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Abstract

We tested the effect of Al concentration on the performance of lithium-ion cells. One set of cells contained a LiNi0.8Co0.15Al0.05O2 cathode
and the other, LiNi0.8Co0.10Al0.10O2. The cells were calendar- and cycle-life tested at several temperatures, with periodic interruptions for
reference performance tests that were used to gauge capacity and power fade as a function of time.

TheC1/25 capacity fade in the cells displayedt1/2 dependence. The capacity fade of the 10% Al-doped cells tested at 45◦C was similar to
that of the 5% Al-doped cells at 25◦C. The impedance rise and power fade were also sensitive to the Al concentration. For the one common
temperature investigated (i.e., 45◦C), the 10% Al-doped cells displayed higher impedance rise and power fade than the 5% Al-doped cells.
Additionally, the time dependence of the impedance rise displayed two distinct kinetic regimes; the initial portion depended ont1/2 and
the final, ont. On the other hand, the 10% Al-doped cells depended ont1/2 only.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium-ion batteries have found uses in many consumer
electronics. The batteries generally consist of a metal ox-
ide cathode, a liquid organic solvent containing a dissolved
ionic salt, and a carbon-based anode. The US Department
of Energy-supported Partnership for the Next Generation of
Vehicles (PNGV, now called the Freedom Cooperative Au-
tomotive Research, FreedomCAR, Partnership) and others
are also evaluating this class of batteries for use in hybrid
electric vehicles. For this use, the batteries must exhibit 23%
power fade or less over 15 years. However, during their lives,
these cells show impedance increase and, hence, power fade.
Thus, the 15-year life remains a challenge.
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publicly and display publicly, by or on behalf of the government.
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The US Department of Energy’s (DOE) Office of Free-
domCAR and Vehicle Technologies is working in a collabo-
rative manner with the US auto companies. DOE established
a technical support program at DOE’s national laboratories
to address, among other issues, calendar-life. This national
laboratory program is denoted the Advanced Technology
Development (ATD) Program.

Under the auspices of the ATD Program, two national lab-
oratories, Argonne National Laboratory (ANL) and Idaho
National Engineering and Environmental Laboratory (IN-
EEL), collaborated to evaluate, among other phenomena,
the causes of the impedance rise in these cells. In this
study, a number of 18650-sized cells containing two differ-
ent chemistries, which differed in the aluminum (and cobalt)
content in the cathode, were subjected to accelerated cycle-
and calendar-life testing, as defined later. It was thought that
the higher Al content would increase the stability of the
cathode, i.e., reduce capacity fade in the cell.

Papers on impedance increase in these lithium-ion cells
have appeared elsewhere[1–4]. These studies showed
that the discharge impedance increase was proportional to
(time)1/2, regardless of the nature of the aging experiment.
The authors inferred that the most likely source of this
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impedance increase was the growth of a solid electrolyte
interface (SEI) layer on the surface of one or both of the
electrodes.

2. Experimental

2.1. General

Two different cell chemistries were used in this work. The
chemistry of Group A is given inTable 1. The chemistry of
Group B was the same as that of Group A except that the
cathode consisted of LiNi0.8Co0.1Al0.1O2 (10% Al doping
and 10% cobalt). Both cell groups have an average active
area of 846.3 cm2, although the Group B cells have 20%
less capacity. Forty-six, weld-sealed, 18650-sized cells con-
taining Group A chemistry and thirty of Group B chemistry
were fabricated by Quallion, LLC, to ANL’s specifications
for this work.

The battery ratings and limitations given inTable 2were
used to establish the testing protocols. The cells were tested
for calendar-life at ANL and for cycle-life at INEEL.

The cells were characterized by many methods, including
theC1/25 capacity and hybrid pulse power characterization
at the low current value (L-HPPC)[5]. The L-HPPC test was
scaled to a 5C discharge current and a (3/4)5C regen current.
All C/25 capacity and L-HPPC tests were performed using
programmable testers. The cells were mounted in aluminum
thermal blocks and placed within environmental chambers
to maintain the temperature at target values and to minimize
temperature fluctuations. After characterization at 25◦C, one
cell of each chemistry was removed from testing at both
ANL and INEEL. For the Group A cells, the resulting dis-
tribution of cells was 14 for cycle-life tests at 25◦C, 14 for
cycle-life tests at 45◦C, 2 for calendar-life tests at 45◦C, and
14 for calendar-life tests at 55◦C. The Group B cells were
tested at 45◦C with only 10 cells at ANL (calendar-life)
and 14 at INEEL (cycle-life) after characterization. Further
information about the tests is given in[6].

