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Abstract

A calendar life study was conducted on lithium ion pouch cells which were stored under float charge condition at five temperatures. The half
cell study showed that the anode experienced severe loss of the active material, especially at high temperatures. The capacity fade mechanisms
were then proposed. The capacity fade at low temperatures could mostly be caused by the loss of lithium inventory to side reactions and impedance
increase. The capacity fade at high temperatures demonstrated a two-regime pattern. The fading mechanisms in the first regime could be similar to
those at low temperatures. The capacity fade in the second regime could be dominated by the severe loss of active carbon material. The impedance

rise plays a minor role in the second capacity fade regime.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The calendar life of lithium ion batteries is an important factor
in the evaluation of their dependability, stability and cost. The
calendar life study defined in the PNGYV battery test manual [1]
is designed to evaluate the cell degradation as a result of the
passage of time with minimal usage. Several national labs and
groups [2-9] have studied the storage of lithium ion batteries. For
example, Broussely et al. [2] concluded that lithium oxidation
on the negative electrode is a major side reaction affecting the
cell capacity on storage at high temperatures. Wright et al. [5]
observed a square root of time dependence of the cell resistance
after long time storage. Asakura et al. [7] observed that a 15°C
increase in temperature and 0.1 V increase in charging voltage
could cut the cell life in half under floating charge conditions.

In this work, the capacity fade of lithium ion pouch cells was
studied under float charge condition at different temperatures.
Half cell studies on the used electrodes were conducted to under-
stand more about the capacity fade of these cells. The capacity
fade mechanisms were then proposed and discussed based on
the findings from the full cell tests and half cell studies.
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2. Experiments

Ten lithium ion pouch cells received from Nation Recon-
naissance Office were used in the calendar life study. Each cell
consisted of four (double-sided) positive electrodes and five
(three double-sided and two single-sided) negative electrodes.
The active material of the positive and negative electrode is
LiCoO, and carbon (mesocarbon micro-bead), respectively. One
molar LiPF¢ in a quaternary solvent mixture of EC, PC, EMC
and DEC was used as the electrolyte. The double-sided positive
electrodes were contained in bags made with separators. Three
double-sided negative electrodes were sandwiched between four
positive electrodes, while the two single-sided negative elec-
trodes covered the outer positive electrodes. The entire assembly
of anodes, cathodes and separators were enclosed by proprietary
material to make a pouch cell. The pouch cells were vacuum
degassed and mechanically clamped between two aluminum
plates (for each cell) when they were shipped to our lab. The
name plate capacity of these cells was 1.656 Ah and the exper-
iment charge and discharge C rate currents were determined
based on the nameplate capacity of the cell (C=1.656 A).

The cells were stored at five different temperatures: 5, 15,
25, 35, and 45 °C. The test procedures and the sequence were
summarized in Fig. 1. The procedures consisted of rate capabil-
ity test, storage at float charge condition and monthly capacity
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Fig. 1. Test procedures for the calendar life study.

check. The sequence was rate capability test, storage for 30 days,
capacity check, storage for 30 days and capacity check. After
one sequence was finished, another sequence would start with
the rate capacity test. The designed procedures would be help-
ful to build a model from the experiment data. That is, the data
from the rate capability tests could be used to formulate the
model while the data from the monthly capacity checks could
be used to validate the model. In the rate capability tests, three
current rates were used to evaluate the performance of the cells.
They were C/33, C/2 and C/1 rates. At C/33 rate, a constant cur-
rent (CC) protocol was used to charge and discharge the cells.
At C/2 and C/1 rates, CC-CV (constant voltage) protocol was
used to charge the cells. A two stage CC protocol was used to
discharge the cells, that is, C/2 or C/1 rate followed by C/33 rate.
The voltage window for the rate capability tests was 3.3—4.1 V.
Electrochemical impedance spectroscopy (EIS) measurements
were also taken at the end of the rate capability tests. The fre-
quency range for the impedance measurement was 10kHz to
0.1 Hz and the amplitude of the input signal was 10 mV. The rate
capability tests and EIS measurements were both performed at
the storage temperatures. During storage, the cells were stored
under a trickle charge condition to maintain the cell potential at
4.1 V. All the experiments were done in the Tenney environment
chambers and the battery testing hardware was the Arbin BT-
2000 testing system. The data were collected using the MitsPro
software provided by Arbin.

