at the (80C40)
test condition. Data from six test cells are shown. The test laboratory, either INEEL or SNL, and the
corresponding cell, three cells at each test lab, as a function of time at test temperature are designated in
the legend by SNL#1, SNL#2, etc. Note that the first calendar-life test is designated as day zero. The
break in the data at day 27 (first 4-week test period) is due to the fact that the cells were cooled down to
25°C for conduct of the reference performance (RPT) tests. The cells were then reheated to the test
temperature, 40°C, and the calendar-life testing resumed for the next 4-week period. Not all of the cells
made it past the first 4-week period; thus, only data from the four surviving cells are shown for time-at-
test temperature from day 28 to day ~53. Figure 5 also shows the average of all of the data as a function
of time at test temperature. The discharge resistance data shown (40°C) in Figure 5 had the largest
variation between the labs compared with the tests done at 50, 60, or 70°C (Figures 6 through 8,
respectively). Figures 6-8 show the discharge resistance as a function of time at test temperature for the
50, 60, and 70°C tests. Each test temperature had its own group of test cells. Thus, a cell was tested at a
designated temperature. For the 50°C test, six cells made it through the first 4-week test; two cells made
it through the second four-week period. For the 60°C test, five cells were tested at this temperature. Only
one cell made it to the second 4-week test interval. Four cells were tested at 70°C for the first 2-week
period. One cell made it to the second 2-week test. Figure 9 gives the average (as averaged over all of
the available test data) discharge resistance (Rdis) as a function of time at test temperature. The
resistance for all of the test temperatures is seen to increase nonlinearly as a function of test time. In
general, the discharge resistances decrease as the temperature is increased. This true for all of the data
except at 70°C, where the resistance is slightly greater than that measured at 60°C. One would expect that
the resistance at this temperature would follow the general trend and be lower than at the other
temperatures. The unusual 70°C data behavior probably indicates that an additional mechanism (or
mechanisms) responsible for cell degradation is (are) occurring at this temperature. This point is
discussed later in the report.

Figure 10 displays the percent-change in the resistance at the four temperatures as a function of
time at test temperature. It was observed that the percent-change of the resistance for the 40, 50, and
60°C tests has very similar changes and overlaps one another. However, the 70°C data do not follow this
general trend, as the percent-change is seen to increase at a greater rate than at the other three
temperatures.

A functional form for the description of the time, temperature, and state-of-charge dependence of
the discharge and regen resistance was assumed as follows:

R(t,T,SOC) = A(T,SOC)F(t) + B(T,SOC) (1)



Where t is the time at test temperature (in days), T is the test temperature, and SOC is the state of charge
of the battery at the start of the calendar-life test. A(T,SOC) and B(T,SOC) are assumed to be functions
of the temperature and the state of charge only. The function F(t) is assumed to be only a function of the
time at test temperature. The following results will concern the verification of this relationship and to
find the functional forms for A(T,SOC), B(T,SOC), and F(t). Once these functions have been
determined, then a physical/chemical basis for the functional forms is attempted using the fits to the
discharge and regen resistance as a guide.

In an attempt to understand the nonlinear increase in the resistance as a function of time at test
temperature (in days), the resistance data were fit to a number of functional forms, as shown in Figures 11
through 17. The reason for plotting the data as various functions of test time is to try and determine not
only the time dependence of the resistance increase, but, if the a functional form for the time dependence
can be found, to ascertain a physical/chemical process that will account for the resistance increase with
time. This information could then be used to understand the process(es) responsible for the cell
degradation and in turn suggest possible changes in the construction of the cells. An additional aspect of
the determination of the functional form of the time-dependant degradation would be to predict the
calendar (and cycle) life of the cells at various test temperatures. In Figures 11 through 17, the data
shown in Figure 9 are shown as open symbols, with the best fit (using the listed functional form given in
each figure) being represented by dashed lines. Regression analysis for the best fit to the function was
obtained using Microsoft Excel. In some of the figures, the coefficients of the fit are given as well. The
goodness-of-fit parameter is given by the value R?, which is often referred to as the correlation
coefficient. R* =1 would be the best correlation of the data to the fitting function. Figure 11 is a linear
fit to the time at test temperature. Figure 12 is a quadratic fit. Figure 13 is an exponential fit. Figure 14
is a logarithmic fit. Figure 15 is a fit to the time raised to the 3/2 power (t"). Figure 16 is the time at test
temperature raised to a power (t"). Figure 17 is the square root of the test time (t'%). Higher order
polynomial fits to the data would, of course, give better fits to the data, but the physical significance
would be very hard to explain in terms of a physical/chemical model of the process(es). The functions
that correlated the data the best are the square root of test time, and the logarithm of test time. The time
raised to a nonintegral power and the quadratic function of the test time also correlate the data well, but a
physical/chemical model to account for such time dependence is not known, as is discussed below.

What are the mechanisms responsible for the resistance and increase in the resistance of a lithium
ion battery? Zhang et al.” have discussed the possible mechanisms. The total resistance of the carbon
anode and the metal oxide cathode is the sum of the following resistances: (a) electrolyte solution,

(b) surface layer, (c) anode and cathode particle to particle contact, (d) anode and cathode to current
collector, and (e) charge transfer. The interfacial impedance at the discharged state is larger when
compared with the charged state for both the carbon and metal oxide electrodes. Experimental results
using electrochemical impedance spectroscopy (EIS) show that the impedance of lithium ion cells, at least
with LiCoQ; electrodes, is dominated by the positive electrode, i.e., the cathode. The total cell
impedance was found to increases with a decrease in the SOC. Upon consideration of the multitude of
possible mechanisms that can lead to resistance increases as the cell ages, the fact that a thin film, often
referred too as the SEI (solid electrolyte interface) layer arising from the decomposition of the electrolyte
and salt is a likely candidate. When the electrodes are in the charged state, a large portion of the Ni™ and
Co™ cations will be present in the cathode. These ions have a strong oxidizing power and can react with
the electrolyte and salt at the cathode/electrolyte interface. This reaction can cause decomposition of the
electrolyte and salt to form a solid electrolyte interface (SEI) layer on the cathode. After extended
cycling, the LiNi; 1 Co,O, electrode will be heavily passivated, resulting in a large resistance at the
interface. Due to this increase in resistance, the reaction rate will be lower for both lithium ion insertion
(intercalation) and deintercalation. The earliest reference to the SEI layer that the authors are aware of is
that by Goodenough et al.®, who state that the polymeric surface layer must be in a dynamic state that
depends on cell temperature and state of charge, and the extent of aging of the cell. The resistances



directly relate to the thickness of the surface layer. The SEI layer that forms on carbonaceous electrode
materials consists of many different materials, including LiF, Li,CO3, LiCO-R, Li,O, lithium alkoxides
(Li-O-R, where R is a hydrocarbon), nonconductive polymers, and a number of other possible chemical
compounds composed of electrolyte and salt decomposition products. The formation of the SEI layer
mainly occurs during the initial formation (charging) cycle of the battery. The implication of the SEI
layer on the carbon electrode is that it will cause a voltage drop across the layer. This will in turn modify
the structure of the double layer at the carbon electrode/electrolyte interface, which generally increases
the charge transfer resistance at this interface. Cycling will also cause capacity loss due to damage and
disorder in the metal oxide cathode particles. Cycling induces severe strain, high defect densities, and
occasional fracture of the particles.” Severely strained particles exhibit cation disorder. These processes
lead to changes in the thermodynamic properties and contact resistance of the metal oxide particles. The
accumulation of strain in the particles may cause partial shedding of the electrode material from its
current collector. A portion of the lithium ions in the cathode can also become inactive due to cation
disorder. However, the main loss in the cathode, for example LiCoO,, is mainly caused by the change in
resistance on the surface of the particles.

White et al.” have also discussed some of the processes known to result in capacity fade in lithium
ion cells. These are lithium deposition on the anode (over-charge condition), electrolyte decomposition,
anode and/or cathode active material dissolution, phase changes in the anode and cathode materials, and
passive film formation over the electrode and current collector surfaces (SEI layer formation). The
negative electrode material is metallic (carbon), and, therefore, its contribution to the overall ohmic
resistance should be negligible. Its electrical conductivity would not be expected to change with cycling.
The metal oxide positive electrode (i.e., the cathode) if composed of Li,CoO, is a semiconductor.
Therefore, its conductivity would be invariant with cycling when it is measured at a certain voltage, i.e.,
when the lithium-ion content in the cathode solid matrix is kept at a certain level. Ionic conductivity of
the electrolyte also does not contribute significantly to the measured conductivity. This was substantiated
by the work of Narayanan et al.,® who state that the process of lithium ion diffusion in the anode and
cathode lattice is considerably slower that that in the electrolyte. Therefore, the lithium ion diffusion in
the electrode materials would be one of the rate-limiting steps. Thus, the processes affecting the
impedance directly relate to the electrode materials and their interactions with the electrolyte, i.e., the SEI
layer. Ozawa,” and Megahed and Scrosati'® have also discussed and confirmed these processes.

G. Nagasubramanian,'' using electrochemical impedance spectroscopic (EIS) methods finds that the
impedance is mostly due to the cathode. He also found that the interfacial impedance increases as the
SOC of the cell decreases. From his measurements, he finds that the cell impedance comes mostly from
the cathode/electrolyte interface, not from the anode/electrolyte interface. Guyomard et al.' also
conclude that oxidation of the electrolyte is the main failure mechanism for lithium ion batteries.

The extensive work of Auerbach et al."'* also give an overview of the processes occurring in a
lithium ion cell. In parallel to the flux of lithium ions to and into the electrodes, there is a flux of
electrons from the current collector to the anode or cathode materials, which balances the charge. This
electron flux also has to overcome resistance that exists among the electrode particles, all of which are
partially covered by electronically insulating surface films, i.e., an SEI layer. Lithium intercalation into
the graphite anode or the metal oxide cathode is a serial multistep process in which lithium ions have to
first migrate through the electrolyte and then through the surface films that cover the electrodes. After
this migration, insertion into the electrode material is accompanied by a charge transfer at the
film/electrode material interface. This is then followed by solid-state diffusion of lithium into the
electrode material. Finally, lithium accumulates within crystallographic sites in the bulk electrode
material via phase transition(s) between the various intercalation stages. The intercalation stages,
particularly for the metal oxide, depend on the crystalline structure of the electrode. The process of
charge transfer resistance can be related to three different processes: (1) Li-ion transfer at the solution-
surface film interface, (2) Li-ion transfer at the surface film-electrode, and (3) interparticle electron
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transfer between the particles constituting the electrode material. They also state that the increased
resistance observed upon cycling the battery mostly reflects changes in the surface structure of the
electrodes. After prolonged cycling, there are phenomena such as expansion and contraction of the
electrode material’s volume, which leads to local breakdown of the electrode’s passivation layer (on a
microscopic level). This allows continuous reduction and oxidation of the electrolyte species. While the
process occurs on a very small scale, it thickens the surface films and consequently the electrode’s
impedance increases, particularly in the time constants that relate to lithium ion migration through the
surface films, whose increasing thickness upon cycling makes them more resistive. The electrolyte
composition has a great impact on the surface films and, depending on its composition, the surface films
may be the dominant factor that determines the impedance of the electrode. However, this behavior may
not be stable, i.e., the electrode’s impedance, especially in the features that relate to the surface films,
increases upon storage and may also change as a result of thermal cycling, and the charging and
discharging of the battery.

The above discussion on the processes occurring in a lithium ion battery is only a brief overview of
the processes involved. The literature concerning this topic is very extensive. In summary, the overall
insertion process of lithium into the battery electrodes is quite complicated. It includes diffusion of
lithium ions in the solution phase, their migration through the surface films (SEI layer) covering the
electrode particles (which are ionically conducting and electrically insulating), solid state diffusion,
accumulation/consumption of lithium in the bulk (accompanied by a flux of electrons that counterbalance
the charge), and finally phase transition(s) among the crystalline structures of the electrode materials.
Thus, a lithium ion battery is a very dynamic system that depends on its construction, the materials used
in its assembly, the rate of charge and discharge, the state of charge, and its temperature. One
physical/chemical process that stands out as a candidate for having the greatest impact on the impedance
of the cell is the SEI layer, its growth, composition, structure, and thickness.

Looking at possible analogous processes that grow thin films upon a solid surface, one can
consider the oxidation of metals. Upon examination of the various reaction rates and corresponding rate
equations for the oxidation of metals, it is found that they are functions of a number of factors, such as
temperature, oxygen pressure, elapsed time of reaction, surface preparation, and pretreatment of the
metal. Although rate equations alone are insufficient for interpretations of oxidation mechanisms, these
equations may be used to classify the oxidation of metals and may as such often limit the interpretation to
a class of alternative mechanisms. The rate equations most commonly encountered may be classified as
logarithmic, parabolic, and linear. They represent only limiting and ideal cases. Deviations from these
rate equations and intermediate rate equations are also often encountered. In many instances, it may be
difficult to fit rate data to any simple rate equation or combination of rate equations. In the following
discussion, an analogy is made between a process occurring at the various surfaces present in a lithium
ion battery, the exact nature having been, as yet, not definitively determined, and the growth of an oxide
film on a metal surface."”"®

Logarithmic Rate Process. This process is characteristic of the oxidation of a large number of
metals at low temperatures where the reaction is initially quite rapid and then drops off to low or
negligibly small values. This law is generally found to be applicable for the formation of very thin films
of oxide that are between 20 and 40 Angstroms thick and at low temperatures. This behavior is often
described by logarithmic rate equations that include the following direct logarithmic rate equation:

Differential form: dx/dt = k/(t + t,) 2)
Or
Integral form: x = (k)[Ln(t + t,)] + a 3)
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Where k is the rate constant, t, the initial time at which the thickness, x, of the film at time zero
from the start of the continued film growth is a. Interpretations of the logarithmic rate law have been
based on the adsorption of reactive species, among other processes. Adsorption has been assumed to be
the rate determining process during early oxide formation. The processes of adsorption and subsequent
nucleation have been shown to lead to the initial nucleation of metal oxide at discrete sites on the metal
surface. These oxide islands then proceed to grow rapidly over the metal surface until complete coverage
is eventually achieved.

Parabolic Rate Equation. At high temperatures, many metals are found to follow a parabolic time
dependence:

Differential form: [dx/dt] =k/x 4
Integral form: x*> =kt + ¢ (5)
Or

x oc t'? (6)

Thus, the thickness of the thin film is proportional to the square root of the time that the film growth is
occurring. As a general rule, parabolic oxidation signifies that a thermal diffusion process is rate
determining.'>'® Thermal diffusion processes generally have a temperature dependence given by an
Arrhenius-like process (discussed later) where the diffusion is given by’

D = D,[exp(-E/RT)] (7

Where D is the diffusion constant in cm*/sec, D, is the diffusion constant at very high temperature, E is
the activation energy associated with the diffusion process, R is the gas constant, and T is the Kelvin
temperature. Such a process may include a uniform diffusion of one or both of the reactants through a
growing scale, or a uniform diffusion of gas into the metal.