Cell potentials were used to establish state-of-charge
(SOC). At the beginning of the life, the cells were dis-

Table 1
Cell chemistry for Group A

Positive electrode Negative electrode
8 wt.% PVDF binder

(Kureha KF-1100)
8 wt.% PVDF binder
(Kureha #C)

4 wt.% SFG-6 graphite (Timical) 92 wt.% MAG-10 (Hitachi)
4 wt.% carbon black (Chevron) 4.9 mg/cm2 loading density
84 wt.% LiNi0.8Co0.15Al0.05O2

(Fuji CA1505)
35�m-thick coating/side

8 mg/cm2 loading density 18�m-thick Cu current
collector35�m-thick coating/side

30�m-thick Al current collector

Electrolyte Separator
1.2 M LiPF6 in EC/EMC

(3:7, w/w)
25�m-thick PE Celgard
separator

Table 2
Battery ratings and limitations

Group A Group B

C1/1 rated capacity (Ah) 1.0 0.8
Cell nominal weight (average, g) 38.7 38.4

Temperature (◦C)
Operating range −20 to +60

(discharge)
Storage 10± 3
Maximum (discharge) 60
Maximum (charge) 40

Voltage limits (V)
Minimum discharge voltage 3.0 (18 s pulse)
Maximum charge voltage 3.0 (continuous)

4.3 (10 s pulse)
4.1 (continuous)

Current limits (A)
Maximum discharge current 8.0 (18 s pulse)
Maximum charge current 2.0 (continuous)

8.0 (10 s pulse)
1.0 (continuous)

charged at the 25-h rate at 25◦C between 4.1 and 3.0 V to
determine the relationship between SOC and potential. This
relationship was used throughout the study. Calendar- and
cycle-life testing were then performed at 60% SOC, which,
based on the initialC1/25 tests corresponded to 3.723 and
3.741 V for Groups A and B, respectively.

The L-HPPC test was used to monitor how the impedance
and power capability changed as a function of time. The
raw data were reduced to produce discharge and recharge
(regen) area-specific impedance (ASI) and power values for
each iteration of the test profile according to the following
equations andFig. 1a.

Discharge resistance(Rdischarge) = �V

�I
= Vt1 − Vt0

It1 − It0

Regen resistance(Rregen) = Vt4 − Vt3

It4 − It3

Discharge ASI= 846.3 cm2 × Rdischarge

Regen ASI= 846.3 cm2 × Rregen

Pdischarge= 3.0(OCV − 3.0)

Rdischarge

Pregen= 4.1(4.1 − OCVregen)

Rregen

wheret0 = 0 s,t1 = 18 s,t3 = 50 s, andt4 = 52 s and where
the voltage and current values associated witht0 andt3 are
taken immediately prior to the start of the pulse.

The L-HPPC profile is completed in increments of 10%
DOD. Interpretation of the L-HPPC results requires that the
OCV value prior to the start of each portion of the profile
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be known. The OCV value prior to the discharge portion
of the profile is measured but OCVregen value prior to the
regen portion of the profile is not available for direct mea-
surement (due to the relaxation time require to obtain a rea-
sonable OCV measurement). Therefore, the OCVregenvalue
is estimated using Microsoft Excel’s FORECAST function
as follows:

(1) measure the Ah removed values at the 10% increments;
(2) measure the OCV values at the particular 10% DOD

increments;
(3) measure the Ah removed during the discharge portion

of the HPPC profile;
(4) “Forecast” the OCVregen value that falls between the

10% OCV values measured and the 10% Ah values
measured.
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Fig. 1. (a) Cell potential and current vs. time for an L-HPPC pulse profile. Voltage is the dashed line, and current, the solid line. Discharge is defined
as positive current. (b) A typical BSF-scaled discharge and regen power vs. energy removed plot. (c) A typical available energy vs. power plot.

