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Calendar Aging of Lithium-Ion Batteries

I. Impact of the Graphite Anode on Capacity Fade

Peter Keil,2** Simon F. Schuster,? Jorn Wilhelm,?* Julian Travi,® Andreas Hauser,’

Ralph C. Karl,® and Andreas Jossen®"

“Institute for Electrical Energy Storage Technology, Technical University of Munich (TUM), Munich, Germany
bTUM CREATE Lid., Singapore

In this study, the calendar aging of lithium-ion batteries is investigated at different temperatures for 16 states of charge (SoCs) from 0
to 100%. Three types of 18650 lithium-ion cells, containing different cathode materials, have been examined. Our study demonstrates
that calendar aging does not increase steadily with the SoC. Instead, plateau regions, covering SoC intervals of more than 20%-30%
of the cell capacity, are observed wherein the capacity fade is similar. Differential voltage analyses confirm that the capacity fade
is mainly caused by a shift in the electrode balancing. Furthermore, our study reveals the high impact of the graphite electrode on
calendar aging. Lower anode potentials, which aggravate electrolyte reduction and thus promote solid electrolyte interphase growth,
have been identified as the main driver of capacity fade during storage. In the high SoC regime where the graphite anode is lithiated
more than 50%, the low anode potential accelerates the loss of cyclable lithium, which in turn distorts the electrode balancing. Aging
mechanisms induced by high cell potential, such as electrolyte oxidation or transition-metal dissolution, seem to play only a minor
role. To maximize battery life, high storage SoCs corresponding to low anode potential should be avoided.
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Calendar aging comprises all aging processes that lead to a degra-
dation of a battery cell independent of charge-discharge cycling. It
is an important factor in many applications of lithium-ion batteries
where the operation periods are substantially shorter than the idle
intervals, such as in electric vehicles. Furthermore, the degradation
owing to calendar aging can also be predominant in cycle aging stud-
ies, especially when cycle depths and current rates are low.!

In contrast to cycle aging, where mechanical strain in the electrode
active materials®>™ or lithium plating> can cause severe degradation,
the predominant mechanism of calendar aging is the evolution of pas-
sivation layers at the electrode—electrolyte interfaces.'®"'> The forma-
tion, growth, or reconstruction of passivation layers consume cyclable
lithium as a result of electrolyte decomposition, i.e., reduction at the
anode and oxidation at the cathode interface.'>'* Furthermore, the
growth of the passivation layer at the anode, which is usually referred
to as the solid electrolyte interphase (SEI), is said to be additionally
catalyzed by dissolved transition-metal ions from the cathode, which
are in turn reduced again to metals at the anode.'>'® Basically, both
the evolution of passivation layers and transition-metal dissolution are
promoted by a high state of charge (SoC) and temperature.'>!#

As these are the main drivers of calendar aging, continuously ac-
celerated degradation with an increase of the storage SoC and temper-
ature is commonly assumed for lithium-ion cells with graphite anodes
and transition-metal-layered cathodes. Whereas lithium loss is gener-
ally ascribed to the evolution of the SEI, the passivation layer at the
cathode is associated with rising impedance.'> As the evolution of the
SEI is driven by the respective potential of the anode with regard to
the electrochemical stability of the electrolyte solvent and conducting
salt(s), a continuously accelerated capacity fade with an increase of
the storage SoC is disputable in the case of the staging phenomenon
in graphite.>!7 Thus, even if the effect of transition-metal dissolution
continuously increases with higher storage SoC, the cell capacity fade
due to calendar aging should exhibit plateaus corresponding to the
respective stages of the graphite potential when SEI evolution is the
predominant aging mechanism.

There are many studies on calendar aging of lithium-ion batteries
and they all reported accelerated aging at higher SoCs. However,
these studies usually considered only a few storage SoCs or storage
voltages. Most of the studies examined only three different values or
fewer,'$2% and there is one study that investigated five SoCs from 20%
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to 100%.% Hence, none of these studies covered the entire SoC range
from 0 to 100% and none are able to thoroughly report the relationship
between SoC and capacity fade.

