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Abstract

Extended cycle- and calendar-life testing of lithium-ion cells has shown the effect of aluminum concentration in the cathode on the area-
specific impedance versus time behavior of the cell. In cells with a LiNiygCog 15Alg 0502 (5% Al) cathode, the change in mechanism from 7'/
to t occurred at about 35 weeks. Increasing the aluminum concentration to 10% (LiNiggCoqAlg10,) delayed the change for, approximately,
an additional 30 weeks. The factors affecting the rate of increase during the parabolic and linear portions of the curve depended on cathode
composition and particle size. The difference in the time it took for the change in mechanism was related to the cathode composition.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Impedance rise; Lithium-ion; Cycle life; Calendar life

1. Introduction

In a previous paper, we reported the results from calendar-
and cycle-life aging experiments using 1 Ah, 18650 lithium-
ion cells [1]. These cells consisted of a LiNig §Cog 15Alg.0502
(Group A) or LiNiggCoq.1Aly.1O2 (Group B) positive elec-
trode (cathode), a MAG-10 graphite negative electrode
(anode), and a 1.2M LiPFg in EC/EMC (3:7 by wt.) elec-
trolyte. The cells were tested for calendar- and cycle-life at
45°C.

The discharge area-specific impedance (ASI) data dis-
played both chemistry- and test-dependence. The Group B
cells displayed higher rates for ASI rise and power fade than
the Group A cells. The time-dependence of the ASI of the
Group A cells displayed two distinct kinetic regimes; the ini-
tial portion depended on 7! and the final, on 7. The change in
time-dependence occurred at about 35 weeks. On the other
hand, the ASI of the Group B cells depended on 7!/> only.
The rate of increase was higher in the cycle life cells than in
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the calendar-life cells, regardless of cell chemistry. Since the
only difference between these groups was the cathode, the
ASI behavior was attributed to the difference in Al (and Co)
content.

Testing continued on three Group B cells (one calendar-
life and two cycle-life) from the above study for about an
additional 52—60 weeks. We found that the ASI behavior of
these remaining cells mimicked that found in the Group A
cells, but the change in the ASI versus time behavior occurred
later in cell life.

2. Experimental

Detailed information regarding the cell construction is
given in Ref. [1]. The cell chemistry for Group A is
given in Table 1. As stated above, Groups A and B dif-
fered in the composition of the cathode; that of Group
B was LiNipgCog.1Alg.1O2. The nominal capacity of the
Group A cells was 1Ah, while that of the Group B
cells was 0.8 Ah. The cells had an average active area of
846.3 cm®. The calendar-life cells were tested at Argonne
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Table 1
Cell chemistry

Cathode electrode

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

4 wt.% SFG-6 graphite (Timical)

4 wt.% carbon black (Chevron)

84 wt.% LiNiggCog 1 Aly.1 Oz
(D-50=10.3 pwm)

8 mg/cm? loading density

Anode electrode
8 wt.% PVDF binder
(Kureha #C)
92 wt.% MAG-10 (Hitachi)
4.9 mg/cm? loading density
35 pm-thick coating/side

18 pm-thick Cu current

collector
35 pwm-thick coating/side
30 wm-thick Al current collector
Electrolyte Separator
1.2-M LiPFs in EC/EMC (3:7 by wt) 25 wm-thick Celgard 2325
separator

National Laboratory; the cycle-life cells, at Idaho National
Laboratory.

The testing protocols and methods are described in Refs.
[1-3]. The cells were tested for cycle and calendar life at 60%
SOC, corresponding to 3.723 and 3.741 V for Groups A and
B, respectively. The aging temperature was 45 °C.

The cells were characterized in terms of their ASI values
before the tests began by using the hybrid pulse-power char-
acterization test at the low current value (L-HPPC) and of
their C/1 capacities [1-3]. Here, the L-HPPC test was scaled
to a 5 C discharge current and a 3.75 C regen current. After 4
weeks at temperature, the cells were cooled to 25 °C and ref-
erence performance tests (RPTs) were performed. The RPTs
consisted of portions of the characterization tests, includ-
ing the C/1 capacity and L-HPPC tests. The cells were then
heated back to the aging temperature; see Refs. [1,3] for more
information.