Each L-HPPC pulse can be related to the correspond-
ing amount of energy discharged to that point. A typical
plot of power versus energy removed is given inFig. 1b.
The available energy at a given power level is defined as
Edischarge− Eregen. Plotting these values as a function of
power producesFig. 1c. The dashed line in the figure has
a slope equal to the ratio of the PNGV power-assist en-
ergy goal (i.e., 300 Wh) divided by the power goal plus a
30% beginning-of-life power margin (i.e., 25 kW× 1.3).
The point at which the dashed line intersects the available
energy curve is where the PNGV goals are optimally met
for this representative cell. This intersection point is used to
calculate the battery size factor (BSF) by dividing the en-
ergy at this point by the PNGV energy goal (or, alternatively
dividing the power at this point by the PNGV power goal).
This calculation was performed on each cell. The average



I. Bloom et al. / Journal of Power Sources 124 (2003) 538–550 541

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Power (W)

A
v

a
il

a
b

le
 E

n
e

rg
y

 (
W

h
) 

(c)

Fig. 1. (Continued ).

BSF values for Groups A and B cells are 553 and 651,
respectively. The BSF is used to scale all subsequent power
and energy curves for direct comparison with the PNGV
goals. The standard measure of cell degradation was the
percent fade in the power at an available energy of 300 Wh.
Further information about these calculations is given in
[6,7].

2.2. Calendar-life tests

The Group A cells were tested for calendar-life accord-
ing to the PNGV calendar test at 45 and at 55◦C. Here,
the profile given inFig. 2 is applied once per day for 28
consecutive days using the 3C rate as the base current
[5].
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Fig. 2. Calendar-life test profile. Discharge is defined as positive current.

2.3. Reference performance tests

After 4 weeks at temperature, the cells were cooled to
25◦C and reference performance tests (RPTs) were per-
formed. The RPT consisted of portions of the characteriza-
tion tests, including theC/25 and L-HPPC tests. The cells
were then heated back to the soak temperature. The process
was repeated until the power fade at the 300 Wh line was
greater than 30% for the cells at 55◦C and 50% for those at
45◦C.

The Group B cells were tested analogously. They were
tested using the same test profile and procedures except that
the soak temperature was 45◦C. These cells were tested un-
til the power fade at the 300 Wh line was 50%. Following
4 weeks of aging, another two cells were removed from
testing. The remaining cells were removed from the testing
based on roughly equal power fade increments. Further in-
formation can be found in Appendix C of[7].

2.4. Cycle-life tests

The cells were tested for cycle-life by using the
BSF-scaled, 25 Wh profile shown inFig. 3 [5]. Before
cycle-life testing, the operating set point stability (OSPS)
test was performed to verify cycling stability. The OSPS
test consists of 100 consecutive cycle-life profiles. The re-
quirement is that at its completion, the actual SOC should
be within±2% of 60% SOC, based on the OCV following
a 1 h rest at the beginning and end of the 100 pulses. If the
SOC is charge positive or charge negative (i.e., unstable),
then the control voltage at the end of the discharge pulse is
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Fig. 3. 25-Wh profile used in the cycle-life tests.

changed and the OSPS test is repeated until stable cycling
occurs[6].

The Group A cells were tested at 25 and 45◦C. After
4 weeks at temperature (33,600 profiles), RPTs were per-
formed, as described earlier. Again, the Group B cells were
tested analogously, except for using only one temperature,
45◦C.

2.5. Data reduction

The capacity and derived L-HPPC impedance and power
values from the two test labs were pooled and analyzed for
trends. The impedance at 60% SOC from the L-HPPC test
was selected for analysis because it corresponds to the nom-
inal SOC anticipated for hybrid electric vehicle operation.
Where necessary, the value at 60% SOC was approximated
by linear interpolation using the FORECAST function in
Microsoft Excel. Outliers were identified and excluded from
further calculations.

Due to the limited number of test temperatures used in
these experiments, no analyses for temperature dependence
were performed. However, both capacity and power fade
were observed to increase with temperature, as expected.