Only Ecker et al.*® investigated calendar aging with a finer SoC
resolution; they examined the aging of NMC lithium-ion cells at 12
storage voltages. A correlation between the capacity fade and the
graphite stages was identified. Since the correlation between open cir-
cuit voltage and SoC changes with aging, the SoCs of cells examined
with a predefined voltage level tend to drift with increasing capacity
fade.?' This impedes the assignment of the aging results to explicit
SoC values which represent a certain ratio of stored ampere-hours to
cell capacity. Moreover, it prevents a robust analysis of storage SoCs
close to the potential steps of the graphite anode when the balancing
of the electrodes shifts due to a loss of cyclable lithium.

Consequently, to further examine and verify the impact of the
graphite electrode on the calendar aging of lithium-ion batteries,
we conducted an experimental aging study with different lithium-
ion chemistries and with a fine SoC resolution in which the storage
SoCs were always related to the actual cell capacity instead of being
defined as voltage levels.

Experimental

For this paper, we performed an extensive calendar aging study
with special focus on the dependency of the storage SoC on capacity
degradation. We used differential voltage analysis (DVA) to iden-
tify interdependencies between the electrode balancing and calendar
aging. This section presents the different lithium-ion cells and stor-
age conditions examined in our aging study. Furthermore, the test
procedure and the fabrication of coin cells for supporting half-cell
measurements are described.

Lithium-ion cells.—For our experimental investigations on cal-
endar aging, three types of commercial 18650 cells with different
cathode materials were selected. To minimize the impact of stochas-
tic variations, cells from identical production lots were examined. As
shown in Table I, the cells all contain graphite anodes and have NCA,
NMC, and LFP cathodes. Their capacities range between 1.1 and
2.8 Ah. In addition to the minimum and maximum operating voltages
(Vmin and Vi), Table I also compares the coated electrode areas of
the three cell types. Cathode areas are presented, as they are generally
somewhat smaller than anode areas. Although the capacities differ by
a factor of up to 2.5, the electrode areas are rather similar. This leads to
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Table 1. Properties of the investigated types of lithium-ion cells.

NCA cells NMC cells LFP cells
Manufacturer Panasonic Sanyo Al123
Model NCR18650PD UR18650E APRI18650M1A
Nominal Capacity (Cn) 2.8 Ah 2.05 Ah 1.1 Ah
Maximum Voltage (Vinax) 42V 42V 3.6V
Minimum Voltage (Vinin) 25V 275V 20V
Anode Material Graphite Graphite Graphite
Cathode Material LiNiCoAIO, LiNiCoMnO, LiFePOy4

Coated Area* (A¢) 2 x 667 mm x 57.5 mm = 767 cm?

(double-sided coating)

Areal Capacity (Cn/Ac) 3.65 mAh cm™

*Cathode areas, as they are slightly smaller than the anode areas.

differences in areal capacities, which are also listed in Table I. Since
the cells all have a similar volume due to the 18650 form factor and
since the capacity variations are substantially larger than the differ-
ences in the specific capacities of the three cathode materials,* the
differences in capacity must origin mainly from different electrode
porosities and thicknesses.

To obtain comparable results for the three cell types, identical ab-
solute current values instead of identical C-rates were used in our
measurement procedures. Due to the similar electrode areas, the
identical absolute current values provided similar current densities
(A cm™2) for all cells. As demonstrated by the areal capacity values in
Table I, using identical C-rates would have caused higher current den-
sities for the cells with higher capacity. Thus, the high-energy NCA
cells would have been exposed to a current density 2.6 times as high
as for the high-power LFP cells. Hence, they would have been dis-
proportionately stressed by the higher current density. This confirms
that when using identical C-rates for cells of the same size, cells with
a higher energy content may be penalized for their higher capacity.®
Consequently, identical absolute current values were preferred in this
aging study.

Storage conditions.—To investigate calendar aging, cells were
stored at different SoCs and at different temperatures. In this paper,
the SoC is always regarded as the stored amount of charge Qgoreq With
respect to the actual cell capacity Cyear:

SoC = Qslored /Cactual [1]

In total, 16 storage SoCs from O to 100% were examined. The
investigated storage SoCs comprised all multiples of 10% and addi-
tionally 5%, 45%, 55%, 65%, and 95% to obtain a finer resolution
at very low SoC, at very high SoC, and in the medium SoC range,
for which substantial changes in calendar aging were reported in pre-
vious aging studies.’*3* These 16 SoCs were examined at storage
temperatures of 25°C, 40°C, and 50°C.