Half cell studies were performed on the used electrodes har-
vested from the aged cells to understand the capacity fade in
individual electrodes. The residual capacity and the intrinsic
capacity of used electrodes were measured. One pouch cell from
each temperature was first discharge to 3.0 V at room tempera-
ture with a small current to ensure a complete discharge. Then
they were opened inside an argon filled glove box. Carbon disc
electrodes of diameter 5/8 in. were punched out of the single-
sided carbon electrode sheets inside the glove box to prevent any
possible reactions of lithiated carbon with air. For the double-
sided LiCoO, cathodes, one side of the electrode coating was
scratched off the current collector plate by hand outside the glove
box before they were used to make disc electrodes of diameter
5/8 in. Coin cells of type CR2025 were made with LiCoO; or
carbon disc electrode as working electrode and lithium foil as
counter electrode. The LiCoO, coin cells were first discharged
to 2.0V to measure the residual capacities. Another charge and
discharge cycle between the voltage window 2.0-4.3 V mea-
sured the intrinsic (reversible) capacities of the LiCoO; coin

cells. The carbon coin cells were first charged to 2.0 V to mea-
sure the residual capacities. Another discharge and charge cycle
between the voltage window 0.01-2.0 V measured the intrinsic
capacities of the carbon coin cells.

3. Results and discussion
3.1. Calendar life data

The pouch cells stored at 5, 15 and 25 °C were tested for 18
months. At the end of the calendar life study, they had a capacity
fade percentage of around 17%, 20% and 62%, respectively. The
cells stored at 35 and 45 °C were tested for 14 and 10 months,
respectively. The capacity fade percentage of the cells reached
more than 90% at the end of storage test.

The discharge capacities measured at C/33 rate in the rate
capability tests are presented in Fig. 2. Because of the small
current used, the impedance effect would be minimized and
the measured discharge capacities reflect the true cell capac-
ities. The capacity fade at low temperatures is mostly linear
with time, but nonlinear at high temperatures. Cells stored at
high temperatures experience an accelerated capacity fade after
a few months of storage. When they approach the end of life,
the capacity fade slows down. The pattern is consistent with the
results found in a previous study [8] where cells are stored at
35 °C under both float charge condition and open circuit condi-
tion.

Three different current rates were used in the bi-monthly rate
capability tests to measure the cell performance. The discharge
capacities at different current rates are presented in Fig. 3 for
selected temperatures. The capacities measured at high rates
appear to fade in a similar pattern as those measured at low
rates. However, a close examination of these experimental data
reveals that the capacity fade mechanisms could be different
for different temperatures. A detailed discussion on possible
capacity fade mechanisms is presented in Section 3.3.

Fig. 4 compares the pre-monthly and monthly cell capaci-
ties measured at C/2 rate at different temperatures. A two stage
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Fig. 2. Capacity fade at C/33 rates for different temperatures.
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Fig. 3. Discharge capacities measured at different current rates for selected temperatures.
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Fig. 4. The pre-monthly (A, hollow markers) and monthly (B, solid markers)
discharge capacities measured at C/2 rate.

CC protocol (C/2+ C/33) is used to fully discharge the cells
from float charge condition before the monthly capacity check
is performed. The capacity measured in this step is called the pre-
monthly capacity. The pre-monthly capacities are slightly higher
than the monthly capacities, especially at low temperatures. This
is because the cells were trickle charged during storage. Thus
they are close to an equilibrium condition at 4.1 V and could
delivered more capacity after storage (under float condition).

The increase of cell impedance with storage time is shown
in Fig. 5 for selected temperatures. Two semicircles can be
identified from the impedance plots. The first semicircle in
the high to medium frequency range can be attributed to the
surface film around the particles and the second semicircle in
the low frequency range can be attributed to the charge trans-
fer process. The low frequency semicircles become markedly
large as storage time increases, while the high frequency ones
become a little bit larger. Undesirable side reactions could hap-
pen during the storage at float charge condition. The deposition
of side reaction products on the particle surface could lead to
a more sluggish charge transfer process as shown in the fig-
ure.
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Fig. 5. The increase of cell impedance with storage time at selected tempera-
tures.

3.2. Half cell study

To understand more about the rapid capacity fade of these
pouch cells, half cell study was performed on the used electrodes.
The residual and intrinsic capacities were measured in the half
cell study.