Table 3
Initial values for the cell populations tested

Cell population C/25 capacity (Ah) ASI (
 cm2) Power (kW)

Group A cycle-life at 25◦C 1.08± 0.01 28.35± 0.78 32.45± 0.79
Group A cycle-life at 45◦C 1.07± 0.01 28.64± 0.70 32.42± 0.67
Group A calendar-life at 45◦C 1.02± 0.01 26.59± 0.54 35.39± 0.65
Group A calendar-life at 55◦C 1.03± 0.03 28.00± 1.69 33.74± 2.36
Group B cycle-life 0.98± 0.03 33.86± 0.78 32.57± 1.06
Group B calendar-life 0.96± 0.01 31.40± 0.82 34.11± 2.29

The nature of the time dependency of the impedance and
static capacity changes was determined by curve fitting. For
this work, equations based on time,t or t1/2 were used. For
simple equations, the Microsoft Excel function LINEST was
used to determine which form of the equation produced a
better fit based upon maximizing the regression coefficient,
r2. For more complex, non-linear equations, such asat1/2 +
c(t − t0) + d, wherea, c, d, and t0 are constants (c = 0
when t < t0), the non-linear regression function in Jandel
SigmaStat was used. All values ofr2 were 0.92 or better.

3. Results

The average initial discharge data and standard deviations
for the cell populations are given inTable 3. For Group A, the
calendar-life cells at 55◦C were tested for 40 weeks; those
at 45◦C, for 76 weeks. The cycle-life cells at 25 and 45◦C
were tested for 68 weeks. For Group B, the calendar-life
cells were tested for 60 weeks and the cycle-life cells, for 56
weeks. In the calendar-life test, the cells at 55◦C exhibited
higher capacity fade and impedance increase than did the
cells tested at 45◦C. The same trend held in the cycling
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Fig. 4. Discharge cell voltage vs. %SOC for cell Groups A and B at characterization.

test. The cells cycled at 45◦C exhibited higher capacity fade
and impedance increase than those tested at 25◦C. For the
sake of simplicity, only the discharge-based data will be
presented; the trends in the regen-based data are similar.

3.1. Capacity fade

Fig. 4 shows that the 25 h discharge curves of Groups A
and B differ at the beginning of life. From the figure, the
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Fig. 5. AverageC1/25 capacity as a function of time.

Group B cells operate at higher potentials in the %SOC range
of 90 to 10. The difference at 50% SOC is approximately
17 mV and can be attributed to the difference in cathode
composition.

As the cells age, theC/25 capacity fades. A plot of the
averageC/25 capacity versus time for the cells along with
the least squares fit toat1/2 + d is given in Fig. 5. The
coefficients of these curves, their respective values ofr2 and
the standard error (S.E.) for each coefficient are given in
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Table 4
Coefficients, S.E. and values ofr2 for the curves inFig. 5

Coefficient

a d r2

Group A cycle-life 25◦C −1.15 × 10−2 1.07 0.98
S.E. 3.87× 10−4 2.32 × 10−3

Group A cycle-life 45◦C −2.44 × 10−2 1.07 0.99
S.E. 7.14× 10−4 4.16 × 10−3

Group A calendar-life 45◦C −2.42 × 10−2 1.03 0.99
S.E. 6.78× 10−4 4.18 × 10−3

Group A calendar-life 55◦C −3.44 × 10−2 1.03 1.00
S.E. 6.53× 10−4 2.92 × 10−3

Group B cycle-life 45◦C −1.09 × 10−2 0.97 0.97
S.E. 5.69× 10−4 3.01 × 10−3

Group B calendar-life 45◦C −1.48 × 10−2 0.97 0.96
S.E. 7.53× 10−4 4.12 × 10−3

Table 4. From the values ofr2, the fits are excellent. The
“a” column inTable 4shows that the order ofC/25 capacity
fades is 55◦C calendar-life > Group A cycle-life at 45◦C ∼
Group A calendar-life at 45◦C > Group B calendar-life at
45◦C = Group B cycle-life at 45◦C ∼ 25◦C cycle-life.

The fact that the cells at the highest temperature, 55◦C,
have the highest capacity fade is expected. This effect of
temperature has been documented in earlier studies on
lithium-ion cells [1,4]. The results also show that cycling
affects capacity fade, but only slightly. The relatively small

          

Fig. 6. Typical ASI as a function of cell voltage for Group A (60% SOC= 3.723 V). The time difference between consecutive curves is 4 weeks. As
the cell ages, the ASI of the cell for both discharge and regen increases.

difference in fade rate (values ofa) between the calendar-life
cells and the cycle-life cells may be a result of the mild na-
ture of the cycling which utilized pulses of less than±2%
�SOC swing.