Linear Rate Equation. Linear oxidation may be described by

Differential form: [dx/dt] =k ®)
Or
Integral form: x =kt +c )

Where k is the linear rate constant, and c is the integration constant, i.e., the thickness of the film at time
t=0. In contrast to the parabolic and logarithmic rate equations, for which the rate of reaction decreases
with time, the rate of linear oxidation is constant with time and is thus independent of the amount of gas
or metal previously consumed in the reaction. This growth law is found to describe metal oxidation
reactions whose rate is controlled by a surface reaction step or by diffusion of one of the reactants to the
metal surface.

The analogy to the case of the lithium ion battery is that there would be a film growing on the
surface of the anode and/or cathode materials over a period of time that would be temperature dependent.
The nature of the thin film would also depend on the electrolyte and the composition of the electrodes.
The thickness of this thin film could give rise to an increase in the resistance of the cell as the rate of
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migration into/out of the anode and/or cathode materials would be impeded by the thin film. The thicker
the thin film, the lower the mobility of the lithium ions and, thus, the higher the resistance.

Of the various model fits to the resistance data discussed above, the only ones that have possible
physical significance are the logarithm of the test time (shown in Figure 14), the square root of the test
time (observed to fit the data quite well as shown in Figure 17), and the test time raised to the first and
three-halves power (which are not observed to fit the data, as is shown in Figure 11 or Figure 16). The
square root of the test time actually correlates the data the best, as is shown in Figure 17.

The square root of test time could also correspond to a one-dimensional diffusion process.*’ *°*
The test time raised to the first power could correspond to a two-dimensional diffusion process, and the
test time raised to the 3/2-power to a three dimensional diffusion process.””°** The best fit to the time
dependence of the resistance is the square root of the time at test temperature, as the R* values are quite
high, as shown in Figure 17. It may well be that as the cell ages the SEI layer grows in thickness, leading
to an increase in the resistance, due to a decrease in the migration rate of the lithium ions into/out of the
anode and/or the cathode. The stresses experienced by the cathode particles during change and discharge,
and during temperature variation, could lead to fracturing of the particles, as mentioned. This would
effectively expose new surfaces on which a SEI layer would grow, thus effectively increasing the cathode
resistance. This resistance would be observed as an increase of the discharge and charge resistances
measured during the calendar-life test. If the increase in the discharge and regen resistance is
proportional to the square root of time at test temperature, then the resistances can be expressed by a
function having the form

R(t,T,SOC) = A(T,SOC)t"> + B(T,SOC) (10)

Where the discharge and regen resistance, R(t,T,SOC), is a function of time, t, test temperature, T, and
state of charge, SOC. That there is a dependence on the SOC is verified by comparing the discharge and
regen resistance when the calendar-life test is conducted at 80 or 60% SOC (discussed later in this report).
The functions A(T,SOC) and B(T,SOC) are assumed to be functions of the test temperature and SOC. To
determine the temperature dependence of the functions A and B, one can plot the fitting coefficients
determined from the fits shown in Figure 17 as various function of the test temperature. Shown in
Figures 18 and 19 are plots of the function A(T) for the discharge resistance as two different functions of
test temperature. Figure 18 plots A as a linear function of temperature (in degrees centigrade). It is
obvious that at the test temperatures of 40, 50, and 60°C the A function is fairly linear in temperature,
with A decreasing as temperature increases. The value of A at 70°C does not fall on this straight line,
which indicates that some additional unknown process is occurring at this temperature that is not a
continuation of the process(es) occurring at the lower temperatures. The fitting parameters and the R?
values are given in the figure. In Figure 19, the A parameter is plotted as an inverse function of the
temperature (in Kelvins) using an exponential fit, i.e., A =a[exp(b/T)]. This type of function occurs in a
number of physical/chemical processes, such as chemical kinetics and in diffusion. A functional form or
this kind is generally referred too as Arrhenius-like behavior, as it applies to a chemical reaction or to a
diffusion-type of process. Arrhenius initially proposed the following equation for the interpretation of the
temperature dependence of chemical reactions. The equation is

k = Alexp(-E./RT)] (11)

Where k is the rate of the process, A is a preexponential factor having the same units as k, E, is an
activation energy representative of an energy barrier over which the process (chemical reactant, diffusing
species, etc.) must overcome in order to proceed, R is the gas constant, and T is the temperature in Kelvin.
For positive values of the activation energy, the rate will increase as the temperature increases. The
physical process leading to Arrhenius-like behavior is that the rate of the process requires that an energy
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barrier be overcome in order for the thermally activated process to occur. The probability for overcoming
the energy barrier, in its simplest form, is given by a function of temperature which is oc exp(-E/RT). The
fit of A to this functional form of the temperature is quite good for 40, 50, and 60°C, but the 70°C value
again does not fall on the fitting curve. Two fits are given in Figure 19, one for when only the 40, 50, and
60°C data are used, and one for when all the temperature data are used. The fitting parameters and the R?
value are given in the figure. The author knows of no physical/chemical process that would lead to a
process linear in temperature that is shown in Figure 18, which also correlates the data quite well. Using,
then, the fit to the exponential of the inverse temperature, the A parameter can be expressed as:

A(T) = a[exp(b/T)] (12)
Where a is the fitting coefficient having the units of (ohms/test time'?), and b has the units of temperature
in Kelvin. The b fitting parameter can be related to an activation energy, Egis a, using b = Eg; /R where R
is the gas constant equal to 8.315 J/mole/K, or 1.987 calories/mole/K. Similarly, the discharge B
parameter is plotted as a linear function of the temperature, in centigrade, in Figure 20 for when all the
temperatures are included and when only the 40, 50, and 60°C Bdis values are included. The best fit is
for when only the 40, 50, and 60°C temperatures are included in the fit. Figure 21 is a plot of the
discharge B parameter as an exponential fit to the inverse test temperature in Kelvin. Again, the 70°C
value does not correlate well with the other temperatures. The most reasonable fit to the discharge B
parameter is thus given by the expression

B(T) = c[exp(d/T)] (13)

Where c is a coefficient having the units of ohms and d is the fitting parameter having the units of
temperature in Kelvin. As before, the b parameter can be related to an activation energy using b= Egis s/R,
where R is again the gas constant (8.314 joules/mole/K or 1.987 calories/mole/K). Egp can be expressed
in units of calories/mole or joules/mole, depending on the values used for the gas constant. From Figures
19 and 21, the value of E,¢ 4 is 7.74 kjoule/mole (1.848 kcal/mole); the value of E,p is 12.2 kjoule/mole
(2.91 kcal/mole). Note that the parameters a, b, ¢, and d can be state-of-charge dependent. This is indeed
the fact, as will be shown when the 60% SOC discharge and regen resistance data are analyzed later in
this report. However, it should be restated that since the tests were only conducted at two states of
charge, a model for the state-of-charge dependence could not be determined, as only two data points were
available. This topic is further discussed later in this report. The final relationship for the discharge and
regen resistance is, therefore, the following:

R(t,T,SOC) = a(SOC){exp[b(SOC)/T]}t"* + ¢(SOC){exp[d(SOC)/T]} (14)

Where a possible state-of-charge dependence of R, a, b, ¢, and d has been shown. The other parameters
are as previously defined.

Figure 22 shows the model prediction using Equation (14) for the case when all of the temperature
values (40, 50, 60, and 70°C) are used in determining a, b, ¢, and d. The values of these parameters are
given in Figures 19 and 21. The raw data values are the same as shown in Figure 9 and are presented
with the model predictions. The fits are not bad, but the 70°C data are not well correlated, as should be
the case, as previously discussed. Figure 23 shows fits to the resistance data for the model given in
Equation 14 when the values for a, b, ¢, and d were determined using only the 40, 50, and 60°C data. This
model gives quite excellent fits to the 40, 50, and 60°C resistance data. The model using these fitting
parameters does not fit the 70°C, as would be expected. Figures 24 and 25 show the model predictions
for when all of the temperatures are used in the model fits (Figure 24) and when the 70°C data are
excluded in the fits (Figure 25). The resistances are calculated up to five years for temperatures of 0, 25,
40, 50, 60, and 70°C. As can be seen by comparing the model prediction given in these two figures, there
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are considerable differences in the predictions at longer times at test temperature and also as a function of
test temperature. It has been previously acknowledged that the data at 70°C is anomalous due to the onset
of different physical/chemical processes at this temperature. This may also be the case at 0°C where the
onset of new processes may occur, in particular the decreased ion mobility of the electrolyte.

Upon comparison of the data analysis when the temperature dependence of the resistance is fit
using the linear in test temperature relation (see Figures 18 and 20) compared to when the exponential of
the inverse temperature is used (see Figures 19 and 21), there arises a difference in the model predictions.
The linear temperature model would have the following formula for the resistance as a function of test
time at temperature, and test temperature given by

R(t,T) = [eT + f]t"* + [gT + h] (15)

The model predictions using this equation are shown in Figure 26. The fit is not bad, excluding the 70°C
temperature data. One can also use the logarithm of the test time at temperature to fit the resistance data
(see Figure 14). Using the exponential of the inverse of the test temperature, the formula for this
correlation is given by the relation

R(t,T) = [i][exp(/TI[Ln(t)] + [k][exp(l/T)] (16)

The model predictions using this form of the model, excluding the 70°C data, to determine i, j, k, and 1 as
before are shown in Figure 27. The fit is not as good, particularly at the shorter times at test temperature.

There arise, of course, differences in the model predictions for longer times at test temperature.
These differences are shown in Figure 28. In this figure, the percent difference between the square root of
the test time at temperature in combination with the exponential of the inverse temperature, and the
approach using the square root of test time at temperature and the linear function of test temperature, are
plotted as a function of time at test temperature. The difference between the two approaches is shown
over a period of 365 days as a function of the time at test temperature for test temperatures of 25, 40, 50,
and 60°C. The model equations used for both approaches are shown in the figure for reference. The data
fit for both approaches do not include the fits that include the data at 70°C. This figure shows that there
can be considerable differences between the two models (up to +13%). As there are no data at 25°C or at
longer test times, it is currently not possible to verify these predicted differences at these temperatures and
test times. Similarly, a comparison can be made with the above three models: square root of test
time/exponential of inverse temperature, square-root test time/linear in test temperature, and logarithm of
test time/exponential of inverse temperature. The three model predictions for the time at test temperature
over a period of 365 days at a test temperature of 25°C are shown in Figure 29 (the model predictions do
not include the 70°C data in the fits). As expected, the logarithmic time/exponential inverse temperature
model increases rapidly initially and then tends to predict a rather small increase in resistance as time
proceeds. There is a small difference in the logarithmic time/exponential inverse temperature model and
the square-root time/exponential inverse temperature model at time less than ~25 days, but the difference
increases rapidly after that, with the square root time/exponential inverse temperature model predicting a
much more rapid resistance increase. The square root time/linear temperature model follows the general
shape of the square-root time/exponential inverse temperature model but predicts lower values over the
displayed time frame.

There is also another way of explaining the observed exponential of the inverse temperature model.
The diffusion constant is often found to vary with temperature, as:'’

D = Dexp(-E/RT) (17)
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Where D is the diffusion constant, or diffusivity, and has the unit of cm*/sec, D, is the limiting diffusion
at high temperatures, E is the activation energy for diffusion, R is the gas constant, and T is the
temperature in Kelvin. E corresponds to the energy for the thermally activated diffusion of an atom or ion
in a solid. The exponential term accounts for the fact that the atom or ion will have sufficient thermal
energy to pass over the potential energy barrier a fraction exp(-E/RT) of the time and, thus, is a
probability function. The diffusion coefficient of lithium in the electrolyte is four to five orders of
magnitude larger than the diffusion coefficient of lithium in the cathode (and anode) and, presumably,
through the SEI layer. For the case when the diffusing species are charged, the ionic mobility and the
conductivity from the diffusivity are given by the relations'

Ionic mobility o« (1/RT)D = (1/RT)D,exp(-E/RT) (18)
Conductivity oc lonic mobility o (1/RT)D,exp(-E/RT) (19)

As the resistivity is inversely proportional to the conductivity, then one may model the resistance, which
is proportional to the resistivity, as

Resistance oc (RT)exp(E/RT) (20)

This expression is similar to that used previously, except for the additional preexponential temperature
term, T, multiplying the exponential function of the inverse of temperature. Equation 20 also predicts that
the resistance would decrease with increasing temperature if E is positive. This has been confirmed
experimentally. From this relationship, an additional model for the discharge and regen resistance could
be fit to the temperature dependence of the resistances using Equation (20). This new model could be
compared to the model predictions when there is not the preexponential temperature factor, as in Equation
(14). The approach used consists of using the square root of time at test temperature to correlate the time
dependence of the discharge and regen resistances as in equation (14). The temperature dependence of
A(T) and B(T) would now be A(T) = (a)(T)exp(b/T), and B(T) = (¢)(T)exp(d/T), as is described above.

In order to fit these expression for A(T) and B(T), the expressions where these parameter were
determined from fitting the square root of time dependence, the functions A(T)/T = (a)exp(b/T) and
B(T)/T = (c)exp(b/T) were used. These fits are shown in Figures 30 and 31, respectively. For both of the
given fits, only the values of A(T)/T and B(T)/T at 40, 50, and 60°C were used, as the 70°C data do not
correlate well with the other temperatures. Having determined A(T) and B(T), a fit to Rdis using the
experimental data as shown in Figure 9 could be made. Figure 32 shows these results. The fits are quite
good, except for the 70°C data. A prediction for the discharge resistance up to five years for temperatures
of 0, 25, 40, 50, 60, and 70°C are shown in Figure 33. All the temperature predictions display a nonlinear
increase as test time increases. As discussed, as there are no data available at these longer test times,
comparison to the predictions using this model cannot be made from this study.

Two models appear to correlate the discharge resistance at temperatures of 40, 50, and 60°C: one
model where the temperature is expressed as an exponential of the inverse of the temperature, and one
where the temperature is modeled also using an exponential of the inverse temperature but includes a
preexponential term in temperature raised to the first power. A comparison is shown in Figure 34
between when the preexponential temperature is used and when it is not. There is only a very slight
difference in the two different methods, which is not easily discernable in the figure. Figures 35 and 36
calculate the difference between the two. The greatest difference is for a temperature of 0°C, which
amounts to a difference of ~2.5 milliohms over a period of up to one year. These differences are probably
within the margin of error of the data used for the curve fitting. The two models have a physical basis in
ion diffusion-types of mechanisms for, presumably, the transport of the lithium ions into/out of the
electrodes and/or through the SEI layers on each of the electrodes. The ion conductivity model, which
has a preexponential temperature factor, is probably the most physically satisfying. However, the data are
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not sufficiently accurate to discriminate between the conductivity model and when the preexponential
temperature is not included in the model, i.e., the pure diffusion model. The conductivity model naturally
accounts for the resistance being related to the inverse of the conductivity and the resulting temperature
dependence of the resistance decreasing as the temperature increases. This is observed, in general,
experimentally. Although the conductivity model has a preexponential factor linear in temperature, the
model is dominated by the exponential function of the inverse temperature, at least over the temperature
range of the tests.