The residual capacity of a LiCoO; electrode is the amount
of empty sites left in the CoO, framework when a full cell is
fully discharged. The LiCoO; electrode is the only source for
cyclable lithium ions in a full cell. When lithium ions are irre-
versibly consumed in the side reactions, there would not be
enough cyclable lithium ions available in the system to inter-
calate the LiCoO; electrode back to its original state. Thus
the LiCoO; electrode gradually becomes less intercalated and
accrues aresidual capacity. For the carbon electrode, the residual
capacity is the amount of lithium ions left in the electrode. The
carbon electrode could become less discharged under increased
cell impedance and accumulate a residual capacity.

The intrinsic (reversible) capacity of an electrode is the total
amount of active material in the electrode. The LiCoQO; electrode

Table 1
The residual and intrinsic capacity of the LiCoO; coin cells®
LiC002
Residual capacity Residual Intrinsic capacity ~ Intrinsic
(mAh) percentage®  (mAh) percentage®
Fresh 6.17
5°C 0.626 10.7 5.87 95.6
15°C  0.647 11.6 5.56 91.6
25°C 2792 48.3 5.78 93.5
35°C  3.287 60.6 5.43 89.3
45°C 2317 51.3 4.52 74.2

The cells stored at 5, 15 and 25 °C have a capacity fade percentage of 16%, 20%
and 62%, respectively and a storage time of 18 months. The cell stored at 35
and 45 °C has a capacity fade percentage of more than 90% and a storage time
of 14 and 10 months, respectively.

2 5/8in. disc electrode in a coin cell.

b The residual percentage is calculated as (residual/intrinsic) x 100.

¢ The intrinsic percentage is calculated as (intrinsic/intrinsic(fresh)) x 100.

could lose active material (intrinsic capacity) due to cobalt dis-
solution, loss of electronic conductivity within the electrode by
segregation between active particles or swelling of the binder,
etc. The carbon electrode could lose active material because of
carbon exfoliation, the isolation of carbon particles by continu-
ous SEI formation and/or the mechanical failure of the anode.

Table 1 compares the intrinsic capacities of the LiCoO, coin
cells made from used LiCoO» electrodes. The intrinsic capacities
of the used LiCoO; electrodes stored at 5-35 °C are close to
each other even though the capacity fade percentages of the
cells are significantly different. The intrinsic capacity for the
electrode stored at 45 °C is much smaller than that at 35 °C even
though they have similar capacity fade percentage. The half cell
study indicates that the loss of intrinsic capacity in the LiCoO;
electrode is not directly proportional to the capacity fade of the
full cell. High temperature (45 °C) is more influential to the loss
of active cathode material.

The residual capacities of the LiCoO, coin cells are also
compared in Table 1. The residual capacities increase mostly
with the capacity fade percentages. This is because high capacity
fade percentage indicates that more lithium ions are lost during
storage, thus more empty sites left in the LiCoO; electrode.

Fig. 6 compares the low rate discharge profiles and dQ/dV
plots for the LiCoO» coin cells. The voltage ripples in the dis-
charge profiles and the peaks in the dQ/dV plots at around 4.1 V
become flat for the electrodes stored at high temperatures, which
could be due to a loss of electronic conductivity within the
electrode.

Table 2 compares the intrinsic and residual capacities of the
carbon coin cells. The aged carbon electrodes have increased
residual capacities at elevated temperatures. The intrinsic capac-
ity data indicate that the anode experienced a severe loss of active
carbon material, especially at high temperatures, which could be
a significant factor for the capacity fade. The severe carbon loss
could result from the mechanical failure of the anode, where the
carbon particles lose contact with the electrode.

The severe carbon loss could contribute to the cell capac-
ity fade in several ways. First, the anode is mostly kept in
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Fig. 6. Discharge profiles and the dQ/dV profiles of the LiCoO; coin cells made
with aged LiCoO; electrode.

charged/lithiated state during storage (float charge). The sub-
sequent isolation of lithiated carbon particles would trap those
lithium ions inside, thus directly expedite the loss of cyclable
lithium ions. Second, as the anode loses active carbon, it also

Table 2
The residual and intrinsic capacity of the carbon coin cells?

loses the electro-active surface area for the insertion reaction.
The same discharge current means a higher current density
(current/electro-active area in A cm™2) for an aged carbon elec-
trode, which would cause increased overpotential on the anode.
Third, the severe carbon loss could disturb the capacity ratio
between the anode and the cathode. The fresh carbon electrode
in a pouch cell has an intrinsic capacity of 2.5 Ah. About 80%
of that capacity is used as the discharge capacity of a fresh cell
could reach about 2.0 Ah. However, the aged carbon electrode
stored at 45 °C has only 0.25 Ah capacity left which is close to
the discharge capacity of the full cell before opening. Thus, the
deposition of lithium on the anode could happen during storage.
The claim is also supported by the observation that the sur-
faces of used carbon electrodes stored at high temperatures were
entirely covered by white products which are highly reactive
with air to release gas.