The effect of the higher Al content in the Group B cells
can clearly be seen. There is no significant difference be-
tween the Group B cells (cycle- or calendar-life) tested at
45◦C and the Group A cells cycled at 25◦C. Thus, the
higher Al content stabilizes the cathode towards against
loss.

Capacity loss indicates that some process is impeding the
retention or use of all the electrochemically active lithium.
As can be seen inTable 4, the regression coefficients for
the data indicate that the averageC1/25 capacity decrease
depends ont1/2. Indeed, parabolic models of capacity de-
cline have been reported by Broussely et al.[8]. Broussely
et al. fit their capacity data to equations of the general form,
t = k1x

2+k2x, wherex is the percent lithium (i.e., capacity)
loss andk1 andk2 are constants. They attribute the capacity
fade to a lithium corrosion reaction that occurs between the
anode and the electrolyte.

In the ATD work, similar, though simpler, equations (t =
kx2 + c) were used to describe the data with reasonable fits.
Although there is no direct evidence of the capacity fade
being caused by one electrode or the other, the data are
consistent with those of Broussely et al. It is interesting to
note (seeFig. 5) that at time greater than 60 weeks, there
is a deviation fromt1/2 dependence. This could be due to
another lithium-consuming reaction or process.
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Fig. 7. Typical ASI as a function of SOC for Group B (60% SOC= 3.741 V). The time difference between consecutive curves is 4 weeks. As the cell
ages, the ASI of the cell for both discharge and regen increases.

3.2. Impedance rise

The ASI values, as defined earlier, increased with time
during the test.Fig. 6shows a typical L-HPPC-derived ASI
versus OCV plot for a Group A calendar-life cell. Note
that the discharges resulting in the cell hitting the minimum
defined cell voltage are not included in the graph. The cor-
responding plot from a Group B calendar-life cell is given
in Fig. 7. From these figures, one can see that the initial
ASI values for the Group A cells were lower than those of
Group B.

Plotting the average ASI values at 60% SOC yieldsFig. 8.
Here, several trends are seen. In the Group A cells, the dis-
charge ASI follows expected trends. That is, the calendar-life
ASI at 55◦C > cycle-life ASI at 45◦C > calendar-life ASI at
45◦C > cycle-life ASI at 25◦C. Group B displays a similar
trend. The ASI in the cycle-life cells is greater than that of
the calendar-life cells. Comparing Groups A and B shows
that the initial average ASI of Group B was greater than that
of Group A.

Additionally, a break in the ASI versus time curves from
the Group A cells at 25, 45 and 55◦C is seen. After about 44
weeks at 25◦C, after about 36 weeks at 45◦C and after about
20–24 weeks at 55◦C, the time dependence of impedance
increase changes fromt1/2 to t. As expected, the break in
the curve at 25◦C occurs much later in cell life than at 45 or
55◦C. Both calendar- and cycle-life Group B cells display
t1/2 dependency only.

The ASI data from the Group A cycle-life cells at 25◦C,
those from the calendar- and cycle-life cells at 45◦C and

those from the calendar-life cells at 55◦C were fit to the
non-linear equation,at1/2+c(t − t0)+d, wherec = 0 when
t < t0. The values of the constants,a, c, d, andt0, and their
respective values ofr2 are given inTable 5. The values of
r2 show that the fits are excellent.

From the data inTable 5, the values ofa for the Group
A cells calendar- and cycle-life tested at 45◦C are different
within the error of the fit. This implies the initial rates
of ASI increase,at−1/2/2 (t < t0), are different. Thus,
cycle-life testing causes a greater rate of ASI increase than

 
 

 
 

 
 

 
 

 
 

 
 

Fig. 8. Discharge ASI at 60% SOC vs. time as a function of time for the
cells. The experimental data are represented as markers.
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Table 5
Values ofa, c, d, t0 and r2 for fits of ASI vs. time shown inFig. 8

Values r2 S.E.

a c d t0 a c d t0

Group A cycle-life 25◦C 0.85 0.14 27.34 44.30 0.98 0.07 0.02 0.31 2.88
Group A cycle-life 45◦C 1.23 0.40 28.46 35.15 1.00 0.08 0.01 0.34 0.90
Group A calendar-life 45◦C 0.89 0.30 26.44 34.48 0.99 0.10 0.01 0.39 1.39
Group A calendar-life 55◦C 1.63 0.31 27.04 22.78 0.99 0.19 0.06 0.60 2.43
Group B calendar-life 45◦C 1.60 31.99 0.99 0.04 0.22
Group B cycle-life 45◦C 2.03 33.60 0.99 0.06 0.30

does calendar-life testing. Similar to the initial rates in
Group A, rates of ASI increase for Group B are different.
The effect of test type is also seen in Group B.