As an additional correlation of the temperature dependence of the data, Figures 37 through 40 show
the analysis of the data when a quadratic function of the temperature is used. This model is not based on
any clear physical model, but it is instructive to examine the case when the data are fit using a purely
curve fit-based correlation method. Again, a square root of the time at test temperature was used to fit the
time dependence of the resistance data. The functions A(T) and B(T) are fit to a function of the form
A(T) and B(T) = aT* + bT + ¢, where a, b and c are fitting coefficients. The same values of A and B are
as previously used as determined from the square root of test time dependence fits. The fits to the values
of A(T) and B(T) are shown in Figure 37 and 38, respectively. Observe in the figures that by using the
quadratic function the values of A(T) and B(T) at 70°C are included in the fits due to the greater
flexibility of the quadratic function. Using these fits as well as the square root of the test time at
temperature, the model predictions using the quadratic fit compared to the experimental discharge
resistance are shown in Figure 39. By using the quadratic function, the time dependence of the 70°C data
is now reasonably accounted for. The model predictions for the other temperatures are also quite good.
The model predictions for up to five years are shown in Figure 40. One aspect of this fit with the
quadratic function is that at longer test times the discharge resistance at 70°C becomes greater than the
resistance at 60°C and 50°C. This is different from the other models discussed. Currently, data are
lacking to verify this result. At present there is no physical/chemical basis for using this second-order (or
higher polynomial) fitting function other that to simply correlate the test data. This approach does not
provide physical/chemical insight into the processes giving rise to the time and temperature dependence
of the experimental resistance data.

4.2 Regen Resistance

This section treats the regen resistance for the calendar-life testing at 80% SOC of the ATD Gen 1
cells. The same approach was used as for the treatment of the discharge resistance at 80% SOC. Figures
41 through 44 show all of the regen resistances measured at the INEEL and SNL at the four test
temperatures of 40, 50, 60, and 70°C, respectively. The 40, 50, and 60°C regen resistance were measured
over a period of initially 4 weeks; the 70°C resistance was measured initially over a period of 2 weeks.
As seen in the figures, some of the cells were tested for an additional 4- and 2-week period. The greatest
differences in the measured resistances between the two laboratories occurred at 40°C. This difference,
~10 milliohms, was not correlated with any differences in the test methods used at either of the two
laboratories. This difference was also seen in the discharge resistance data. At the other test
temperatures, the spread in the data was less than ~5 milliohms. The test matrix at each laboratory started
with three cells being tested at each test temperature. However, some of the cells designated to be tested
at each temperature did not successfully pass the initial RPT at the M-HPPC test condition. The test plan
specified that if the cell voltage dropped below the lower voltage limit of 3.0 volts during any one of the
states of charge it would be removed from further testing. This accounts for the fact that at some of the
temperatures there are data on less than six cells. Figure 45 shows the average of all of the available
regen resistance at each of the four test temperatures for the first 4-week period at 40, 50, and 60°C, and
for the first 2-week period at 70°C. As was the case for the discharge resistance, the regen resistance
increased nonlinearly with increasing time at test temperature. The regen resistance was smaller the
higher the test temperature, as was also the case with the discharge resistance. The regen resistance was
also lower than the discharge resistance at each of the respective test temperatures. The 70°C resistance,
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as shown in Figure 45, did not follow the general trend of the other temperatures in that the resistance was
the same or higher than the 60°C temperature resistance. This trend for the 70°C regen data is the same as
was observed for the 70°C discharge resistance (see Figure 9). Figure 46 plots the percent change in the
regen resistance as a function of time at test temperature. The 40, 50, and 60°C values generally group
together, while the change in the 70°C resistance was greater. This is similar, but not as dramatic, as that
observed in the discharge resistance, as seen in Figure 10. This tends to indicate that something has
happened to the cells at this test temperature compared to the lower test temperatures. The detailed nature
of the process(es) responsible for this increase in the resistance is, as previously mentioned, not presently
known.

The best correlation to the time dependence of the regen resistance was obtained using a square
root of the time at test temperature, as was found to be the case for the discharge resistance. The fits to
this time dependence, the coefficients, and the goodness-of-fit values are shown in Figure 47. The fits are
quite good for all of the test temperatures. Thus, for the regen resistance, the functional form for the time
dependence is that given by Equations (1) and (10), which were also used for the discharge resistance.
The fitting parameters for each temperature, i.e., the slope being A(T), and the intercept being B(T), were
then used to determine the temperature dependence of A and B as before. As was the case for the
discharge resistance, the most meaningful temperature dependence for A(T) and B(T) was to use an
Arrhenius-like function to determine the temperature dependence of A and B, as given by Equations 12
and 13. Figure 48 shows the plot of the A values as determined in Figure 47 as a function of the inverse
temperature in Kelvin, i.e., Arrhenius-like. If the A(T) value for 70°C is excluded, the other three
temperature values correlate quite well with an exponential of the inverse temperature. The parameters
for the fit are shown in the figure. Similarly, for the B(T) function, the temperatures at 40, 50, and 60°C
correlate well with an exponential of the inverse temperature. The 70°C B(T) value does not correlate
well with the other three temperatures and was, therefore, excluded from the best-fit expression, as shown
in the figure. Using the function as expressed in Equation (10), the model can then be compared to the
experiment data, as is done in Figures 50 and 51. Figure 50 shows the comparison of the model when a//
of the temperatures were used to fit the A(T) and B(T) functions. As seen, the model fits to the data are
not good. For comparison, when only the 40, 50, and 60°C A(T) and B(T) parameters are fit to the
exponential of the inverse of temperature relation, the fit is greatly improved, as shown in Figure 51. The
70°C data are the exception, as the model predicts considerably smaller values for the resistance. The
model predictions for times up to five years are shown in Figures 52 and 53 for when all of the
temperatures are used to fit the A(T) and B(T) parameters (Figure 52) and when only the 40, 50, and 60°C
temperature data are used (Figure 53). Close comparison of the model predictions reveals a rather large
difference in the predicted regen resistances, particularly at the lower temperatures.

As discussed above, the relationship used to correlate the regen temperature data, excluding the
70°C data, is the same used for the discharge resistances. The expression used for the time and
temperature correlation is that given by Equations 10, 12, and 13. The use of a model for the temperature
dependence based on the ion conductivity model includes a preexponential temperature term, as given by
Equation (20). The correlation of this model to the discharge resistance data has been discussed. The
results of applying this model for the temperature dependence of the regen resistance are shown in Figure
54 through 57. Figures 54 and 55 show the fits of A(T)/T and B(T)/T to the exponential of the inverse of
temperature. In both figures, the 70°C values do not correlate well with the other three temperatures. The
fitting coefficients to the other three temperatures are shown in the figures. The model predictions,
excluding the 70°C data to fit A(T) and B(T), are shown in Figure 56 compared to the experimental data.
Fits to the 40, 50, and 60°C resistances are quite good. As before, the 70°C model predictions do not
correlate well with the experimental data. Figure 57 shows the model predictions for up to five years,
based on not using the 70°C data to obtain the data fits. Figure 58 shows a comparison of the effect of
using the conductivity model (with the preexponential temperature term) with the model predictions when
this term is not included. In the figure, the predictions of the two models are shown for up to a period of
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5 years. As seen, the predictions of the two models are very close for the temperature range shown. This
is similar to behavior shown previously in Figures 34 to 36 for the discharge resistance. In summary,
using a model based on the physical model of the temperature dependence as relating to the conductivity
(i.e., a preexponential term in temperature raised to the first power) compared with not using the
preexponential temperature function is not experimentally justified, as present data are insufficient to
discriminate between the two models.

To acquire an overall feeling for the differences between the discharge and regen resistances at
80% SOC, Figure 59 shows the data given previously in Figures 9 and 45, except they are plotted on the
same graph. General conclusions derived from this figure are that

1. Both the discharge and regen resistances have a nonlinear increase with respect to time at
test temperature

2. The discharge resistances are greater than the regen resistances at all of the test temperatures
of 40, 50, 60, and 70°C

3. For both the discharge and regen resistances, the higher the test temperature, the lower the
resistance, except at 70°C

4. The 70°C data do not follow the general trend of the rest of the data in that the resistance at
this temperature is slightly greater than that at 60°C. This observation appears to indicate
that new physical/chemical process(es) is (are) occurring that causes the resistance to
increase. The exact nature of these process(es) is (are) not presently known.

Table 5 shows the activation energies for both discharge and regen determined using Equation (14)
with the square root of test time at temperature time dependence and the exponential of the inverse
temperature for the temperature dependence. Given in this table are the activation energies for A(T) and
B(T) for when the 70°C data were used in the data fits, and for when only the 40, 50, and 60°C parameters
were used. The activation energies are given in both kjoules/mole and kcal/mole. The fits to the 40, 50,
and 60°C data are the best ones to consider based on the observations discussed. General trends for the
activation energies are that the discharge and regen values are approximately the same order of magnitude
for E,t 4 and for E 5. The activation energies for E,p are larger than for E,; 4. The activation energies
for Rdis and Rreg are approximately the same within experimental error for both E,. o and E, 5. There is
presently no explanation for the order of magnitude of these values or why the E, 5 values are greater
than the E, a values. J. P. Fellner, G. J. Loeber, and S. S. Sandhu? have discussed measurements on a
battery when the cathode was a mixture of LiNiO, and LiCoO,; the electrolyte was a mixture of PC, EC,
and DMC with LiPFg; and the anode was a mixture of two different carbons. They observed that the
interfacial resistance for a cell was much higher at lower temperatures, and the interfacial resistance
appeared to grow linearly with cycle number. The interfacial resistance had an activation energy for
interfacial resistance of 63.5 kjoule/mole. This value for the activation energy was attributed to an
activated rate process such as solid-state diffusion and/or electrochemical kinetics. The author has been
unable to find literature values for lithium ion diffusion through the SEI layer on the anode or cathode, or
its diffusion in the anode or cathode materials for the compositions used in the ATD Gen 1 cells.
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Table 5. Values of E,; at 80% SOC from analysis of calendar-life test data using the relationship R(t,T)
= A(T)t"? + B(T), where A(T) = a[exp(Eac.a/RT)], and B(T) = c[exp(Eqs/RT)]. Eq are activation
energies, and a and c are preexponential constants.

Test Condition® Eacta Eact:
Rdis (80C40,50,60,70) 1.58 kjoule/mole 9.04 kjoule/mole
(0.378 kcal/mole) (2.16 kcal/mole)
Rdis (80C40,50,60) 7.74 kjoule/mole 12.2 kjoule/mole
(1.85 kcal/mole) (2.91 kcal/mole)
Rreg (80C40,50,60,70) 4.36 kjoule/mole 9.20 kjoule/mole
(1.04 kcal/mole) (2.20 kcal/mole)
Rreg (80C40,50,60) 8.03 kjoule/mole 12.9 kjoule/mole

(1.92 kcal/mole)

(3.08 kcal/mole)

a. The terminology (80C40,50,60,70) designates that the calendar-life test was conducted at 80% SOC, and the data analysis
used all four test temperatures of 40, 50, 60, and 70°C. Similarly, (80C40,50,60) indicates that the modeling used the data from
the 40, 50, and 60°C tests.

b. The values for the activation energies were determined from the fits of A(T) and B(T) to an exponential of the inverse of the
test temperature in Kelvin. The slope of this fit provides a number, say x, that relates to an activation energy by x = Eact/R,
where R is the gas constant (R = 8.314 joules/mole/Kelvin or 1.987 calories/mole/Kelvin).

For completeness, the values of the preexponential constants obtained from the fits for the case of
only using the 40, 50, and 60°C data in the fits are shown in Table 6. At present, there is no explanation
for these values based on a physical/chemical model nor have literature values been found that provide
insight into the values.

Table 6. Values of the preexponential constants a and ¢ at 80% SOC from analysis of calendar-life test
data analysis using the relationship R(t,T) = A(T)t"* + B(T), where A(T) = a[exp(Eq.a/RT)], and B(T) =
c[exp(Eacts/RT)].

Test Condition® a c
Rdis (80C40,50,60) 1.29x10™ ohm/(day)"? 4.47 x 10" ohm
Rreg (80C40,50,60) 1.03x10™ ohm/(day)"? 2.68 x 10 ohm

a. The terminology (80C40,50,60) indicates that the modeling used the data from the 40, 50, and 60°C tests.

b. The values for the preexponential constants a and ¢ were determined from the fits of A(T) and B(T) to an exponential of the
inverse of temperature in Kelvin. The intercept of this fit at infinite temperature defines the values of a and c.
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5. CALENDAR-LIFE TESTS AT 60% SOC

This section discusses the discharge and regen resistance acquired when the cells were at 60%
SOC. The test pulse sequence was that shown in Figure 1. The tests were conducted at four
temperatures: 40, 50, 60, and 70°C, using the same testing protocols used for the 80% SOC tests
discussed previously.

5.1 Discharge Resistance

This section discusses the calendar-life test (see Figure 1 for the discharge/charge test) when the
cells were at 60% SOC. All of the test data were acquired at the INEEL. Initially, three cells were tested
at each of four temperatures: 40, 50, 60, and 70°C. Figure 60 (see Appendix C) shows all of the discharge
resistance test data acquired during testing of the cells. Note that at 60°C only two cells were tested, as
one of the cells did not pass the initial RPT. As shown in the figure, a variance was observed among the
cells at each of the test temperatures. There is no a priori reason to eliminate one cell or a group of cells
from further inclusion in the modeling analysis, as all of the tests were conducted in the same manner.
This variance, as well as that observed for the 80% SOC test cells, is most likely due to cell-to-cell
variance. Therefore, all of the cell data shown in Figure 60 are included in the following analysis.

Figure 61 shows the average of all of the discharge resistance data at each temperature as a
function of time at test temperature. The general trends of the resistances are to increase in nonlinearly as
a function of time at test temperature. With increasing temperature, the resistance generally decreases.
An exception to this is that the discharge resistances at 50 and 60°C are almost the same, the 60°C
temperature data being slightly greater than the resistance at 50°C. This observation is puzzling, and
speculation on a possible mechanism that would cause this is difficult. It may well be a result of the state-
of-charge influence on the behavior of the cell. This influence may cause new processes to occur at
different temperatures, depending on the state of charge of the cell. As noted when discussing the 80%
SOC data, it may also be the case that the 70°C resistance data are also unusual due to the same or similar
processes responsible for the behavior during testing at this state of charge. Further analysis of the 80%
SOC data indicated that some process(es) was occurring at 70°C that caused the resistance to behave in an
usual manner. One could also argue that upon closer examination of the data in Figure 60 that cells could
be eliminated, which would alter the average discharge resistance data shown in Figure 61. For example,
one could eliminate Exp#3 from the 40°C set, as Exp#1 and #2 are quite close to one another. One could
also eliminate Exp#3 from the 50°C set, as Exp#1 and #2 are also quite close to one another. The 60°C
data set is still problematic, as there are only two cells. If cell Exp#1 is eliminated, the same unusual
behavior is observed, as the 60°C resistance does not following the general trend of a decreasing
resistance with increasing temperature. If Exp#2 at 60°C is eliminated, the problem is worse. As regards
the 70°C cell data, all three of the test cell data are very close to one another, preventing a clear-cut
elimination of one or more of the cells from consideration. The following analysis, therefore, includes the
average of all of the data in Figure 60. These average resistance values are displayed in Figure 61.