Test procedure.—To monitor the degradation of the cells, a uni-
form checkup procedure was performed periodically at 25°C for all
cells. As listed in Table II, this checkup comprised a constant current

Table II. Checkup sequence at 25°C, containing steps for
differential voltage analysis (3) and capacity measurement (5).

Step Parameters Termination
1 Discharge CCCV I=-1A,V="Vun I1>-01A
2 Pause t> 15 min
3 Charge CC I=100 mA V > Viax

4 Pause t> 15 min
5 Discharge CCCV I1=-2A,V=Vun I>-01A
6 Pause t> 15 min
7 Charge CC 1=700 mA SoC > 50%

2 x 690 mm x 57.0 mm = 787 cm?

2 x 710 mm X 55.5 mm = 788 cm?

2.6 mAh cm™2 1.4 mAh cm™2

(CC) charging step with a low charging current of 100 mA for DVA
and a constant current constant voltage (CCCV) discharging step to
measure C,eq - In this paper, charging currents have positive values
whereas discharging currents are represented by negative values.

DVA is an advanced technique for electrical characterization of bat-
tery cells. From a constant current charging or discharging sequence,
the derivative dV/dQ is computed, which represents a linear super-
position of the anode and cathode derivative.’> Hence, a differential
voltage spectrum can be used to identify the balancing and the utiliza-
tion of the two electrodes without inserting a reference electrode.>
In aging studies, DVA allows the separation of anode degradation,
cathode degradation, and shifts in the electrode balancing due to a
loss of cyclable lithium.?”-® Figure 1 shows the low-current charging
curves and the resulting differential voltage spectra for the three cell
types in the new state. For all three cell types, the charging current of
100 mA corresponds to a current density of approximately 0.13 mA
cm™ for each side of the double-sided electrodes.

Furthermore, discharge pulses from 0 A to -3 A with a duration
of 10 s were evaluated at 50% SoC to identify changes in the cell
resistance. Ry 10s Was obtained from the cell voltage immediately
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Figure 1. (a) Voltage curves over stored capacity for low-current charging
with 100 mA; (b) the resulting differential voltage spectra.
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Figure 2. Battery degradation after ca. 9-10 months of storage at various SoCs and different temperatures: (a-c) capacity fade; (d-f) rise of internal resistances.

before the pulse (Vi) and at the end of the pulse (V).
Rac,106 = (Vios — Vo) / —3A [2]

After the checkup procedure, the cells were brought to storage
SoC. The standard procedure for this was charging the cells with
Ocharge from the completely discharged state to the storage SoC:

Qcharge = §0C - Cyeual [3]

The distribution of the lithium atoms in the electrodes is supposed
to vary for different charge-discharge histories. Regarding the cell
potential, this becomes apparent by a hysteresis in the open circuit
voltage between charging and discharging to the same SoC, which
amounts to 10-20 mV.*~*? For graphite electrodes, different lithium
distributions for the same SoC have also been confirmed by electro-
optical measurements.*> To study the dependence of calendar aging
on the charge-discharge history, an alternative procedure for reaching
the storage SoC was examined, i.e., discharging Qgischarge from the
fully charged cells to reach the storage SoC.

Qdischarge = - (1 - SOC) : Cactual [4]

The checkup procedure was performed with a BaSyTec CTS bat-
tery test system containing 32 individual 5 V/£5 A test channels and
the cells were tested inside a 25°C thermal chamber. After the checkup,
all cells were brought to the respective storage SoC at 25°C before
they were stored in thermal chambers with constant temperatures of
25, 40, and 50°C.

Coin cells.—To study the behavior of the individual electrodes and
to verify the balancing of the electrodes in the commercial full-cells
obtained by DVA, coin cells were built from the respective active
materials. For each cell type, one cell at 0% SoC and one cell at 100%
SoC was opened. The jelly roll was extracted and electrode samples
with a diameter of 14 mm were punched out for 2032-sized coin cells.
The samples were used to build half-cells together with metal lithium
electrodes with a diameter of 15 mm. For the fabrication of the coin
cells, fiberglass separators with a diameter of 16 mm and ca. 160 1 of
fresh electrolyte (1 M LiPFg in EC:EMC (3:7) 4+ 2% VC) were used.