The derived C/1 capacity and L-HPPC impedance val-
ues 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
nominal SOC anticipated for hybrid electric vehicle oper-
ation. The value at 60% SOC was approximated by linear
interpolation using the FORECAST function in Microsoft
EXCEL.

The nature of the time-dependence of the impedance was
determined by curve fitting. For simple equations, such as
atY’? + d, where t is the time, and a and d are the constants, the
data were fitted by using the LINEST function in EXCEL. For
more complex equations, such as ar'’? + ¢(t — 19) + d, where
t is the time and a, ¢, d, and fg are the constants (c =0 when
t<typ), the data were fitted by using the nonlinear regression
function in Jandel SigmaStat. All values of the regression
coefficient, r2, were 0.97 or better.

The analytic form of the equation, at''~ + c(t — fo) + d, can
be converted into rate expressions for the two mechanisms
that govern the increase of impedance. The a parameter is
related to the rate constant of the parabolic portion of the
entire process, and the ¢ parameter is related to the linear
portion of the reaction process. The d parameter is the average

l1/2

initial value of the ASI, and #( represents the average time at
which the change in mechanism occurs.

3. Results

In our earlier paper, the discharge ASI data from the Group
B calendar- and cycle-life cells were fitted to /> equations
with high values of 2 [1]. These fits were based on data from
60 and 56 weeks of testing for the calendar- and cycle-life
cells, respectively.

As expected, the ASI of the Group B cells continued to
increase with aging time. A plot of the ASI values at 60% SOC
versus time for Group B is given in Fig. 1. Also included
in Fig. 1 are fits of the data to /2. Even though the value
of the regression coefficient is acceptable (> ~0.98), the
fitted curve has significant deviations from the experimental
data. At intermediate times, ~20-80 weeks, the fits tend to
overestimate the data. The deviations are more obvious at
long aging time, >80 weeks. At these long times, the fits tend
to underestimate the ASI values. Together, these observations
indicate that the 12 equation may not be the best way to
represent the data.

The fact that the fits underestimate the data suggests that
there may be a change of mechanism occurring during the
later stages of the aging process as seen in the Group A
cells [1]. Fitting the Group B data to the non-linear equation,
ASI=ar'? + c(t — 1p) + d, yielded significantly better-quality
fits. The nonlinear fits to the data, as well as those from Group
A, are given in Fig. 2. The fitting parameters and values of
the regression coefficients for the Group B cell are given in
Table 2, along with those from Group A. The values of the
regression coefficients, 2, are now 0.99-1.00 for the Group
B cells. Indeed, graphically speaking, the nonlinear represen-
tation of the data is better; there are no large regions of under-
or over-estimation like those seen in Fig. 1.

From the data in Table 2, several other observations can
be made. The values of #y for Group B are larger than those
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Fig. 1. Discharge ASI at 60% SOC for Group B cells at long aging times
with fits to /2 equations. There are deviations from the data in the time
interval of ~20-80 weeks, for example, for the cycle-life fit. Here, the fit
overestimates the ASIL.
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Fig. 2. Discharge ASI at 60% SOC vs. time for Groups A and B. The exper-
imental data are represented as markers. The break in the curves is obvious
for Group A and is subtle for Group B.

for Group A. The larger values indicate that the change from
the ' mechanism to that dependent on ¢ occurs at a later
stage in cell life. The values of ¢ are the reverse; that is,
Group A’s values are larger than Group B’s. The value of a
is larger (in a given test type) for Group B than for Group A.
Additionally, the values of a and ¢ for the Group B cycle-life
cells are greater than those from the Group B calendar-life
cells, indicating that cycling exacerbates ASI growth. The
same trend is seen in the data from Group A.

Further evidence of the change in mechanism was found in
the dependence of the C/1 capacity versus time. As expected,
since the C/1 capacity is affected by the impedance of the
cell due to the high discharge rate, the behavior of the C/1
capacity with time is the same as that observed in the ASI for
both cell groups. This is shown in Fig. 3a and b.