The time dependence of the discharge resistance as fit to the square root of the time at test
temperature is shown in Figure 62. Other fitting functions were used in a manner similar to that used for
the 80% SOC tests, but the square root of test time at temperature best correlated the data. As was the
case for the 80% SOC data, the fit is quite good for all four temperatures. The slope of the fits, A(T), and
the intercept at zero time, B(T), are shown in the figure as well as the goodness-of-fit values, R*. The
values of A(T) from these fits are plotted as a linear function of the temperature, in degrees centigrade, in
Figure 63. The fit is quite reasonable, with none of the A(T) values lying appreciably off the fitting
curve. Figure 64 shows the A(T) values plotted as the exponential of the inverse of the Kelvin
temperature. Again, the fit is quite good, with none of the values dramatically lying off the fit. In similar
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fashion, the B(T) values are plotted as a linear function of the temperature, in centigrade, in Figure 65,
and as the exponential of the inverse Kelvin temperature, in Figure 65. In both plots, the B(T) values are
well correlated with the fit, but the 50 and 60°C values are the furthest from the fit. The temperature
dependence of A(T) and B(T) using the exponential of the inverse of the Kelvin temperature in
conjunction with the square root of test time at temperature were then used to predict the discharge
resistance as a function of test time and temperature. The results are shown in Figure 67, where all of the
temperatures were used in determining the variables in the model equation (Equations 10, 12, and 13).
The prediction is reasonable for 40 and 70°C, but the model does not fit very well the 50 and 60°C data, as
it should not, given that the fits to A(T) and B(T) did not include a higher order polynomial that might
have accounted for the reversal of the 5C and 60°C resistance data. Predictions using this model for the
discharge resistance for test times up to five years are given in Figure 68. Verification of the prediction
over this long of time and for the lower temperatures could not be made from the present data. If the
A(T) and B(T) parameters for the test temperature of only 40, 50, and 60°C in conjunction with the
exponential of the inverse Kelvin temperature were used, the correlation with the data is shown in Figure
69. The fit to the actual data shown in Figure 69 are not as good as those obtained when all of the
temperature data were used in the fits to the temperature dependent A and B parameters. If the data at
60°C are not used for the fits to A(T) and B(T), assuming that an unusual process is occurring at this
temperature, the resulting correlation with the data are shown in Figure 70. The longer time predictions
up to five years are shown in Figure 71. Examination of the preceding combinations of temperatures used
in the fits indicates that inclusion of all test temperatures gives the most reasonable overall fit. It is
presently not know why the 70°C temperature for 60% SOC does not influence the resistance to as great
an extent as observed to occur for the 80% SOC results. Cell-to-cell variation could possibly account for
this discrepancy, as evidenced by the resistance variation at a given test temperature, shown in Figure 60.
It may also be that the SOC at which the calendar-life test is conducted has a considerable influence on
the temperature at which unusual behavior of the resistance occurs. It would have been very helpful if the
tests could have been conducted at additional states of charge to determine the extent of this influence.

5.2 Regen Resistance

The analysis of the regen resistance data at 60% SOC is treated in the same manner as the
discharge resistance. The results are presented in this section. Figure 72 shows all of the regen resistance
values acquired for all of the cells tested at 60% SOC as a function of time at test temperature. The 40,
50, and 70°C data sets all had data collected from three different cells. There were data from only two
cells at 60°C. Variation in the regen resistance was observed among the cells at a given temperature,
similar to what was observed for the discharge values. Again, given that there was no compelling reason
to eliminate a given cell from the data set, all of the resistance values were used. The averages of all of
the resistance data at a given temperature were calculated and are shown in Figure 73. The regen
resistance is seen to increase nonlinearly as the test time increased. In general, the higher the test
temperature, the lower the resistance. Note that the regen resistances are smaller than the discharge
resistances at all temperatures (compare Figures 61 and 73). Using the square root of test time at
temperature, the regen resistance at each of the four test temperatures is shown in Figure 74, fitted to this
function. The resulting fits are quite good. As before, from the slope and intercept of the fitting curves,
the values of A(T) and B(T) were determined, respectively. These values of A(T) and B(T) are plotted as
a function of test temperature in degrees centigrade in Figure 75, and as a function of the exponential of
the inverse Kelvin temperature in Figures 76. The fitting parameters are shown, as are the goodness-of-fit
R? values. These figures show that the A(T) value at 60°C does not follow the general trend of the other
three temperatures, as it lies appreciably off the fitted curve. Also shown in both figures are the results of
fitting all the temperatures, and also fitting only the 40, 50, and 70°C temperatures. The fits to B(T) are
shown in Figures 77 and 78 using a function linear in the centigrade temperature and as the exponential of
the inverse Kelvin temperature, respectively. In these instances, the value of B(T) at 60°C does correlate
reasonably well with the fitting curves. Figure 79 shows the results predicted by the model when all the
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temperatures were used in the fits compared to the experimental data given in Figure 73. The
correspondence of the model predictions with the experimental data is not bad at 40 and 70°C, but it is not
as well correlated with the 50 and 60°C data. If it is assumed that the 60°C data does not follow the
general trend of the other temperatures due to an unusual process occurring at this temperature, then the
model predictions are as shown in Figure 80. There is no great improvement in the correlation with the
data when compared to when all the test temperatures are used to fit A(T) and B(T) in the model. The
model predictions up to five years when all the temperatures are used and when the 60°C data are
excluded are shown in Figures 81 and 82, respectively. There are, of course, some differences in the
predictions, the greatest being the lower temperature of 0°C. Again, due to lack of data at the longer test
times and at the lower temperatures, the model predictions cannot be verified.

As mentioned, the resistance values at some of the test temperatures do not appear to follow a
general trend of decreasing as the test temperature increases. For the regen resistances, the 60°C and
maybe (as was the case for the 80% SOC tests) the 70°C data, this may be the case. Figure 83 shows the
percent change in the regen resistance for all four of the test temperatures. The 40 and 50°C percent
change follow one another quite well. The 60°C percent change does not follow the general trend and
displays a greater rate of increase with increasing test time than the other temperatures. This anomalous
behavior is also reflected in the plots of the A(T) parameter in Figures 75 and 76. The 70°C percent
change is slightly lower than at 40 and 50°C. Figure 84 shows the percent change in the discharge
resistance for the 60% SOC test condition. The behavior of all of the temperatures is quite similar.
Perhaps the 60°C percent change is not following the general trend shown by the other temperatures in
that its rate of change is slightly higher. Collectively, these data may substantiate the general observation
that at 60 and 70°C for a 60% SOC cell new physical/chemical processes are occurring that are not
accounted for in the model. It would certainly be interesting to conduct the tests at other states of charge
in combination with temperature effects to assess the influence of SOC on the resistance of the batteries.

It is instructive to compare the average discharge and regen resistances for the (60C40,50,60,70)
test on one graph to see the differences between them. This comparison is shown in Figure 85. It is seen
that the discharge resistances are higher than the regen resistances at all of the comparable test
temperatures. Both sets of resistances increase with increasing test time and generally decrease with
increasing temperature. This was the same situation observed for the (80C40,50,60,70) tests, as shown in
Figure 59. Further comparison can be made between the discharge resistance for the (80C40,50,60,70)
test and the (60C40,50,60,70) test. This comparison is made in Figure 86. At all values of the test
temperatures, the discharge resistances for the (80C40,50,60,70) test are greater than the corresponding
temperatures for the (60C40,50,60,70), except at 60°C, where the average regen resistance at 60% SOC is
higher than it is at 80% SOC. The same is true for the regen resistances, as shown in Figure 87.

If the above model for the increase in resistance as the time at test temperature increases is due to
the formation and growth of a thin film by a parabolic growth mechanism on the anode and/or cathode
(presumably the SEI layer) is correct, then the square root of test time should correlate the data. This has
been verified by the experimental data. One mechanism responsible for the greater discharge and regen
resistance for the (80C40,50,60,70) test compared to the (60C40,50,60,70) test is that at the higher state of
charge the cathode is more oxidizing due to the greater number of Co™ and Ni™ ions in the metal oxide
cathode.” This enhanced oxidizing power of the cathode would lead to the oxidation of the electrolyte,
resulting in reduction of the metal ions in the oxide cathode. The oxidized electrolyte and the lithium
containing salt (e.g., lithium hexafluorophosphate, LiPF4) would lead to SEI layer compounds, as
discussed. The increase in the SEI layer thickness would lead to an increase in the resistance, as the
lithium ions would have to migrate through a thicker SEI layer. Based on this conjecture, the resistance at
the (80C40,50,60,70) conditions would be greater than at the (60C40,50,60,70) conditions. This model
implies a dynamic SEI layer that forms and unforms, depending on the SOC of the cell and/or as cell
voltage is being cycled, as it is during the calendar-life cycling test. The cathode material may also be
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dissolving and redepositing during the cycling, each time removing and reforming the SEI layer. The rate
of these processes may well be highly SOC dependent.

The values for the activation energies derived from the fits to the (60C40,50,60,70) test discharge
and regen resistance data sets are shown in Table 7. These values compared to the (80C40,50,60) test
values (see Table 5) are of the same order of magnitude and are of comparable value. The E,p values
are smaller at (60C40,50,60,70) than they are at (80C40,50,60). This difference could partially account
for the lower discharge and regen resistance at 60% SOC than at 80% SOC. The exponential of the
activation energy divided by the temperature term, however, is only one part of the total resistance
formula. One also has to consider the preexponential factors.

The preexponential factors as determined from the data for the (60C40,50,60,70) tests are given in
Table 8. As examples of diffusion of ions in solids, the cation diffusion of Co in CoO has an activation
energy of 144.3 kjoules/mole (34.5 kcal/mole).”**' The corresponding value for the cation diffusion of Ni
in NiO has a value of 192.0 kjoules/mole (45.9 kcal/mole),”™*" which is considerably higher than what is
observed here. However, it is not known if this comparison has any validity. It probably does not. At
present, any further comparison between the fitting parameters derived for the 80% SOC and the 60%
SOC data is not warranted, as detailed information on the impact of the testing on the physical/chemical
changes occurring in the batteries is not known.

Table 7. Values of E,; at 60% SOC from analysis of calendar-life test data using the relationship R(t,T)
= A(T)t"? + B(T), where A(T) = a[exp(Eac.a/RT)], and B(T) = c[exp(E.c.5/RT)]. E, are activation
energies, and a and c are preexponential constants.

Test Condition® Eacia Eacn
Rdis (60C40,50,60,70) 5.88 kjoules/mole 8.11 kjoules/mole
(1.41 kcal/mole) (1.94 kcal/mole)
Rreg (60C40,50,60,70) 8.35 kjoule/mole 8.59 kjoule/mole
(2.00 kcal/mole) (2.05 kcal/mole)

a. The terminology (60C40,50,60,70) designates that the calendar-life test was conducted at 60% SOC, and the data analysis
used all four test temperatures of 40, 50, 60, and 70°C.

b. The values for the activation energies were determined from the fits of A(T) and B(T) to an exponential of the inverse of test
temperature in Kelvin. The slope of this fit provides a number, say x, that relates to an activation energy by x = Eact/R, where R
is the gas constant (R = 8.314 joules/mole/Kelvin or 1.987 calories/mole/Kelvin).

Table 8. Values of the preexponential constants a and ¢ at 60% SOC from analysis of calendar-life test
data using the relationship R(t,T) = A(T)t"? + B(T), where A(T) = a[exp(Eqa/RT)], and B(T) =
c[exp(E...5/RT)].

Test Condition® a c
Rdis (60C40,50,60,70) 1.88x10™ ohm/(day)"? 2.03 x 10° ohm
Rreg (60C40,50,60,70) 6.56x10” ohm/(day)"? 1.31 x 10° ohm

a. The terminology (60C40,50,60,70) indicates that the modeling used the data from the 40, 50, 60, and 70°C tests.

b. The values for the preexponential constants a and ¢ were determined from the fits of A(T) and B(T) to an exponential of the
inverse of temperature in Kelvin. The intercept of this fit at infinite temperature defines the values of a and c.

24



6. REGROWTH OF RESISTANCE AFTER THE FIRST CALENDAR-
LIFE TEST CYCLE

In Figures 5 through 7 for the (80C40,50,60,70) test, it is shown that some of the cells completed
the first 4-week calendar-life test at the designated temperature and were then cooled down to 25°C for
the RPT test. Upon completion of the RPT test, they were then heated back to the calendar-life test
temperature and the next 4-week calendar-life test were conducted. Figure 88 shows the discharge
resistance values as a function of the square root of the test time at temperature for three cells at 40, 50,
and 60°C that had undergone this test sequence. The vertical dashed line indicates when the cell was
cooled down and the RPT test conducted. Before this RPT, the resistance followed the square root of test
time quite well, as previously discussed. However, observe that upon reheating the cells to their test
temperatures, it takes a period of time for the resistance to increase and begin to follow the extended trend
line from the square root of test time relation as determined during the first 4-week calendar-life test.
Also observe that this period of time is smaller the higher the test temperature. Using the resistance
values at times greater than the time shown by the vertical dashed line and resetting the time to zero,
various time-dependent functions were used to account for the time-dependent increase of the resistances
during the second 4-week calendar-life test. Figures 89 and 90 (see Appendix D) show the fits to the
resistances using a square root of test time at temperature, and the natural logarithm of the test time at
temperature, respectively. The fitting parameters and the goodness-of-fit values are shown in the figures.
The square root of test time fits the data quite well but does not correlate well with the shorter times. The
logarithm of the test time also fits the data very well and better correlates the data at the shorter times.
Using the fitting parameters from the logarithmic fit for A(T) and B(T) in Figure 90, these parameters are
shown in Figures 91 and 92 as fit to the exponential of the inverse of the Kelvin temperature. The fit of
this functional form of the temperature gives excellent correlation to the A(T) and B(T) functions. The
final functional form for the regrowth of the discharge resistance using this model is

Rischarge, regrowtn = [a][exp(b/T)][Ln(time at test temperature)] + [c][exp(d/T)] e2y)

where a and c are constants, b and d are related to an activation energy, and T is the Kelvin temperature.
The value for b was 19.6 kjoule/mole (4.68 kcal/mole). The value for d was 7.42 kjoule/mole

(1.77 kcal/mole). At present, there is no rational for the magnitude of these values except to state that
they are not outrageously high, i.e., many tens of kjoules, nor are they very low, i.e., less than 1
kjoule/mole. They are also similar in magnitude to the activation energies determined previously for the
values of the activation energies for the discharge resistances at 60 and 80% SOC (Tables 5 and 7). The
fits of Equation (21) to the experimental data are shown in Figure 93, as well as predictions of what the
time dependence of the resistance would be at 25°C. As seen, the correlation to the experimental data is
very good over the entire time at test temperature and at the various temperatures. As there were no
experiment data at 25°C, the line for 25°C in the figure is only a model prediction. The physical basis of
the natural logarithm, as previously discussed, of the time at test temperature as it pertains to the growth
of a thin film on a solid is that there has to be an adsorption of a reactant at the surface of the solid at
unoccupied reactive sites.”!” At these sites, the reactant is adsorbed and reacts, thereby nucleating the
growth of the film. As the surface sites become occupied, the rate of reaction decreases until complete
coverage of the surface is achieved. In the case of the resistance regrowth, following the calendar-life test
at an elevated temperature and upon subsequent cooling to 25°C for RPT testing, there may be cracking of
the SEI layer due to thermal expansion processes.” > Cracking of the thin film would expose new surface
sites upon which a film would grow by the adsorption/reaction/nucleation process. This mechanism as it
pertains to lithium ion batteries is at present speculative. It is not known if independent
characterization/diagnostic experiments have been conducted to substantiate this model. However, there
have been characterization studies, supported by the ATD program, conducted on disassembled ATD
cells using a number of surface and bulk sensitive analytical methods. The LBNL group®* have observed
nanocrystalline deposits on the surface of test cycled cathode material using atomic force microscopy.
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These new nanocrystalline deposits formed during test cycling of the cells could result from
dissolution/precipitation of the cathode material (or one of its constituents) or by the fracturing of the
material during temperature/electrical cycling. An SEI layer could form on the new surfaces of the
nanocrystalline deposits, leading to an overall increase in the discharge and regen resistance of the cell as
it is cycled.