Fig. 7 shows the low rate discharge profiles and the dQ/dV
plots for the used carbon electrodes. The voltage plateaus are
well distinguishable in those discharge profiles. The flatting of
peaks in the dQ/dV plots could be caused by the loss of con-
ductivity because of surface film formation and impedance rise
inside the electrode.

3.3. Capacity fade mechanism

Our half cell study reveals that the used carbon electrodes
experienced severe loss of active material after storage at high
temperatures. Nevertheless, how the severe carbon loss con-
tributes to the capacity fade of the pouch cells is not clear. In
the following section, we would re-examine some experiment
data from the full cell study and discuss in detail the possible
capacity fade mechanisms for the pouch cells.

The discharge capacities under different current rates at 5 °C
have been presented in Fig. 3a. The capacity fade is mostly
linear for all three current rates. Thus dotted lines are added to
the figure which is re-plotted as Fig. 8.

An apparent observation of Fig. 8 (5 °C) is that the capacity
fade rates at C/1 and C/2 rates, as indicated by the slopes of
the dotted lines, are higher than that at C/33 rates. This behavior
could usually be attributed to the increase of cell impedance. The
half cell study shows that the active material losses in both the
anode and the cathode are small at low temperatures. Therefore,

Carbon?

Residual capacity (mAh)  Residual percentage

Intrinsic capacity (mAh)

Intrinsic percentage  Electrode capacity® (Ah)  Cell capacity® (Ah)

Fresh 5.61
5°C 0.074 1.64 4.5

15°C  0.11 2.66 4.14
25°C 046 22.8 2.02
35°C 045 42.5 1.06
45°C  0.13 23.2 0.56

2.49 2.05

80.2 1.99 1.63
73.8 1.84 1.66
36.0 0.90 0.78
18.9 0.47 0.25
9.98 0.25 0.25

a 5/ in. disc carbon electrode (1.98 cm?) in a coin cell.

b Capacity of the carbon electrode (877.74 cm?) in a full cell. The capacity is calculated using (intrinsic capacity/1.98 x 877.74).

¢ Discharge capacities (at C/33 rate) of a full cell at the end of the storage test.
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Fig. 7. Discharge profiles and the dQ/dV profiles of the carbon coin cells made
with aged carbon electrode.

it is proposed that the major capacity fade mechanisms at low
temperature such as 5 °C could be loss of Li* inventory to side
reactions and the increase of cell impedance. The capacity fade
measured atlow C/33 rate is caused mostly by the loss of cyclable
Lit*s to side reactions. The increase of cell impedance is less
important at low current rates. The accelerated capacity fade at
C/1 and C/2 rates is caused by the combined effect of loss of Li*
inventory and impedance increase.

Fig. 3b compares the discharge capacities at 25 °C. A close
examination of the data reveals that the capacity fade at 25 °C
could be regarded as two fading regimes (mostly linear) in
sequence, instead of as one nonlinear regime. Dotted lines are
added to the figure which is re-plotted as Fig. 9 to illustrate the
two-regime concept. The two capacity fade regimes suggest that
the controlling capacity fade mechanisms could be different for
the two regimes.

An important observation of Fig. 9 is that the capacity fade
rates at C/1 and C/2 rates are NOT always higher than that at
low C/33 rate. They are higher in the first few (6) months storage
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Fig. 8. Capacity fade at 5 °C. The capacity fade mechanisms could be Li* con-
suming side reactions and the increase of cell impedance. The capacity fade
rates at C/2 and C/1 rates (indicated by the slopes of the dotted lines) are higher
than that at C/33 rate because of increased cell impedance.

period, similar to what Fig. 8 shows for 5 °C. Then they largely
equal to the capacity fade rate at C/33 rate as the dotted lines run
mostly parallel to each other. The observation suggests that the
dominating capacity fade mechanisms for the second capacity
fade regime could have overwhelmed the effect of increased cell
impedance.