Single-sided anode samples could be extracted from the NMC and
NCA cells, since the outermost anode winding was coated only on

the inner side. Hence, no side effects from the back side of the elec-
trode sample occurred during the measurements. All other electrode
samples had double-sided coatings, for which capacity drifts due to
an interfering back side coating had to be expected during cycling.**

For the coin cells, similar current densities as for the DVA mea-
surement of the commercial cells were applied. Thus, the charging
and discharging currents were defined as follows:

Loin = £(1.4 cm/2)* - 7 - 0.13mAcm 2 = £0.2mA [5]

All coin cell measurements were performed at 25°C. The graphite
half-cells were cycled between 0.1 and 1.5 V, the NCA and NMC
half-cells between 2.5 and 4.3 V, and the LFP half-cells between 2.0
and 3.7 V. Before the charge-discharge cycling, the coin cells were
stored for at least 12 h to provide sufficient time for the electrolyte to
soak into the pores of the active material and the separator.

The half-cell profiles were used to reconstruct the full-cell volt-
age characteristics and enable correlation between the plateaus in the
anode potential and the capacity fade of the commercial lithium-ion
cells.

Results and Discussion

The focus of this paper is the dependency of the capacity fade on
storage SoCs. Changes of the internal resistances are only presented
briefly, as they will be examined thoroughly in a separate article.
The following sections present and discuss the impact of the anode
potential on calendar aging.

General aging behavior.—For the three types of lithium-ion cells
examined, Figures 2a—2c show the capacity fade after a storage period
of 9—10 months. As expected, they all exhibit an increased calendar ag-
ing with higher storage temperature. However, no steadily increasing
degradation with SoC is observed. Instead, there are plateau regions,
covering SoC intervals of more than 20%-30% of the cell capacity,
in which the capacity fade is similar. A marked step in the capacity
curves is observed at about 60% SoC for the NCA and NMC cells
and above 70% SoC for the LFP cells. For the observed relationships
between storage SoC and capacity fade, no simple linear, polynomial,
or exponential approximations are possible without considerable de-
viation in certain SoC regions. Hence, the measurement of calendar
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Figure 3. Three charge-discharge cycles of the graphite half-cells from an empty (0% SoC) and a full (100% SoC) NCA and NMC cell in new condition. (a, c)
Voltage over time; (b, d) voltage over stored capacity. Markers indicate the potential and the stored capacity of the graphite anodes for the full-cells at 0% (blue

circles) and 100% SoC (red diamonds).

aging for only three SoCs, as is the case in most publications, is not
sufficient to precisely describe calendar aging with respect to the SoC
when the qualitative characteristics over the entire SoC range are not
known.

Figure 2 also reveals different storage durations for the three cell
types owing to variations in the checkup schedules of the different cell
types. The 9 months of storage of the LFP cells are shorter than the
storage periods of the NCA and NMC cells. To estimate the capacity
fade of the LFP cells for 10 months of storage, the derivative of the
capacity fade with respect to time has been evaluated after 9 month of
storage. It amounts to ca. 0.2 percentage points of capacity fade per
month at 25°C and to ca. 0.5 percentage points per month at 50°C.
Adding this additional capacity fade to the capacity curves depicted
in Figure 2c enables a better comparability of the three cell types.
The capacity curves of the different cell types then show that in the
medium SoC region (around 50% SoC), the capacity fade is largest
for the LFP and NMC cells, especially at higher storage temperatures
of 40°C and 50°C.

For storage at 50°C and SoCs above 70%, the NMC cells exhibit
a higher capacity fade than the NCA and LFP cells. A similar aging
behavior for the NMC cells has already been reported by Ref. 30,
in which calendar aging at 50°C revealed a substantially increasing
capacity fade at 100% SoC and a somewhat lower capacity fade at
95% SoC compared with that at 80%-90% SoC.

The changes in cell resistance after 9—10 months of storage are
shown in Figures 2d—2f. The resistance increase for the LFP cells is
lowest and also largely independent of the storage SoC. For the NCA
and NMC cells, resistances increase with higher storage SoC and no
plateaus similar to the capacity fade are observed. For the NCA cells,
the resistance increase is constant between 0 and 30% SoC, where the
capacity fade increases notably, and the resistance increase accelerates
substantially above 90% SoC, where the capacity fade only slightly
increases.