The same approach and methodology was used to examine the regen resistance regrowth as
discussed above for the discharge resistance regrowth. The resistance data are shown in Figure 94 as a
function of the time at test temperature for the first calendar-life test/cool down/25°C RPT/second
calendar-life test sequence. Fits to the natural logarithm of the time at test temperature for the regrowth
regen resistances for temperatures of 40, 50, and 60°C are shown in Figure 95. The fitting parameters are
shown as well as the goodness-of-fit parameter. The parameters A(T) and B(T) from these fits are plotted
in Figures 96 and 97, respectively, as a function of the exponential of the inverse of the Kelvin
temperature. The fits to A(T) and B(T) are quite good. The values for the activation energies from these
fits are A(T) equal to 19.5 kjoules/mole (4.67 kcal/mole); for B(T) it is 8.47 kjoules/mole
(2.03 kcal/mole). These values are in close agreement with those values determined for the discharge
regrowth discussed above. This would imply that the activated process responsible for the regrowth of
both the discharge and regen resistances is the same. Using Equation [21] to predict the regen resistance
at the temperatures of 40, 50, and 60°C, the results are shown in Figure 98 compared with the
experimental data. The fits to the data are very good. Also shown in the figure is the prediction for when
the regrowth occurs at 25°C.

If it is assumed that the mechanism for the regrowth of the discharge resistances follows a square
root of time dependence, which fits the data fairly well, the derived value for the activation energy for the
term that multiplies the square root of time function, A(T), is 19.4 kjoules/mole (4.64 kcal/mole), which is
little different from the value resulting from the logarithmic time-dependent mechanism. The value for
the activation energy for the B(T) function is 7.40 kjoule/mole (1.77 kcal/mole), which is also essentially
the same as the one derived when using the logarithmic time function for the discharge regrowth. The
only real justification for using the logarithmic time dependence is that it correlates, the data somewhat
better and the mechanism responsible for the resistance regrowth may have its basis in the mechanism for
the regrowth of the SEI layer. Note that the activation energy for the A(T) term that multiplies the time-
dependent function is /arger than that found for the initial growth of the surface layer, the values of which
are given in Tables 5 and 7. The observation that the activation energy is higher for the regrowth may be
connected with the formation of the initial nucleation sites that may be more difficult to form compared to
the growth of a thin film when there is a preexisting film on which new film layers could be deposited.
The activation energy of the B(T) function is quite close to those previously found for the activation
energy for the initial increase of the resistance during the first calendar-life test period. This may indicate
that the process giving rise to the B(T) activation energy does not change during regrowth but is the
activation energy required for forming the initial surface film. The physical/chemical process for these
observations may be that once the film has formed during the initial elevated temperature calendar-life
test, it may provide nucleation sites and/or fresh sites for the subsequent reformation of the SEI layer, and
thus an increase in resistance.

The observed result that regrowth of the discharge and regen resistance following a calendar-life
test at an elevated temperature, cool down to conduct a room temperature RPT, and subsequent reheat to
continue calendar-life testing at elevated temperature follows a logarithmic time dependence indicates a
different mechanism for the continued formation of an SEI layer. This logarithmic growth is different
from the square root of time dependence observed for the initial growth of the SEI layer. The
experimental evidence for a logarithmic growth mechanism is based on the observation that it appears to
better correlate with the data. The overall fit to the data is better than the square root of time mechanism,
but the latter mechanism fits the data almost as well, and the gross details of the predicted fits to the data
do not change appreciably.
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7. EFFECT OF SOC ON THE CALENDAR-LIFE TESTS

The calendar-life tests were conducted at two states of charge: 60 and 80%. The assumed
functional dependence of the discharge and regen resistance, as given in Equations 10 and 14, show that
the state of charge at which the cells were tested may influence the discharge and regen resistances.

Given that only two different states of charge were studied for the calendar-life test in this study, it is
difficult to analyze the effects by using any sort of detailed modeling function. However, it is interesting
to examine how the parameters a(SOC), b(SOC), ¢(SOC), and d(SOC) change and influence resistance, as
given by Equation 14:

R(t,T,SOC) = a(SOC) {exp[b(SOC)/T]}t"* + ¢(SOC) {exp[d(SOC)/T]} (14)

Realize that the following discussion is based on only two states of charge for both the discharge and
regen resistances, so only very qualitative interpretations can be given. The values of a(SOC), b(SOC),
¢(SOC), and d(SOC) that are discussed are taken from Tables 5, 6, 7, and 8. Figure 99 (see Appendix D)
shows a(SOC), ohms/(day)'?, as a function of SOC. It appears that the discharge a(SOC) parameter is
greater than the regen a(SOC) at both 60 and 80% SOC. This is verified by the comparison data of
Figures 86 and 87 in that the discharge resistances are greater than the regen resistances. However, the
discharge a(SOC) appears to be decreasing as the SOC increases, while the regen a(SOC) parameter
apparently increases with increasing SOC. This would mean that the discharge resistance would still be
greater than the regen resistance at 80% SOC at test times greater than zero, but the difference between
the two would not be as great as at 60% SOC. The b(SOC) parameter, in kjoules, which is the activation
energy in the exponential of the inverse Kelvin temperature function of A(T,SOC), is shown in Figure
100. The discharge value is seen to increase, while the regen value has only a slight decrease with
increasing SOC. In the A(T,SOC) function, which is A(T,SOC) = a(SOC)exp[b(SOC)/RT)], the greater
the b(SOC) value, which is positive, the larger A(T,SOC) will be. Also, since b(SOC) is positive, the
higher the temperature the smaller the value of A(T,SOC). The larger a(SOC) is, the larger A(T,SOC)
will be. It is the product of the a(SOC) function, and the exponential of b(SOC) divided by the Kelvin
temperature that yields the value of A(T,SOC). This means that both the a and b parameters must be
considered in evaluating their combined influence on A(T,SOC). Note that it is the A(T,SOC) function
that appears in the time rate of change of the resistance:

dR(t,T,SOC)/dt = A(T,SOC)/(2t"?) (22)

Equation 22 means that the time rate of change of the resistance is directly proportional to A(T,SOC),
which in turn depends on the temperature and SOC through the a(SOC) and b(SOC) functions. Close
examination of the resistance data in Figures 86 and 87 shows that the discharge and regen resistances
increase at a greater rate at 80% SOC than at 60% SOC.

Figure 101 shows the ¢c(SOC) parameter that is part of the function accounting for the discharge
and regen resistances at time zero. The c¢(SOC) parameter, in ohms, for both the discharge and regen
resistance decreases with increasing percent SOC. This is opposite to what is observed in Figures 86 and
87, as the 80% SOC discharge and regen resistances are greater than the 60% SOC resistances. However,
the values of the discharge and regen resistances at time equal to zero are given as B(T,SOC) =
c(SOC)exp[d(SOC)/RT], so in order for the resistances to be greater at 80% SOC than at 60% SOC, the
function d(SOC), an activation energy, should increase with increasing SOC. This is indeed the case, as
shown in Figure 102. In this figure d(SOC), in kjoules/mole, is observed to increase with increasing
SOC. The combination of ¢(SOC) and the exponential of d(SOC) will give rise to the resistances at test
time equal to zero. When the actual values for ¢(SOC) and d(SOC) are used to calculate B(T,SOC), it is
found that the discharge and regen resistance values are greater at 80% SOC than they are at 60% SOC.
The discharge values, at time zero, are also greater that the regen values at both states of charge. These
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conclusions are verified by the data in Figures 59, 85, 86, and 87. It is also interesting that the d(SOC)
activation energy increases as the SOC increases (Tables 5 and 7, and Figure 102). This may imply that
the diffusion of the lithium ions is smaller the higher the state of charge, leading to a greater resistance, as
would be expressed by Equations 17 through 20. This in turn may imply that it is either more difficult to
intercalate the lithium ions into the carbon anode the higher the SOC, or that it is more difficult to
deintercalate the lithium ions from the metal oxide as the SOC increases. Which electrode, or a
combination of both, may be responsible? Perhaps it is more difficult for the lithium ions to diffuse
through the SEI layer as the SOC increases. At this time, it is not known if either, or both, or neither of
these mechanisms is the one responsible.

The very general trends shown in Figures 99 through 102 would require more data at additional

states of charge to determine if they are linear or nonlinear in their SOC dependence. This would lead to
a more definitive understanding of the physical/chemical processes involved.
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8. LEAKAGE CURRENT, LEAKAGE RESISTANCE, AND
DIFFERENTIAL CAPACITANCE OF ATD GEN 1 CELLS

Representative leakage current, leakage resistance, and differential capacitance data are discussed
here for the ATD Gen 1 cells. For the leakage current following each of the C/1 charge steps, there was a
duration of ~1.5 hr during which the voltage of the cell was held at 4.1 V and the current monitored. The
current during this period slowly decreased after the cell had reached 4.1 V. This test time was not
sufficient for the cell to reach a true equilibrium value, but was sufficient to describe the general trends, as
is presented below. This current can be referred too as the leakage current, i.e., that amount of charge that
the cell will still accept due to losses arising from the resistance of the cell as the cell reaches an
equilibrium charge capacity. This decaying leakage current for a representative cell that was undergoing
an (80C40) test, i.e., 80% SOC, calendar-life test, and a test temperature of 40°C is shown in Figure 103
(see Appendix E). The data were acquired when the cell was held at 25°C. The four plots are for when
the cell had undergone four C/1 discharges (Curve 1): after it had undergone 4 C/1 discharges, a
characterization test, and an RPT (Curve 2); after it had undergone four C/1 discharges, a characterization
test, an RPT, and a calendar-life test at 40°C (Curve 3); and finally after it had undergone four C/1
discharges, a characterization test, an RPT, and two calendar-life tests at 40°C (Curve 4). The cell failed
the RPT test following the second calendar-life test. Note that the logarithm of the current is plotted as a
function of test time in hours. Time zero was the time at which the cell reached 4.1 V, and the voltage
subsequently held at this value. As seen in the figure, the current decay is not linear, nor is it logarithmic.
Attempts at fitting these data to a functional form were not attempted. The point of the plot is that as the
cell ages through testing, the leakage current as a function of time does not decrease as rapidly as when
the cell was newer. This decrease in the rate of decrease is due to, at present unknown, physical/chemical
changes in the cell. The leakage current can be related to a leakage resistance via Ohm’s Law, i.e.,
Ricakage(0hms) = (4.1 V)/Leakage current (A). These data are shown in Figure 104, where it is seen that
the resistance of the cell decreases as the cell ages. Initially, for the fresh cell, the leakage resistance
slowly approached a value of ~800 ohms. On further testing, this resistance decreased over the same time
period until at the final test at the same test time the resistance was ~270 ohms. Given sufficient time, the
other leakage resistances may indeed approach the initial value, but extrapolation to longer times
indicates that at the final condition the resistance would be ~400 ohm. Thus, due to testing (aging) some
properties of the cell have changed, giving rise to a decreased resistance. This would mean that if the
battery is to be trickle charged over a period of time, it would require a higher current to maintain
constant voltage.

Figure 105 shows the voltage of the cell (the same cell discussed above) over a voltage range of
~3.3 Vto4.1V as a function of charge added during four different C/1 discharges at various stages in the
cell’s life. The same four states of life of the cell (listed in the figure) are those described above for the
leakage current tests; each C/limmediately preceded the leakage current test. It can be seen in the figure
that when the cell is new its capacity (Curve 1) is greater than when it has been aged by the various RPTs
and calendar-life tests. Just before failing, the cell’s capacity had decreased considerably, from ~0.84 Ah
to ~0.66 A-h. Notice that in the curves shown in Figure 105 there is a sharp voltage increase at the
beginning of the initiation of the charge pulse. This has been attributed to a voltage increase arising from
a model that has a series resistor, sometimes referred to as an equivalent series resistor, connected to the
battery. This assumes of course that the battery is not a constant voltage source, but that as charge is
removed or added its voltage changes. The voltage on the cell prior to initiation of the constant current
charge is V,; the voltage at the instant of the discharge of current I results in a voltage of Vg =V, + IR for
the battery using this model. As the cell ages, this equivalent series resistor, R, is observed to increase.
Also notice in the curves in Figure 105 the subtle change in the shape of the four curves as a function of
voltage and charge added. To accentuate these differences, the derivative of the charge added with
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respect to the voltage can be obtained numerically. The method used to calculate the numerical derivative
is known as a three-point derivative, given by the formula®

df(xi)/dx; = [1/2h][-f(x;-h) + f(xith)] (23)

where h is the change in the difference of the x value from one point to the next, assuming that the change
is equal. This formula approximates the derivative of f at point x; by taking the slope of the line through
points x;+h and x;-h, i.e., those points on either side of point x;. A modification of his formula if h is not a
constant is

df(x;)/dx; = [-f(xi1) + {(xir) V[(Xie1 - Xi1)] (24)

Equation (23) also means that the derivative of the first and last points in a series of data would not have a
derivative taken at that point. Recognize that a numerical derivative accentuates any noise in the data, as
is seen in the presentation of the data. The derivative of the charge added (normalized by the total charge
put into the cell during the charging portion of the test) with respect to the voltage is referred to as one
form of the differential capacitance. The concept of differential capacity has been discussed in the
literature.”®® This is due to the fact that the capacity of the cell times the voltage is equal to the charge
contained in the cell, thus CV = Q, and, therefore, the differential capacity is dC = (dQ/dV), where C is
the capacity, V is the voltage, and Q is the charge. The purpose of calculating the differential capacity is
to determine at what voltage (or SOC) the ability of the cell accepts charge changes as the cell ages.
Minima (or maxima) in the differential capacity data have been ascribed to ordered compositions of the
host lattice. These minima or maxima are thought to arise from specific structural sites in the anode and
cathode materials where the lithium can reside during intercalation. For example, first-principle
calculations on Li,NiO,* have shown there are, at low temperatures, ordered structures predicted to be
stable when x = 0.75, 0.66, 0.5, 0.33, and 0.25. These values of x would correspond to states of charge of
25,34, 50, 67, and 75%. Figure 106 shows the differential capacity of the same cell discussed above for
the same four states of life of the cell tested using the (80C40) test condition. The increase in noise due to
taking the derivative is apparent in the figure, even though a five-point moving average smoothing (a
Microsoft Excel function) of the derivative data was taken in an attempt to reduce the noise. It is also
apparent in the figure that the IR-jump in the initial voltage of the battery increases as the cell ages, due to
the IR-jump at the onset of the constant current discharge. Notice in this figure that various peaks show
up in the differential capacity at various cell voltages. There may be other peaks in the derivative, but one
would have to have a model, and a reason, to deconvolute the derivative spectra. This could be done
numerically, but a peak shape would have to be assumed, and initial estimates of the peak positions,
number of peaks, and an assumed peak shape would have to be input to the deconvolution program. The
interpretation of the peaks in Figure 106 is that the higher the peak the greater the ability of the cell to
accept charge and, therefore, represents an increase in the capacity of the cell, since the derivative is
positive. This is because the slopes of the curves in Figure 105 are positive, indicating the cell is
accepting more charge. For example, for Test 1 there are apparent peaks at ~3.51, ~3.67, and ~3.98 V.
As the cell ages, the peak at ~3.51 V shifts to higher voltage, as does the peak at 3.67 V. The peak at
~3.98 V remains at about the same voltage. As the cell ages, it is also apparent that the area under the
derivative, equal to the charge input to the cell during the charging cycle, is that shown in Figure 105. As
a possible aid to research groups conducting diagnostics on the cells, differential capacity curves like
those shown in Figure 106 may be used as a guide to investigate the changes in the physical/chemical
processes where the greatest change in the cell’s capacity is occurring. Thus, studies at the voltage range
of ~3.52, ~3.7, and ~3.97 V may be of particular interest. Note in the differential capacity curves that the
apparent shifts in the peaks in the curves may occur because the voltage jump at the beginning of the
charge (and for the discharge) causes the peaks to shift. An appropriate way to account for these apparent
shifts, which may be nonlinear, needs to be found.
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Another way of examining the differential capacity for the charging data is to plot it versus the
percent SOC of the battery. This plot is shown in Figure 107, where the normalized differential capacity
is plotted as a function of the percent SOC of the cell. The percent state of charge was calculated using
the formula percent SOC = 100(charge added to cell)/(total charge added to cell during the constant
current charge). The total capacity (from ~3.3 to 4.1 V) of the cell was determined from the constant
current (C/1) charge test. As seen in Figure 107, the greatest change in the differential capacity occurs at
~10% SOC and at ~30 through 45% SOC. Also notice that presentation of the differential capacity data
in this manner eliminates the apparent peak shifts observed in the differential capacity as a function of
voltage.