Bloom et al. [10,11] also observed a two-regime pattern
for the increase of area specific impedance (ASI) and capacity
fade at C/1 rate which is largely attributed to the ASI increase.
The proposed mechanism for ASI increase is that side reac-
tions change from diffusion control to surface reaction control
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Fig. 9. Capacity fade at 25 °C. There could be two capacity fade regimes for
cells stored at 25 °C. The capacity fade in the first fading regime is mostly caused
by loss of lithium inventory to side reactions and impedance increase, the same
as at 5 °C. The dominating mechanism for the second regime could be the severe
loss of active carbon in the anode. The impedance rise plays a minor role in the
second regime because the capacity fade rates at C/1 and C/2 rates are mostly
the same as that at C/33 rate.
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Fig. 10. Capacity fade at 35 °C. The capacity fade pattern and mechanisms at
35°C are similar to those at 25 °C.

[11]. However, their mechanism does not apply to our calen-
dar life study. If the impedance rise still plays a major role
in our second fading regime, the capacity fade rates at C/1
and C/2 rates should be higher than that at C/33 rate, as in
Fig. 8.

Hereby the capacity fade mechanisms are proposed for the
cells stored at 25 °C. During the first few months storage period
at 25 °C (the first fade regime), the major mechanisms are loss of
Li* inventory and increase of cell impedance. Thus the capac-
ity fade in this regime resembles a similar pattern as at 5 °C.
Then in the second fade regime, the capacity fade becomes
dominated by the loss of active carbon materials. It should be
noted that the loss of active carbon could also cause loss of
lithium inventory in our calendar life study, because the anode
is mostly in charged/lithiated state (float charged in storage).
The impedance rise appears to be a minor fading mechanism
in the second regime based on the discussion in previous para-
graphs.

For cells stored at high temperatures such as 35 and 45 °C,
similar capacity fade patterns are observed. For example, Fig. 10
illustrates the two fading regime pattern for the cell stored at
35°C. The capacity fade in the first regime could be caused
by loss of lithium inventory and impedance rise. The capacity
fade in the second regime is dominated by the severe loss of
active carbon in the anode. The transition from the first fading
regime to the second one occurs early at high temperatures as the
anode is under more stress at high temperatures. The electrolyte
decomposition could also have contributed to the cell capacity
fade at high temperatures. The vacuum-degassed pouch cells
were found to have signs of inflation at the end of storage test
at 35 and 45 °C. Leakage was observed around the seal near the
electrode tabs for cells stored at 45 °C.

4. Conclusions

A calendar life study was conducted on lithium ion pouch
cells containing LiCoO; as the cathode and carbon as the

anode. The cells were stored at float charge condition at five
different temperatures. The capacity fade appears to be linear
with time at low temperatures, but nonlinear at high tempera-
tures.

Half cell studies showed that the LiCoO; electrode retained
most of the intrinsic capacity, except at 45 °C. However, the
anode experienced a severe loss of active carbon during storage,
especially at high temperatures (60% for 25 °C, over 80% for
35 and 45 °C, Table 2). The severe carbon loss could be caused
by the isolation of carbon particles by the mechanical failure of
the anode.

The severe carbon loss could contribute to the cell capacity
fade by trapping Li*s inside isolated carbon particles (lithiated
in float charge condition), reducing the electro-active surface
area and disturbing the anode/cathode capacity ratio. The analy-
sis showed that deposition of lithium on the anode could happen
during float charge. This is directly supported by the observa-
tion that the aged carbon electrodes at high temperatures were
covered entirely with white products which are highly reactive
with air to release gas.

The capacity fade mechanisms for the calendar life study are
then proposed based on the findings from the full cell testing
and half cell study. The capacity fade at low temperatures is
mostly caused by the loss of lithium inventory to side reactions
and impedance rise.

The capacity fade at high temperatures demonstrates a two-
regime fading pattern. The fading mechanisms in the first regime
are mostly Li* loss and impedance rise, similar as those at low
temperatures. The capacity fade in the second regime could be
dominated by the severe loss of active carbon. The impedance
rise might play a minor role as the experiment data show that
the capacity fade rates at C/2 and C/1 rates are almost the same
as that at C/33 rate in the second regime.
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