For all three types of lithium-ion cells examined, there is no direct
correlation between capacity fade and resistance increase. Particularly,
the step in capacity fade observed at ca. 60%—70% SoC is not reflected
in the resistance change. Half-cell investigations with coin cells and
DVA are performed in the subsequent sections to demonstrate that

this step in capacity fade is attributable to the potential of the graphite
anode.

Potential and utilization of the graphite anode.—To describe pos-
sible interdependencies between calendar aging and the graphite po-
tential, the balancing of the cells has been examined with coin cells
fabricated from the electrode material of the commercial full-cells
in the new condition. At least three half-cells were fabricated from
each electrode material. Since the cycling behavior was highly repro-
ducible, the results of only one half-cell sample are presented.

For the NCA and NMC cells, Figures 3a, 3c show three charge-
discharge cycles of the graphite anode half-cells, which were per-
formed with low currents of 0.2 mA to clearly obtain the different
voltage plateaus. Each charge or discharge step has a duration of up to
32 h for the anode coin cells from the NCA cells and up to 25 h for the
coin cells from the NMC cells. In Figures 3b, 3d, the same half-cell
voltage data is plotted versus stored capacity. Since these coin cells
contain electrode samples with only single-sided coatings, the three
cycles are rather similar and no capacity drifts occur. For the anode
coin cells of the LFP cells and all cathode coin cells, a capacity drift
was observed, especially for the first charge-discharge cycle due to
an interfering back side coating. From these coin cells, only the last
charging or discharging sequence has been used for the reconstruction
of the full-cell spectra. In Figures 3b and 3d, the circle and diamond
markers indicate the initial potential and stored capacity of the half-
cells after the fabrication process. The blue circles show that a 0% SoC
of the full-cell correlates with a completely delithiated anode. For the
full-cells at 100% SoC, the anode is not completely lithiated. The red
diamonds in Figures 3b and 3d illustrate the utilization of the over-
sized graphite anodes. At ca. 50% of the maximum storage capacity,
a potential step can be observed, which indicates a different staging
configuration of the intercalated lithium. Above 50% lithiation, the
two-phase regime of LiC), and LiCg can be observed.>*

Reconstruction of full-cell behavior from half-cell spectra.—To
investigate the transitions between different phase equilibria, DVA
has been used. It also allows to reconstruct the full-cell behavior from
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Figure 4. Reconstruction of the full-cell voltage of a new cell and the differential voltage spectrum from half-cell data. (a-c) Voltage behavior for low-current
charging; (d-f) differential voltage spectra with the central graphite peak highlighted by the dotted vertical line, which separates the actual capacity into two
characteristic capacity values Q; and Q. Q1 is an indicator for graphite degradation and Q; is an indicator for shifts in the electrode balancing.

half-cell data, which helps to identify the different staging regimes for
the full-cells without opening the cells.

For all three cell types, Figure 4 illustrates the reconstruction of
the full-cell voltage and the differential voltage spectrum by linear
superposition from half-cell data of the anode and the cathode. Fig-
ures 4d—4f show that slopes and peaks of the individual electrodes
can be clearly recognized in the full-cell spectrum. Hence, the dif-
ferential voltage spectra contain valuable information on the scaling
and balancing of the two electrodes. An excellent agreement between
half-cell data and full-cell behavior can be achieved in the reconstruc-
tion process, especially when using the differential voltage spectra
for scaling and shifting the individual contributions of the anode and
cathode half-cell.

As already described in the previous section, Figures 4a—4c also
show that the decreasing cell voltage indicating 0% SoC is generally
caused by the rising potential of the delithiated graphite anode. Hence,
an empty anode determines the lower end of the capacity window
usable for charge-discharge cycling. The upper end of the usable
capacity window is not determined by the graphite anode, since it
is oversized. Thus, the upper end is determined by the increasing
potential of the delithiated cathode.