Similar treatment can be applied to the constant current discharge experimental data. For the same
cell used in Figures 103 through 107, the constant current C/1 discharge curves are shown at various
stages of the cell’s testing in Figure 108. In this figure, there are six discharge curves at various stages in
the life of the cell. Discharge curves 1, 2, 3, and 4 were acquired at 25°C. There are also two discharge
curves labeled 5, acquired at 40°C, and curve 6, acquired at 8°C. Curve 1 is after the first four C/1 tests.
Curve 2 is after the 4 C/1s, a characterization test, and after the first RPT test. Curve 3 is after the 4 C/1s,
a characterization test, an RPT, and after the first 4-week calendar-life test conducted at 40°C. Curve 4 is
after the 4 C/1s, a characterization test, an RPT, after the first 4-week calendar-life test at 40°C, and after
the second calendar-life test also conducted at 40°C. Also shown in the figure are two temperature tests
where a C/1 was done at 40°C, curve 5, after the 4 C/1s, a characterization test, and after the RPT test.
One test was also done at 8°C, curve 6, after the 4 C/1s, a characterization test, and after the RPT test. As
was the case for the charging C/1s, there is a change in the shape of the discharge curves. There is also a
change in the IR voltage drop as the cell ages. Especially noticeable is the IR-drop for the 8°C test. The
total discharge capacity also decreases as the cell ages.

The differential capacities of the data sets shown in Figure 108 are shown in Figure 109 and 110.
Note that the negative of the differential capacity is plotted in this instance. Examining the discharge
differential capacity, keep in mind that in this instance the Aigher the curve the worse the cell is
performing, since charge is being removed at a more rapid rate. Figure 109 includes the data sets for the
discharge curve after the 4 C/1s and a characterization test (Test 1), and the temperature tests for 40°C
(Test 5) and 8°C (Test 6), each of which had 4 C/1 tests and a characterization and RPT test. For the
initial 25°C test, Curve 1, three peaks are apparent in the differential capacity curves: at ~3.97, ~3.82, and
~3.54 V. The curves for the 25 and 40°C test, Curve 5, are essentially the same, with a slight decrease in
capacity for the 40°C test (~0.92 A-h at 25°C; ~0.89 A-h for 40°C). This is also apparent in Figure 108.
Note the IR-drop from 4.1 to ~4.03 V at the start of the constant current discharge. The differential
capacity for the test done at 8°C, Curve 6, is dramatically different from the other two tests. There is a
substantial IR-drop at the onset of the discharge, and there is also a considerable decrease in the capacity
at ~3.65 and at ~3.45 V. This dramatic decrease in the capacity of the cell at 8°C (~0.92 A-h to ~0.77 Ah)
is probably due to the decreased ion transport through the electrolyte and separator from the anode to the
cathode. One aspect of the discharge (and charge) differential capacity curves is the apparent shift in the
curves if the IR-drop (or IR-jump) is substantial. For example, the 8°C data shown in Figure 109 should
actually be shifted to the right. One possible method for accounting for this apparent shift is to use the
simple equation: Veyperinental = Voattery - IR, Or the actual open circuit voltage (Vyatery) On the battery would
be Viatery = Vexperimental T IR, Where Veyperimental 15 the battery voltage under load, and IR is the IR-drop.
(For the case of a constant current charge, the IR term would be negative.) The resistance can be
calculated by using the initial voltage drop divided by the current change. To calculate the IR-drop, the
values of the voltage and the current from the first two data points collected by the battery tester were
used. The data were examined using this model. Figure 110 shows the results. As seen, the data sets
move to the right, in particular the 8°C data set. From this figure, it would appear that the change in the 8
and 40°C data occur at all three peaks present in the 25°C test. A better method appears to be required to
account for the apparent shift in the differential capacity if the IR-jump or IR-drop is large at the
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beginning of the charge or discharge. It may well be that the voltage correction is nonlinear, due to
nonlinear polarization effects in the battery. As used previously, the differential capacity can be plotted
as a function of the percent DOD (percent DOD = 1- percent SOC). The data are plotted in this manner
in Figure 111. The greatest change in the differential capacity occurs, as before, for the 8°C data (Test 6),
which displays a large decrease in the capacity of the cell over a broad region of ~10 to ~60% DOD.
There is little difference between Test 1 at 25°C and Test 5 at 40°C.

A similar treatment of the differential capacity for the four tests conducted at 25°C is shown in
Figure 112. Note that the voltages listed are not corrected, as discussed above. The differential capacity
changes at various voltage values as the cell ages. The main reduction in the discharge capacity of the
cell as it ages appears to be over the voltage range of ~3.6 to 4 V. The issue of the IR voltage drop at the
start of the constant current discharge is an open issue, as it would appear that whatever process is giving
rise to charge storage at the higher voltage peaks, it is being blocked as the cell ages. Figure 113 shows
the differential capacity as a function of percent DOD. The change in the differential capacity as the cell
ages is most apparent in the ~10 through ~60% DOD range. One may also plot the differential as the
percent SOC that simply reverses the abscissa value, which in turn reverses the curves. This is shown in
Figure 114.

A similar treatment as that given above for a (80C40) cell was done on a cell tested, using the
(80C70) test. The only difference between these tests is that the (80C70) cell was tested at 70°C for a
period of 2 weeks for the calendar-life test instead of being tested for 4 weeks at 40°C. Note that the cell
did not pass the medium HPPC test following the first 2-week calendar-life test. The (80C70) test would
be considered the more severe test, as the higher temperature should influence and alter the
physical/chemical properties of the cell at a more rapid rate. The leakage current at various stages of the
aging of the cell are shown in Figure 115, where the logarithm of the leakage current following a C/1
charge is plotted as a function of the test time. Data Set 1 was acquired after the cell had 4 C/1 tests
performed on it. Data Set 2 is after 4 C/1s, a characterization test, and an RPT. Data Set 3 is after 4 C/1s,
a characterization test, an RPT, and a calendar-life test at 70°C. It is seen that as the cell ages, the leakage
current does not fall off as rapidly as when the cell is relatively new. Figure 116 shows corresponding
leakage resistances. Comparing the leakage resistance of the cell tested under the (80C40) conditions
(Figure 104), observe that the leakage resistance is smaller for the (80C70) test as the cell ages. This
means that in order to maintain 4.1 V on the cell, more current, i.e., charge, must be provided to
compensate for the greater IR-losses. Therefore, the 70°C calendar-life test for 2 weeks is indeed more
severe than the 40°C test for 4 weeks and has a greater impact on subsequent cell performance.

Figure 117 presents data for the same cell discussed above for the (80C70) test from constant
current charge tests. The voltage as a function of charge added is graphed for three stages in the cell's
life. It is again apparent that as the cell ages, the cell’s capacity (from ~3.2 to 4.1 V) falls from ~0.84 to
~6.4 A-h. Close inspection of the curves themselves reveals there are changes in the shapes of the curves.
Using again the concept of the differential capacity to magnify these changes, the resulting curves are
shown in Figure 118. In Figure 118, the differential capacity, normalized to the capacity of the cell as
measured during the C/1 charge, is shown as a function of the uncorrected cell voltage. Major changes
are observed to occur as the cell ages, in particular at ~3.5, ~3.68, and somewhat at ~3.98 V. Comparing
these data with the data shown in Figure 106 for the (80C40) test, it is seen that the voltages where the
major changes occur are about the same. However, the cell tested using the (80C70) displays a greater
change, i.e., a reduced capacity for accepting charge. The changes in the IR-jump are also apparent in
this figure. The differential capacity during charging as a function of percent SOC shown in Figure 119
indicates that the major decrease in the capacity of the cell occurs at processes occurring at ~5 to ~15 %
SOC, and at ~30 to ~60 % SOC.
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Several constant current C/1 discharge test measurements are shown in Figure 120 for the same
(80C70) cell by plotting the voltage as a function of charge removed. Three things can be observed in the
three curves: (1) there is a decrease in the charge removed from the cell from 0.94 A-h when the cell is
new that decreases to ~0.8 A-h when the cell is aged prior to failure, (2) there is an increase in the IR-drop
as the cell ages, and (3) there is a change in the shape of the discharge curves as the cell ages. These three
general observations are similar to those made when a cell was tested using the (80C40) test (see
Figure 108) discussed above. The differential capacity is shown in Figure 121 for the three test data
curves (the voltages have not been corrected). There are substantial changes in the curves as the cell ages,
especially for test data Set 3 that followed 4 C/1s, a characterization test, an RPT, and after a calendar-life
test at 70°C. Due to the way the data is plotted as minus the differential capacity, remember that the
higher the curve the worse the cell is performing. The major changes occur at about ~3.96, ~3.8, and
~3.5 V. The corresponding presentation of the data when the differential capacity is shown as a function
of the percent DOD is given in Figure 122. The data in this figure again clearly show that the properties
of the cell are changing as it ages. The major changes occur at ~25, ~45, and ~70% DOD. The changes
in the differential capacity for the (80C70) test are qualitatively similar to those found to occur for the
(80C40) test (see Figures 112 and 113). However, the magnitudes of the changes are greater when the
cell is tested under the harsher calendar-life 70°C test conditions. Figure 123 directly compares the
differential capacity as a function of voltage between the final calendar-life test at (80C40) and that at
(80C70). The changes in the differential capacity plotted in this manner are almost the same, except that
the (80C40) cell had a slightly greater decrease in its capacity at ~3.78 V and a slightly less decrease at
the other voltages. Also note that the capacity decrease for the cell tested at (80C70) was greater than that
at (80C40) after the final test preceding the last C/1 discharge obtained [~0.8 A-h for the (80C70) test
compared to ~0.82 A-h for the (80C40) test]. Probably, when a given cell’s differential capacity curve
has the shape of the curves shown in Figure 123, it is at the point of failure, as defined by the test
procedure.

From the data discussed above, i.e., the leakage current, leakage resistance, voltage change as a
function of charge added and charge removed, and differential charge and discharge capacity, it is
presently not know in detail what physical/chemical changes are responsible for the respective
observations. In the future, it is hoped that the ATD Program characterization/diagnostic tests conducted
on the cells will elucidate the mechanisms responsible.

As part of ANL’s evaluation of the ATD Gen 1 cells, six new cells were tested using a C/25
constant current discharge. From their data, ANL prepared a table [1] that lists the average of the open-
circuit cell voltage as a function of the state of charge at each integer value from 100% SOC (4.098 V) to
0% SOC (3.0 V). Figure 124 plots the constant current discharge voltage as a function of the percent
depth-of-discharge (% DOD). As seen in this figure, the slope of the voltage changes going from 0 to
100% DOD. From the ANL table, it was possible to calculate the differential capacity as a function of
voltage and percent DOD by using Equation 24. Figure 125 shows the differential capacity, derived from
the ANL calibration curve, as a function of cell voltage. From the figure, about five peaks can be
observed in the differential capacity at voltages of ~3.35, ~3.53, ~3.6, ~3.89, and ~4.07 V. The
physical/chemical process responsible for these voltage peaks is not presently known. They may be due
to crystallographic sites in either the anode and/or the cathode where the lithium ions can be situated
during intercalation/deintercalation. These voltages are somewhat different than those observed in
Figures 106, 112, 118, and 121, where approximately only three peaks are obvious in the data sets. The
difference is most likely due to the fact that the charge is being added or removed, for a C/25 test, over a
longer period of time, which would permit the cell’s electrodes to equilibrate the occupancy of the
crystalline sites in the electrodes to a greater extent than the more rapid C/1 test. Figure 126 shows the
normalized differential capacity as a function of the percent DOD. The figure also shows the five peaks
discussed above: at ~4, ~25, 60, ~75, and ~90% DOD, i.e., ~96, ~75, ~25, and ~10% SOC. Comparing
these data to how the test data from a cell undergoing testing would behave, Figure 127 shows a cell
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tested with a (60960) test sequence. This C/25 constant current discharge test was conducted at 60%
SOC, and a delta 9% SOC swing (see Table 4 and Figure 4 for the delta 9% cycle-life test). The cycle-
life test temperature was 60°C. The voltage as a function of charge removed for a C/25 test is shown for
when this cell was fresh compared to when it had been tested to failure, i.e., aged. As observed in this
figure, the capacity of the cell had decreased considerably over the course of testing. The shape of the
discharge had also changed considerably with aging. The capacity of the fresh cell (determined from the
C/25 test) was 0.855 A-h when fresh, compared to 0.714 A-h when aged to failure as defined by the
medium HPPC test. The differential capacity of this cell at the two stages in its life were calculated and
are shown in Figures 128 and 129 compared to the differential capacity derived from the ANL calibration
curve (see Figures 125 and 126). The fresh cell’s differential capacity, as a function of the cell voltage,
was very similar to the ANL calibration curve in that the peaks and their height were almost the same.
However, when the cell had been aged to failure, the capacity had decreased substantially, as shown in the
figure by the increase in the peak heights at various voltages. Note that the aged-to-failure curve has not
been corrected for any shifts in the voltage due to the voltage IR-drop at the start of the constant current
C/25 discharge. This IR-drop likely causes a shift in the apparent peaks in the differential capacity curve
as a function of voltage, as can be seen that the peaks are shifted to lower voltages. Note that there
appears to be an increase in the capacity of the cell at ~3.6 V. This may indicate that the lithium is
populating this site to a greater extent when the cell is aged compared to when fresh. The major changes
would be, assuming a crude voltage correction, at ~3.9, ~3.6, and ~3.53 V. Another way of comparing
the cell as it is aged is to examine the differential capacity as a function of the percent DOD. This method
avoids any major voltage corrections (assuming they are linear) in order to get the peaks in the curves to
line up. Figure 129 displays the differential capacity of the (60960) cell when it is fresh and when it has
been aged to failure compared to the differential capacity derived from the ANL calibration curve. The
major changes are at ~5, ~35, ~60, ~77, and at ~85% DOD. From the figure, it appears that the cell’s
capacity has increased at ~60% DOD as the differential capacity has increased at this percent DOD. This
may be another indication that some of the lithium is populating the site(s) responsible for this peak.