Curve fitting using the same equation as that for the ASI
values shows that the C/1 capacity values can also be fitted
with values of 2 greater than or equal to 0.97. The fits are also
shown in Fig. 3a and b and the fitting parameters are given in
Table 3. Indeed, general observations can be made about the
absolute values of the data in Table 3 similar to those made
for Table 2. The values of 7y are sensitive to the composition
of the cathode, with that of Group B being larger than those
of Group A. The values of fy indicate that there is essentially
no sensitivity to the test type in Groups A or B; the values of
to are not statistically different. Additionally, the values of f
for both the ASI and capacity fits are within a standard error
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Fig. 3. (a) C/1 capacity of Group A cells with time. The trend shown in the
curves mimics that found in Fig. 2. (b) C/1 capacity of Group B cells with
time. The trend shown in the curves mimics that found in Fig. 2.

of each other for a given test type and cell chemistry, so that
the two independent measurements are consistent with each
other.

Within a group, the absolute values of a and c reflect the
additional stress that cycling imposes on the cell; the cycle-
life cells have larger values of these parameters. Interestingly,
the values of these parameters change (for a given test type)

Table 2
Values of a, ¢, d, ty, and 72 for fits of ASI vs. time data shown in Fig. 2 and for the Group A cells from Ref. [1]

Values r S.E.2

a c d to a C d to
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 B, cycle life, 45 °C 1.96 0.11 34.45 63.45 1.00 0.04 <0.01 0.20 1.83
Group B, calendar life, 45 °C 1.64 0.05 32.16 59.70 0.99 0.06 0.01 0.30 5.34

4 Standard error.
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Table 3
Values of a, ¢, d, ty, and 2 for fits of C/1 capacity vs. time data shown in Fig. 3a and b

Values r? S.E

a c d to a C d to
Group A, cycle, life 45°C —1.73 x 1073 —493x1073 098 3479 099 8.05x10~* 144x107% 322x1073 3.3
Group A, calendar life, 45°C ~ —1.33 x 1073 —427%x 1073 099 3896  0.99 1.37 x 1073 203x107%  582x 1073 1.43
Group B, cycle life, 45°C —429%x 1073 —1.19x 1073 082 5543 099 447x10™*  442x107>  228x1073 1.81
Group B, calendar life, 45°C —2.56x 1073 —9.12x 1074 0.81 6452  0.98 367x107%  4.44x107° 2.08x 1073 2.32

by a factor of ~2-5 when the composition of the cathode
changes, with the values from Group B being lower than
those from Group A.

4. Discussion

Since the major difference between the groups of cells
is the composition of the cathode, it is reasonable to infer
that initial values and the changes in the ASI are due to
that electrode. Thus, the effects of Al concentration on the
structural, electronic, and thermodynamic properties of the
cathode material should be included in this discussion. Con-
ceptually, both cathode materials can be thought of as solid
solutions of LiAlO; and cobalt-doped LiNiO,. LiNiO; is
isostructural with LiCoO; (see Fig. 4a for crystal structure
[4]); the trends observed in one should be applicable to the
other regarding structural changes with Al content. The work
of Alcantara et al. [5-7] and Lee et al. [8] has shown that the
location and coordination of Al within the LiCoO; lattice is
concentration-dependent. At low concentrations (ca. 3%), Al
prefers a tetrahedral site in the lattice, which is between the
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Fig. 4. (a) Crystal structure of parent compound, LiCoO; (atomic positions
from Ref. [4]). (b) Crystal structure of Li(Co,Al)O, showing there are two
tetrahedral sites between the Co and Li layers that Al can occupy [6,7]. This
figure does not show the other structural changes caused by the presence of
Al on the tetrahedral site, such as perturbation of the lithium layer.

lithium layer and cobalt oxide layer (see Fig. 4b); at higher
concentrations (ca. 20% to 70%), Al prefers the octahedral
sites (Co sites).