There are apparently two mechanisms operating in the
Group A, one that ist1/2-based and one that is not. Time
and temperature determine which one is the major contribu-
tion to the increase in cell impedance. At 45 and 55◦C, the
change occurs fairly quickly. At 25◦C, the change occurs
later.

3.3. Power fade

A typical available energy versus power plot for a Group
A calendar-life cell is given inFig. 9. The analogous plot
for a Group B calendar-life cell is given inFig. 10. Both
plots show that, as expected, power fades with test time (see
Fig. 11).

One would expect that the power capability of a cell to
depend on its ASI. Since power,P, decreases as ASI in-
creases,P ∝ 1/ASI. Plotting 1/P versus time should yield
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Fig. 9. Typical available energy vs. power plots for a Group A calendar-life cell (45◦C). The time difference between consecutive curves is 4 weeks.
As the cell ages, the available energy at a given power decreases and the curve shifts to the left.

curves with similar shapes as those seen in the plots of ASI
versus time.

Fig. 12gives the plot of the reciprocal of average power
at 300 Wh. Similar to that seen inFig. 8, a break in the
curves from the Group A cells at 45 and 55◦C is seen. After
about 37–38 weeks at 45◦C, after about 24 weeks at 55◦C,
and after about 44 weeks at 25◦C, the time dependence of
impedance increase changes fromt1/2 to t. Both calendar-
and cycle-life Group B cells displayt1/2 dependency only.

The data from the Group A cycle-life cells at 25◦C, those
from the Group A calendar- and cycle-life cells at 45◦C,
and those from the Group A calendar-life cells at 55◦C were
fit to the non-linear equation,at1/2 + c(t − t0) + d, where
c = 0 whent < t0. The reciprocal power data from Group
B calendar- and cycle-life cells were fit to the equation,
at1/2 + d. The values of the constants,a, c, d, and t0, and
their respective values ofr2 are given inTable 6. The values
of r2 show that the fits are excellent.

Inspection ofFig. 12 shows that, at 32 weeks, the order
of increasing power fade is Group A cycle-life at 25◦C <
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Fig. 10. Typical available energy vs. power plots for a Group B calendar-life cell (45◦C). The time difference between consecutive curves is 4 weeks.
As the cell ages, the available energy at a given power decreases and the curve shifts to the left.
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Group A calendar-life at 45◦C ∼ Group B calendar-life<
Group A cycle-life at 45◦C < Group B cycle-life< Group
A calendar-life at 55◦C. It should be noted that this order
is time dependent; the curves cross at later times.

ComparingFig. 12 with Fig. 8 shows that, in general,
the trends in power follow the trends in impedance. If the

Table 6
Values ofa, c, d, t0 and r2 for fits of 1/P vs. time shown inFig. 12

Values r2 S.E.

a (×10−3) c (×10−4) d (×10−2) t0 a (×10−4) c (×10−5) d (×10−4) t0

Group A cycle-life 25◦C 1.02 1.72 2.97 45.00 0.99 0.71 0.22 3.33 2.52
Group A cycle-life 45◦C 1.64 5.38 3.06 37.91 1.00 1.15 2.59 4.84 1.06
Group A calendar-life 45◦C 1.19 3.86 2.82 37.94 1.00 1.02 1.71 4.34 1.22
Group A calendar-life 55◦C 2.06 3.64 2.89 23.63 0.99 2.11 6.34 6.68 2.25
Group B cycle-life 45◦C 15.66 2.90 0.98 0.58 3.16
Group B calendar-life 45◦C 21.38 3.06 0.99 0.61 3.20

impedance curve inFig. 8has a transition fromt1/2 to t, the
power curve does also. Comparing the values ofa for all but
the 25◦C cells shows the effect of the test type and cathode
composition on 1/P versus time. The Group A cycle- and
calendar-life cells at 45◦C have a small, but statistically
significant difference in the value ofa, which may indicate
the added stress due to life cycling. The same observation
can be made for the Group B cells.