In summary, using the concept of differential capacity determined from the constant current charge
and discharge tests may be useful for examining the physical/chemical processes responsible for the
decrease in the electrical performance of lithium ion batteries as they undergo various test protocols. This
information should be of help to researchers conducting physical/chemical characterization/diagnostic
evaluations of the batteries and to those doing first-principle theoretical calculations.
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9. SUMMARY

This report presented the test results pertaining to a group of prototype lithium ion batteries
produced by the Advanced Technology Development (ATD) program. The cells had a nominal capacity
0of 0.9 A-h at a C/1 discharge rate, and a voltage range of 3 to 4.1 V. The composition of the anode was
carbon with binders. The composition of the cathode was LiNiy3C0y,0,, also containing binders.
Aluminum was used as the cathode current collector. The anode current collector was copper. The
electrolyte consisted of a 1 M LiPF¢ in ethylene carbonate (EC):diethyl carbonate (DEC) in a 1:1 ratio.
Polyethylene was used as the separator. The cells were assembled into a 18650-size container. The cells
underwent a number of electrical performance tests to determine their electrochemical performance at
25°C. A special calendar-life test was also conducted at elevated temperatures of 40, 50, 60, and 70°C.

The specific test for which the data are presented and discussed was a special calendar-life test
conducted once per day for a specified period, depending on the test temperature. The test, consisting of
specified discharge and charge protocols, was specially designed to have minimal impact on the cell, yet
establish the performance of the cell over a period of time such that the calendar life of the cell could be
determined. Specific discharge and regen current levels at specific durations were used at each once-per-
day test cycle. The calendar-life test was conducted at 60 and 80% state of charge (SOC). During the
calendar-life test, the discharge resistance was determined from the discharge portion of the test. The
regen resistance was determined from the regen portion of the test.

The results of the test indicate that both the discharge and regen resistance increased in a nonlinear
manner as a function of the test time. The magnitude of the discharge and regen resistance depended on
the temperature and SOC at which the test was conducted. General observations derived from this study
are as follows:

1. Both the discharge and regen resistances have a nonlinear increase with respect to time at
test temperature.

2. The discharge resistance is greater than the regen resistance at all test temperatures of 40,
50, 60, and 70°C.

3. For both the discharge and regen resistances, generally the higher the test temperature, the
lower the resistance.

4. The 70°C discharge and regen resistance data at 80% SOC do not follow the general trend of

the rest of the data in that the resistance at this temperature is slightly greater than at 60°C.
At 60% SOC, the discharge and regen resistance data indicate a process is occurring that
causes the 60°C resistance to be greater that at 50°C. At this SOC, the 70°C may also have
been influenced. The observation appears to indicate that a new physical/chemical process
is occurring that causes the resistance anomalously to increase. They also indicate that the
state of charge at which the test was conducted may influence the temperature at which the
onset of these new processes occurs. The exact nature of these processes is not presently
known.

5. Both the discharge and regen resistances at a given temperature are greater at 80% SOC than
they are at 60% SOC.

6. There are also differences in the rate of increase of the resistances in that the 80% SOC
resistance increase faster than at 60% SOC.
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A model was developed to account for the time, temperature, and SOC of the batteries during the
calendar-life test. The functional form of the model is given by

R(1,T,SOC) = A(T,SOC)F(t) + B(T,SOC)

where t is the time at test temperature, T is the test temperature, and SOC is the state of charge of the cell
at the start of the test. A(T,SOC) and B(T,SOC) are assumed to be functions of the temperature and state
of charge; F is assumed to be only a function of the time at test temperature. Using curve fitting
techniques for a number of time-dependent functions, it was found that both the discharge and regen
resistances were best correlated by a square root of test time dependence. These results led to the
relationship for the discharge and regen resistances having the form

R(t,T,SOC) = A(T,SOC)t"* + B(T,SOC) .

The square root of time dependence can be accounted for by either a one-dimensional diffusion-type
mechanism, presumably of the lithium ions, or by a parabolic growth mechanism for the growth of a thin-
film solid electrolyte interface (SEI) layer on the anode and/or cathode. The diffusion-type mechanism
would arise from the lithium ions diffusing into/out of the electrodes, through the electrolyte, through the
separator, or through the solid electrolyte interface (SEI) layer present on the surface of the electrode
materials. The growth of a thin film could relate to the growth of a SEI layer as a function of test time,
test condition, and test temperature. The increased thickness of the SEI film would increase the resistance
of the cell due to hindrance of the transport of lithium ions through the thicker SEI layer to subsequently
be intercalated/deintercalated into the active electrode material. The best physical/chemical model
appears at present to be growth of the SEI layer. The present data, however, do not indicate whether the
growth of the SEI layer occurs over time at the anode, the cathode, or both. However, characterization
results, in particular electrochemical impedance spectroscopic (EIS) methods, indicate that the resistance
of the cathode is the major contributor to the resistance of the cell as it ages. The temperature dependence
of the resistance was then investigated using various model fits to the functions A(T) and B(T). The
results of this exercise lead to a functional form for the functions having an Arrhenius-like form:

A(T) = a[exp(b/T)] and B(T) = c[exp(d/T)]

where a and ¢ are constants and b and d are related to an activation energy, Ey, and E4, by using the gas
constant, R, such that b= Ey/R and d = Eg/R. The values of E, and E4 were determined and found to be
about the right order of magnitude (several to several tens of kjoules/mole) for the activated transport of
lithium ions. However, no literature values could be found that substantiate these values. It is not known
what specific process or processes the determined activation energy values correspond too. The
functional form, therefore, for the discharge and regen resistance, including the state of charge (SOC),
dependence is then

R(t,T,SOC) = a(SOC) {exp[b(SOC)/T]}t"* + ¢(SOC) {exp[d(SOC)/T]} .

The a, b, ¢, and d parameters are explicitly shown as being functions of the SOC. However, due to the
lack of testing at SOC values other than 60 and 80% SOC, the exact form of the SOC dependence could
not be determined from the experimental data. The function R(t,T,SOC) could then be used to correlate
the discharge and regen data and to predict what the resistance would be at different test times at
particular test conditions, and different test temperatures.

As part of the calendar-life testing, the cells underwent the calendar-life once-per-day test for a

specified period of time at a specified test temperature. The test time was 4 weeks for test temperatures of
40, 50, and 60°C. A 2-week interval was used for the cells tested at 70°C. The cells were then cooled
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down to 25°C for conducting reference performance tests. The cells were then re-heated to the specified
elevated test temperature and the calendar-life test conducted. During conduct of this second and
subsequent cyclic testing, the discharge and regen resistances were observed to slowly reach the
resistance they had prior to cool down. After this previous resistance was reached, the resistance
continued to increase throughout the duration of the test. The above model, and one that has a
logarithmic in test time dependence, were applied to this resistance regrowth and found to account for its
time and temperature behavior.

Analysis of the C/1 discharge test results allowed determination of the leakage current, i.e., the
current required to maintain a given voltage on the cell. In this case, the cells where held constant at
4.1 V. The leakage current was found to decrease quite rapidly in a nonlinear manner for new cells, but
after aging by testing, the magnitude of the leakage current was found to increase. The leakage current
can be related to a leakage resistance via Ohm’s Law. The leakage resistance was found to decrease as
the cell ages, which means that more current, i.e., charge, has to be put into the cell to maintain a given
voltage. This increased charge is due to IR-losses in the battery. The IR-losses increase, due to presently
unknown detailed processes, as the cell ages.

Further analysis of the C/1 (and C/25) charge and discharge data using the concept of differential
capacity was applied to the test data. This analysis simply takes the derivative of the charge
added/removed with respect to the cell voltage or charge added or removed during the test. Peaks in the
differential capacity are believed to relate to specific intercalation sites within the anode and/or cathode.
As the cell ages with testing, the height of the peaks changed, as did their position with respect to the cell
voltage or charge/discharge state. The exact nature of these sites, and how the testing influences them, is
not presently known. This concept of the differential capacity is believed to be useful to research groups
conducting characterization/diagnostic studies on the fresh as well as aged cells. The usefulness arises in
that it provides information regarding the voltage and state of charge at which the properties of the cell
are changing the most due to use.
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Appendix A

Figures for Calendar-life and Cycle-life Discharge and Regen
Resistance Tests on ATD GEN 1 Li-ION Batteries:
Experimental Electrical Performance Test Cycles
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Appendix B

Figures for Calendar-life Discharge and Regen Resistance
Tests on ATD GEN 1 Li-ION Batteries:
80% State-of-Charge






Rdis (ohms)

0.03 Frrrrrrrrrr—————————
0 5 10 15 20 25 30 35 40 45 50 55 60
Time at test temperature (days)

|+SNL#1 —4— SNL#2 -@- SNL#3 <- INEEL#1 -©- INEEL#2 /-~ INEEL#3 - Average

Figure 5. All INEEL and SNL data from calendar-life discharge resistance tests for ATD Gen 1
[80C40] cells.
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cells.

B-1



0.08 :

Rdis (ohms)

0031.. R e e e A B b e e e e e
0 5 10 15 20 25 30 35 40 45 50 55 60
Time at test temperature (days)
—-SNL#1 -@- SNL#2 SNL#3 < INEEL#1 -©- INEEL#2
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Figure 11. Average of all INEEL and SNL data from calendar-life discharge resistance tests for ATD
Gen 1 [80C40,50,60,70] cells.
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Figure 12. Average of all INEEL and SNL data from calendar-life discharge resistance tests for ATD
Gen 1 [80C40,50,60,70] cells.
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Figure 13. Average of all INEEL and SNL data from calendar-life discharge resistance tests for ATD
Gen 1 [80C40,50,60,70] cells.
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Figure 14. Average of all INEEL and SNL data from calendar-life discharge resistance tests for ATD
Gen 1 [80C40,50,60,70] cells.
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Figure 15. Average of all INEEL and SNL data from calendar-life discharge resistance tests for ATD
Gen 1 [80C40,50,60,70] cells.
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Figure 16. Average of all INEEL and SNL data from calendar-life discharge resistance tests for ATD
Gen 1 [80C40,50,60,70] cells.
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Figure 17. Average of all INEEL and SNL data from calendar-life discharge resistance tests for ATD
Gen 1 [80C40,50,60,70] cells.
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Figure 19. Average of all INEEL and SNL calendar-life discharge resistance for ATD Gen 1
[80C40,50,60,70] cells. Fit to equation: R = A*SQRT](test time in days at temperature] + B.
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[80C40,50,60,70] cells. Fit to equation: R = A*SQRT][test time in days at temperature] + B.
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Figure 21. Average of all INEEL and SNL calendar-life discharge resistance for ATD Gen 1
[80C40,50,60,70] cells. Fit to equation: R = A*SQRT](test time in days at temperature] + B.
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Figure 22. Model Predictions for calendar-life discharge resistance data for ATD Gen I
[80C40,50,60,70] cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [¢c*EXP(d/T)].
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Figure 23. Model predictions for calendar-life discharge resistance for ATD Gen I [80C40,50,60,70]
Cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 24. Model predictions for calendar-life discharge resistance tests for ATD Gen 1
[80C40,50,60,70] Cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 25. Model predictions for calendar life-discharge resistance tests for ATD Gen 1
[80C40,50,60,70] Cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 26. Model predictions for calendar-life discharge resistance for ATD Gen I [80C40,50,60,70]
cells. R =[aT +b][SQRT(test time in days at temperature)] + [cT +d].
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Figure 27. Model predictions for calendar-life discharge resistance data for ATD Gen I
[80C40,50,60,70] cells. R =[a*EXP(b/T)][Ln(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 29. Model predictions for CL discharge resistance tests for ATD Gen 1 [80C40,50,60,70] cells.
R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)]; Tin K. R=[eT +
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[80C40,50,60,70] cells. Fit to equation: R = A*SQRTT(test time in days at temperature] + B.
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Figure 31. Average of all INEEL and SNL calendar-life discharge resistance for ATD Gen 1
[80C40,50,60,70] cells. Fit to equation: R = A*SQRT](test time in days at temperature] + B.
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Figure 32. Model predictions for calendar-life discharge resistance for ATD Gen I [80C40,50,60,70]
Cells. R =[a*T*EXP(b/T)][SQRT(test time in days at temperature)] +[c*T*EXP(d/T)].
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Figure 33. Model predictions for calendar-life discharge resistance tests for ATD Gen 1
[80C40,50,60,70] cells. R = [a*T*EXP(b/T][SQRT(test time in days at temperature)] + [¢*T*EXP(d/T)].
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Figure 34. Model predictions for calendar-life discharge resistance tests for ATD Gen 1
[80C40,50,60,70] cells; comparison between: R = [a*EXP(b/T)][SQRT(test time in days at temperature)]
+ [¢*EXP(d/T)] and R = [e*T*EXP(f/T)][SQRT(test time in days at temperature)] + [g*T*EXP(h/T)].
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Figure 35. Model predictions for calendar-life discharge resistance tests for ATD Gen 1
[80C40,50,60,70] cells; cifference between: (A): R =[a*EXP(b/T)][SQRT(test time)] + [c*EXP(d/T)]
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Figure 36. Model predictions for calendar-life discharge resistance tests for ATD Gen 1
[80C40,50,60,70] cells; difference between: (A): R =[a*EXP(b/T)][SQRT(test time)] + [¢*EXP(d/T)]
(B): R=[e*T*EXP(f/T)][SQRT(test time)] + [g*T*EXP(h/T)]
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Figure 37. Average of all INEEL and SNL calendar-life discharge resistance data for ATD Gen 1
[80C40,50,60,70] cells. Fit to equation: R = A*SQRT](test time in days at temperature] + B.
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Figure 38. Average of all INEEL and SNL calendar-life discharge resistance for ATD Gen 1
[80C40,50,60,70] cells. Fit to equation: R = A*SQRT(test time in days at temperature] + B.
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Figure 39. Model predictions for calendar-life discharge resistance data for ATD Gen I
[80C40,50,60,70] cells. R =[aT2 + bT + c][SQRT(test time in days at temperature)] + [dT2 + T + f].
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Figure 40. Model predictions for calendar-life discharge resistance tests for ATD Gen 1
[80C40,50,60,70] cells. R =[aT2+ bT + c][SQRT(test time in days at temperature)] + [dT2 + T + f].
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Figure 41. All INEEL and SNL data calendar-life regen resistance for ATD Gen 1 Cells [80C40].
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Figure 42. All INEEL and SNL data from calendar-life regen resistance tests for ATD Gen I cells
[80C50].
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Figure 44. All INEEL and SNL data from calendar-life regen resistance tests for ATD Gen I cells
[80C70].
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Figure 45. Average of all INEEL and SNL data from calendar-life regen resistance tests for ATD Gen I
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Figure 46. Percent change in calendar-life regen resistance test data (Average of all INEEL and SNL
data) for ATD Gen 1 cells [80C40,50,60,70].
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Figure 47. Average of all INEEL and SNL data from calendar-life regen resistance tests for ATD Gen I
[80C40,50,60,70] cells.
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Figure 48. Average of all INEEL and SNL calendar-life regen resistance for ATD Gen 1
[80C40,50,60,70] cells. Fit to equation: R = A*SQRT]|test time in days at temperature] + B.
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Figure 49. Average of all INEEL and SNL calendar-life regen resistance for ATD Gen 1
[80C40,50,60,70] cells. Fit to equation: R = A*SQRT](test time in days at temperature)] + B.
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Figure 50. Model predictions for calendar-life regen resistance data for ATD Gen I [80C40,50,60,70]
cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 51. Model predictions for calendar-life regen resistance for ATD Gen I [80C40,50,60,70] cells.
R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 52. Model predictions for calendar-life regen resistance data for ATD Gen I [80C40,50,60,70]
cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 53. Model predictions of calendar-life regen resistance for ATD Gen I [80C40,50,60,70] cells.
R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 54. Average of all INEEL and SNL calendar-life regen resistance for ATD Gen 1
[80C40,50,60,70] cells. Fit to equation: R = A*SQRT(test time in days at temperature] + B.
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Figure 55. Average of all INEEL and SNL calendar-life regen resistance for ATD Gen 1
[80C40,50,60,70] cells. Fit to equation: R = A*SQRT]test time in days at temperature)] + B.
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Figure 56. Model predictions for calendar-life regen resistance for ATD Gen I [80C40,50,60,70] cells.
R =[a*T*EXP(b/T)][SQRT(test time in days at temperature)] + [¢*T*EXP(d/T)].
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Figure 57. Model predictions of calendar-life regen resistance for ATD Gen I [80C40,50,60,70] cells.
R =[a*T*EXP(b/T)][SQRT(test time in days at temperature)] + [c*T*EXP(d/T)].
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Figure 58. Model predictions of calendar-life regen resistance for ATD Gen I [80C40,50,60,70] cells;
comparison between: R = [a*EXP(b/T][SQRT(test time in days at temperature)] + [¢*EXP(d/T]
and R = [e*T*EXP(f/T)][SQRT(test time in days at temperature)] + [g*T*EXP(h/T)].
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Figure 59. Average of all INEEL and SNL discharge and regen resistance data from calender-life tests
for ATD Gen I [80C40,50,60,70] cells.
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Appendix C