Aluminum substitution in the LiNiO, lattice is also
expected to affect the electronic and ionic conductivity of
the host material. The question is, which type of conductiv-
ity would be affected more? If Al were to substitute on the Ni
site, then there would be a decrease in the number of available
valence electrons, since AI3* cannot be oxidized, and there
would be fewer Ni** centers. Even though there are fewer of
them, electrons still may be able to migrate fairly freely into
and out of the structure, possibly decreasing the electronic
conductivity slightly. However, relatively little effect on Li*
diffusion in the lithium layer would be expected. If Al were
to occupy the tetrahedral site, Al near the Li layer would be
expected to impede the rapid diffusion of Li* in and out of
the lattice due to lattice distortion, electrostatic interactions,
etc. Thus, the ionic conductivity would be expected to show a
greater effect. The initial ASI values are consistent with this
concept; the initial ASI values of Group B exceed those of
Group A.

LiAlO; is a more thermodynamically stable material than
cobalt-doped LiNiO;. One would expect the thermodynamic
stability of the solid solution to be proportional to the con-
centration of LiAlO;. When LiAlO; is incorporated into the
cathode material, it also limits the amount of electrochemi-
cally active lithium that can be removed from the material.
Using these concepts, one would expect the Group B cath-
ode, with its higher Al concentration, to be less reactive. From
the data, there is an apparent contradiction between the val-
ues of a and the expected relative thermodynamic stability of
Group A versus Group B. That is, the initial parabolic rate,
1/2 ar~V2, is higher for Group B than for Group A. How-
ever, when the location of Al in the structure is considered,
it is not unreasonable to expect that growth of a resistive sur-
face layer [9] would influence the diffusion of Li* ions in the
high-Al-containing structure (Group B) to a greater extent.

Another possibility is that the higher concentration of Al
in Group B accelerated the initial degradation of PF¢~ into
PF5 and F~. The result of this degradation would be a greater
rate of LiF deposition on the cathode early in its life. The
result of the greater rate of deposition would be an increase
in the rate of ASI growth, which is initially parabolic.

Later in cell life, there is a change in reaction kinetic rate
law from parabolic to linear. That is, the reaction mechanism
may change from diffusion control to surface reaction control.



1. Bloom et al. / Journal of Power Sources 155 (2006) 415—419 419

Assuming that the surface reaction mechanism involves the
evolution of oxygen (due to Ni** and/or Ni** reactivity), the
time until the change and the degree of the change are related
to the concentration of Al. If the concentration of Al is high,
it should take a longer time for oxygen evolution to begin
with the more stable material (less Ni**** present). Also,
the more stable material would be expected to evolve oxygen
at a slower rate. These hypotheses are consistent with the
values of #y and c; the more stable Group B material has a
larger value of #) and a smaller value of ¢ than the Group A
material.

The bulk of the ASI increase seems to be confined to the
cathode. The ASI increase may depend not only on the reac-
tions that occur during the useful life of the battery, but also
on what reactions occur during materials synthesis. Thus, the
causes of ASI increase and the factors affecting it are quite
complex and are the subject of much research [10].

Indeed, the reactions which are sensitive to the concentra-
tion of Al affect C/1 capacity and capacity loss. Early in life,
as mentioned previously, the capacity tends to be lower with
high Al content, but the rate of capacity fade decreases with
increasing Al content. Thus, the effect of Al is complex.

5. Conclusions

Extended cycle- and calendar-life testing of lithium-ion
cells has shown the effect of aluminum concentration in the
cathode on the ASI versus time behavior of the cell. In cells
with 5% Al in the cathode, the change in mechanism from ¢!/
to toccurred at about 35 weeks. Increasing the aluminum con-
centration to 10% delayed the change for about an additional
30 weeks. The factors affecting the rate of increase during
the parabolic and linear portions of the curve depended on
cathode composition. The difference in the time it took for
the change in mechanism was also related to the cathode
composition.

The results presented herein suggest that the presence of
aluminum in lithiated cathode material plays a mixed role by
accelerating early life impedance growth while stabilizing the

rate of capacity loss over time. This scenario does not lend
itself to producing cells well suited for high power applica-
tions (e.g., HEVs). However, there are a multitude of other
applications requiring low to moderate power performance
and long life that could be well served by Group B (or like)
cells. Studies involving the variation of aluminum content in
cathode materials could help optimize this parameter for a
chosen set of performance criteria.
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