4. Discussion

In the literature, the growth of a thin film, e.g. SEI layer,
can be proportional tot1/2 [1,9,10]. Square-root-of-time
dependent (parabolic kinetics), as well as linear-with-time,
kinetic mechanisms have been found for the growth of an ox-
ide film on a metal surface[11–16]. The square-root-of-time
dependent mechanisms tend to have a strong diffusion
component and follow Arrhenius-like temperature depen-
dence. In the linear-with-time case, the rate of oxidation is
constant with time and is thus independent of the amount
of gas or metal previously consumed in the formation of
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the oxide layer. The linear growth law has been found to
describe metal oxidation reactions whose rate is controlled
by a surface reaction step.

Applying this analogy to the Li-ion battery case, the for-
mation of a thin film on a Li-ion battery electrode may occur
in much the same manner as an oxide film on a metal. It is
possible that the reaction of the electrolyte with an electrode
to form species, such as lithium alkoxides, lithium carbon-
ates, or LiF, follows parabolic kinetics. For the linear section,
the reaction mechanism and/or products may have changed.
Another possibility is that the surface film no longer pro-
tects the electrode surface due to cracks or fractures in the
surface film arising from charge and/or temperature cycling.
These types of behaviors have been reported in the literature
in the oxidation of Fe[17], Nb [18,19], and Ce[20].

If the SEI layer grows similar to scales on Fe or Nb
(see Fig. 13), the oxide layer initially grows witht1/2

oxide layer
metal

(a) (b) (c)

Fig. 13. A possible scenario for scale growth.

from (a) to (b). Here, a compact layer is growing; the
impedance of which is proportional to its thickness. With
time, there is a change in mechanism, as illustrated by
going from (b) to (c). The route has a change in scale mor-
phology, the morphology changes from compact to porous,
as in NbO/NbO2. However, this scenario would produce a
smooth transition fromt1/2 to t, a paralinear kinetic rate
law [21]. There would be no sharp break in the ASI curve
(seeFig. 14).1

In our case, it is more likely that the source of capacity
fade and impedance rise involves both electrodes. For exam-
ple, if the source of capacity fade and impedance increase
were at the anode initially, then the parabolic relationship in
ASI increase is consistent with an SEI layer growing on that
electrode. At some point, the cathode becomes the major
source of cell impedance due to lost available lithium capac-
ity. The lost capacity could be from loss of particle/particle
contact or material degradation. The linear portion of the

1 The curve was calculated using the equation given in[21],

x = Kp

Kl
ln

Kp

Kp − Kl(x − Kl t)

wherex is the layer thickness,Kp is the parabolic reaction rate constant,
Kl is the linear reaction rate constant andt is time. In the figure,Kp = 10
andKl = 0.1.
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curve, thus, represents the contribution of the cathode to to-
tal cell impedance. The rate of the performance-degrading
process at the cathode may be controlled by a surface re-
action step. The fact that the Group B cells do not show
t dependence suggests that the additional Al prevents this
cathode degradation process.

Taking the capacity fade and impedance increase trends
together, we see that there is an initial, diffusion-limited,
lithium-consuming reaction that does not change. It remains
proportional tot1/2 (for cells tested at 45 and 55◦C). On
the other hand, the source of impedance increase changes
with time. Initially, the rate of increase depends on the rate
of lithium diffusion. With time, the Li diffusion process
is no longer the rate-determining step for layer growth or
impedance increase.

5. Conclusions

We tested lithium-ion cells with two different cathode
compositions. One cathode contained LiNi0.8Co0.15Al0.05O2
and the other, LiNi0.8Co0.10Al0.10O2. The C/25 capacity
fade in both types of cells displayedt1/2 dependence. The
capacity fade of the 10% Al-doped cells tested at 45◦C was
similar to that of the 5% Al-doped cells at 25◦C.

The impedance rise and power fade were also sensitive
to the Al concentration. The 10% Al-doped cells displayed
higher impedance rise and power fade at 45◦C than the 5%
Al-doped cells, but the fade rate was less. Additionally, the
time dependence of the impedance rise displayed two dis-
tinct kinetic regimes; the initial portion depended ont1/2

and the latter portion ont. On the other hand, for the 10%
Al-doped cells the rate law for impedance increase was sim-
pler and depended ont1/2 only. While the higher Al content
improved the stability of the cathode, it was detrimental to
the cell impedance.
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