Figures for Calendar-life Discharge and Regen Resistance
Tests on ATD GEN 1 Li-ION Batteries:
60% State-of-Charge
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Figure 60. All INEEL calendar-life discharge resistance data for ATD Gen 1 [60C40,50,60,70] cells.
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Figure 61. Average of all INEEL data from calendar-life discharge resistance tests for ATD Gen 1
[60C40,50,60,70] cells.
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Figure 62. Average of all INEEL data from calendar-life discharge resistance tests for ATD Gen 1
[60C40,50,60,70] cells.
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Figure 63. Calendar-life discharge resistance data for ATD Gen 1 [60C40,50,60,70] cells. Fits to Rdis
= A*SQRT][test time in days at temperature] + B.
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Figure 64. Calendar-life discharge resistance for ATD Gen 1 [60C40,50,60,70] cells. Fits to Rdis =
A*SQRT](test time in days at temperature] + B.
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Figure 65. Calendar-life discharge resistance for ATD Gen 1 [60C40,50,60,70] cells. Fits to Rdis =
A*SQRT(test time in days at temperature] + B.
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Figure 66. Calendar-life discharge resistance for ATD Gen 1 [60C40,50,60,70] cells. Fits to Rdis =
A*SQRT][test time in days at temperature] + B.
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Figure 67. Model predictions for calendar-life discharge resistance for ATD Gen 1 [60C40,50,60,70]
cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 68. Model predictions for calendar-life discharge resistance for ATD Gen 1 [60C40,50,60,70]
cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].

0.06
0.055
0.05
n
€ 0.045 1
=
S
(2]}
5 0.04
14
0.035
0.03
0.025
0 5 10 15 20 25 30
Time at test temperature (days)
¢ ExpAve (40°C) @ ExpAve (50°C) A ExpAve (60°C) B ExpAve (70°C)
= = "Model (40°C) -~ - "Model (50°C) - - “Model (60°C) - - -Model (70°C)

Figure 69. Model predictions for calendar-life discharge resistance for ATD Gen 1 [60C40,50,60,70]
cells. R =[a*EXP(b/T)][SQRT(test time at temperature)] + [c*EXP(d/T)].
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Figure 70. Model predictions for calendar-life discharge resistance for ATD Gen 1 [60C40,50,60,70]
cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 71. Model predictions for calendar-life discharge resistance data for ATD Gen 1
[60C40,50,60,70] cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 72. All INEEL calendar-life regen resistance data for ATD Gen 1 [60C40,50,60,70] cells.
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Figure 73. Average of all INEEL data from calendar-life regen resistance tests for ATD Gen 1
[60C40,50,60,70] cells.
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Figure 74. Average of all INEEL data from calendar-life regen resistance tests for ATD Gen 1 cells
[60C40,50,60,70].

0.0018 : ‘ - :
=-1.212x10 T +2.090x10 *
00017 4 A9 2’2( 0 090x10
R’ =0.376
_ 00016 |
9 4
[
£ 0.0015
g
8
S 00014
c
% 0.0013
o Areg =-1.629x10 T +2.215x10 *
0.0012 +—— 2
R’ =0.998
0.0011
|
0.001 ‘
30 40 50 60 70 80
Test temperature (°C)
Temps 40,50,60,70°C Temps 40,50,70°C
Linear (Temps 40,50,60,70°C) Linear (Temps 40,50,70°C)

Figure 75. Calendar-life regen resistance for ATD Gen 1 [60C40,50,60,70] cells. Fits to Rdis =
A*SQRT](test time in days at temperature] + B.
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Figure 76. Average of all INEEL calendar-life regen resistance data for ATD Gen 1 [60C40,50,60,70]
cells. Fits to Rdis = A*SQRT[test time in days at temperature] + B.
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Figure 77. Calendar-life regen resistance for ATD Gen 1[60C40,50,60,70] cells. Fits to Rdis =
A*SQRT](test time in days at temperature] + B.
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Figure 78. Calendar-life regen resistance for ATD Gen 1 [60C40,50,60,70] cells. Fits to Rdis =
A*SQRT(test time in days at temperature] + B.
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Figure 79. Model predictions for calendar-life regen resistance for ATD Gen 1 [60C40,50,60,70] cells.
R =[a*EXP(b/T)]*SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 80. Model predictions for calendar-life regen resistance for ATD Gen 1 [60C40,50,60,70] cells.
R =[a*EXP(b/T)]*SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 81. Model predictions for calendar-life regen resistance for ATD Gen 1 [60C40,50,60,70] cells.
R =[a*EXP(b/T)]*[SQRT][test time in days at temperature)] + [c*EXP(d/T)]
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Figure 82. Model predictions for calendar-life regen resistance for ATD Gen 1 [60C40,50,60,70] cells.
R =[a*EXP(b/T)]*[SQRT(test time in days at temperature)] + [c*EXP(d/T)].
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Figure 83. Percent change in calendar-life regen resistance data (average of all INEEL data) for ATD
Gen 1 [60C40,50,60,70] cells.
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Figure 84. Percent change in calendar-life discharge resistance data (average of all INEEL data) for
ATD Gen 1 [60C40,50,60,70] cells.
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Figure 85. Average of all INEEL and SNL discharge and regen resistance data from calender-life tests
for ATD Gen I [60C40,50,60,70] cells.
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Figure 86. Average of all INEEL and SNL discharge resistance data from calender-life tests for ATD
Gen I [80 and 60C40,50,60,70] cells.
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Figure 87. Average of all INEEL and SNL regen data from calender-life tests for ATD Gen I [80 and
60C40,50,60,70] cells.
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Appendix D

Figures for Calendar-life Discharge and Regen Resistance
Tests on ATD GEN 1 Li-ION Batteries:
Regrowth of Resistance after the First Calendar-Life Test
Cycle, and State-of-Charge Dependence of
Discharge and Regen Resistance
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Figure 88. INEEL and SNL calendar-life test data for ATD Gen 1 [80C40,50,60] cells. Comparison of
first 4-week test with second 4-week test.
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Figure 89. INEEL and SNL calendar-life test data for ATD Gen 1 [80C40,50,60] cells; second 4-week

test data.
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Figure 90. INEEL and SNL calendar-life test data for ATD Gen 1 [80C40,50,60] cells; second 4-week

test.
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Figure 91. Second 4-week period for INEEL and SNL calendar-life discharge resistance for ATD Gen 1
[80C40,50,60] cells. Fit to equation: R = A*Ln][test time in days at temperature] + B.

D-2



0.055

0.054 -

0.053 Y

0.052 - /

pd

o
o
a
—

0.05 -

o
(=)
g
o
2

] Bdis = 3.154x10°EXP(892.2/T)
0.048 4 R?=1.00

0.047 |

0.046 1

Rdis B parameter

0.045 T —r—r—rrrTrTTr —r—T—r — —
0.00295 0.003 0.00305 0.0031 0.00315 0.0032 0.00325
[1/Test temperature] (1/K)

Figure 92. Second 4-week period for INEEL and SNL calendar-life discharge resistance for ATD Gen 1
[80C40,50,60] cells. Fit to equation: R = A*Ln][test time in days at temperature] + B.
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Figure 93. Model prediction for INEEL and SNL calendar-life test data for ATD Gen 1 [80C40,50,60]
cells; second 4-week test.
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Figure 94. INEEL and SNL calendar-life test data for ATD Gen 1 [80C40,50,60] cells. Comparison of
first 4-week test with second 4-week test.
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Figure 95. INEEL and SNL calendar-life test data for ATD Gen 1 [80C40,50,60] cells; second 4-week
test.
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Figure 96. Second 4-week period for INEEL and SNL calendar-life discharge resistance for ATD Gen 1
[80C40,50,60] cells. Fit to equation: R = A*Ln[test time in days at temperature] + B.
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Figure 97. Second 4-week period for INEEL and SNL calendar-life discharge resistance for ATD Gen 1
[80C40,50,60] cells. Fit to equation: R = A*Ln][test time in days at temperature] + B.
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Figure 98. INEEL and SNL calendar-life test data for ATD Gen 1 [80C40,50,60] cells; second 4-week
test.
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Figure 99. Model predictions for calendar-life discharge and regen resistance data for ATD Gen |
[80C40,50,60,70 and 60C40,50,60,70] cells. R = [a*EXP(b/T)][SQRT(test time in days at temperature)]
+ [c*EXP(d/T)].
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Figure 100. Model predictions for calendar-life discharge and regen resistance Data for ATD Gen I
[80C40,50,60,70 and 60C40,50,60,70] cells. R =[a*EXP(b/T)][SQRT(test time in days at temperature)]
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Figure 101. Model predictions for calendar-life discharge and regen resistance data for ATD Gen I
[80C40,50,60,70 and 60C40,50,60,70] cells. R = [a*EXP(b/T)][SQRT(test time in days at temperature)]
+ [c*EXP(d/T)].
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APPENDIX E

Figures from Calendar-life Discharge and Regen Resistance
Tests on ATD GEN 1 Li-ION Batteries:
Leakage Current, Leakage Resistance, and Differential
Capacity
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Figure 103. Leakage current following constant-current C/1 charge on ATD GEN I cell test [S0C40].
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Figure 104. Leakage resistance following constant-current C/1 charge on ATD GEN I cell test [80C40].
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Figure 105. Constant-current C/1 charge on ATD GEN I cell test [80C40].
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Figure 106. Constant-current C/1 charge on ATD GEN I cell test [80C40].
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Figure 107. Constant-current C/1 charge on ATD GEN I cell test [80C40].
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Figure 108. Constant-current C/1 discharge on ATD GEN I cell test [80C40].
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Figure 109. Constant-current C/1 discharge on ATD GEN I cell test [80C40].
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Figure 110. Constant-current C/1 discharge on ATD GEN I cell test [80C40].
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Figure 111. Constant-current C/1 discharge on ATD GEN I cell test [80C40].
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Figure 112. Constant-current C/1 discharge on ATD GEN I cell test [80C40].
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Figure 113. Constant-current C/1 discharge on ATD GEN I cell test [80C40].

2.2
2
1.8 1

(1ivolt)

-
O
N

e removed/cell capacity]/dV

1.2
#1

11 #2

0.8 -

0.6 -
0.4 1
g
5,02
® ¢

0 10 20 30 40 50 60 70 80 920 100

% SOC
—— 5 per. Mov. Avg. ((Test #1: 4 C/1))
=5 per. Mov. Avg. ((Test #4: 4 C/1 + RPT + CL40 + CL40))
- = = 5 per. Mov. Avg. (Test #2: 4 C/1 + RPT + CL40))
—— 5 per. Mov. Avg. ((Test #3: 4 C/1 + RPT))

Figure 114. Constant-current C/1 discharge on ATD GEN I cell test [80C40].
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Figure 115. Leakage current following constant-current C/1 charge on ATD GEN I cell test [80C70].
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Figure 116. Leakage resistance following constant-current C/1 charge on ATD GEN I cell test [80C70].
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Figure 117. Constant-current C/1 charge (0.9 A) on ATD GEN I cell test [8OC70].
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Figure 118. Constant-current C/1 charge on ATD GEN 1 cell test [80C70].
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Figure 119. Constant-current C/1 charge on ATD GEN 1 cell test [80C70].
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Figure 120. Constant-current C/1 discharge on ATD GEN I cell test [80C70].
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Figure 121. Constant-current C/1 discharge on ATD GEN I cell test [80C70].

-d[Charge removed/cell capacity]/dV (1/volt)
o

0 —r—r ————T—T v

0 10 20 30 40 50 60 70 80 90 100
% DOD

—— 5 per. Mov. Avg. ((Test #1: 4C/1))
- - - 5 per. Mov. Avg. ((Test #2: 4C/1 + RPT))
5 per. Mov. Avg. ((Test #3: 4C/1 + RPT + CL70)

Figure 122. Constant-current C/1 discharge on ATD GEN I cell test [80C70].
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Figure 123. Comparison of differential capacity for [80C40] cell and a [80C70] cell for a constant
current C/1 discharge. (Note that the tests conducted prior to the collection of the data are different.)
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Figure 124. ANL calibration curve for ATD GEN I Li-Ion cells.
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Figure 127. Constant current C/25 discharge on ATD GEN I cell test [60960].
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Figure 128. Constant current C/25 discharge comparison of ANL ATD Gen 1 calibration data with a
[60960] test cell.
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Figure 129. Constant current C/25 discharge comparison of ANL ATD Gen 1 calibration data with a
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