The slopes and peaks in the differential voltage spectra help to
correctly scale the capacities of the graphite anodes and the NCA and
NMC cathodes in the reconstruction process. For the LFP cathode,
however, no precise capacity scaling is possible due to the character-
istic half-cell voltage of the LFP cathode, which is constant over a
wide SoC range and exhibits notable changes only at very low and
very high degrees of lithiation. Thus LFP only exhibits two slopes in
the differential voltage spectrum and no further characteristic peaks.
In the differential voltage spectrum of the full-cell, only the slope
due to the rising potential of the LFP cathode toward 100% SoC can
be identified. As the decreasing potential of the LFP toward the fully
lithiated state is not reached in the full-cell, the second LFP slope does
not become visible in the full-cell spectrum. Since no second refer-
ence mark could be determined for the horizontal scaling of the LFP
curves, the scaling of the cathode data in Figure 4f is only an estimate,
which is indicated by the parenthesis. For the graphite anodes, a cor-
rect capacity scaling has been possible for all three types of cell due to
the numerous characteristic peaks in the differential voltage spectra.

Since the peak distances are proportional to the storage capacity
of an electrode and since the peaks and slopes can be clearly assigned
to the anode or cathode, DVA enables us to track the degradation of
the electrodes and the shifts in the electrode balancing without open-
ing the cells to insert a reference electrode or the need to perform
post-mortem analyses. In Figures 4d—4f, the central graphite peak,
which indicates a degree of lithiation of the graphite anode of about
50%, is highlighted. This peak divides the cell capacity Cyya into
two characteristic capacities Q; and Q,. Q;, which represents the
distance between 0% SoC and the central graphite peak, provides in-
formation about the storage capacity of the graphite anode. Q,, which
represents the distance between the central graphite peak and 100%
SoC, provides information about the balancing of both electrodes. A
change in Q, without a change of the anode and cathode capacity
indicates a loss of cyclable lithium, also termed loss of lithium inven-
tory, due to lithium-consuming side reactions. Since the differential
voltage spectra of NMC and LFP do not contain characteristic peaks
that can be easily evaluated, no third capacity value could be defined
for monitoring changes in the cathode capacity. Hence, changes in
cathode capacity have been evaluated by fitting the entire spectrum
and analyzing the resulting capacity scaling factor of the cathode.

For all three cell types examined, the reconstruction of full-cell
behavior from half-cell data has demonstrated how the effects of both
electrodes add linearly and that changes in anode capacity and elec-
trode balancing can be identified easily from changes in the differential
voltage spectrum of the commercial full-cell.

Capacity fade versus anode potential.—The information on the
balancing and utilization of the electrodes, which has been obtained
by half-cell measurements and DVA, is now examined for correlations
with calendar aging. Since we assume a considerable impact of the
anode potential on capacity fade, both values are plotted versus SoC
and opposed to each other in Figure 5.

It becomes obvious that in the plateaus of the highest capacity
fade, the anode potential is lowest. For the NCA and NMC cells,
the low anode potential starts at about 60% SoC and for the LFP
cells, the low anode potential starts at about 70%. The medium anode
potential between 30% and 60% SoC for the NCA and NMC cells
and between 40% and 70% for the LFP cells correlates well with the
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Figure 5. (a-c) Anode potential over SoC from half-cell measurements; (d-f) capacity fade over storage SoC for different storage periods. The location of the

central graphite peak in the new condition is highlighted by a dotted vertical line.

medium capacity fade for these storage SoCs. In the low SoC regime
below 30% or 40% SoC, the anode potential rises and the capacity
fade diminishes.

These trends can be clearly observed in Figures 5d-5f for the
cells stored at 25°C, where a sharp separation between the different
aging regions can be observed. The transition from the plateau of
medium capacity fade to the plateau of high capacity fade correlates
particularly strongly with the position of the central graphite peak,
indicating a degree of lithiation of ca. 50%. Hence, staying below this
characteristic SoC can reduce calendar aging considerably.

For the cells stored at 50°C, the capacity fade is substantially
higher. Moreover, the transition between the different aging plateaus
is not as sharp as for the cells stored at 25°C. The reason for this
will be discussed in the last result section, which focuses explicitly
on this transition zone. Furthermore, some additional aging effects
toward 100% SoC can be observed: The NCA cells exhibit a some-
what increasing capacity fade from 80% to 100% SoC; and the NMC
cells reveal a steep increase in capacity fade for the 100% cell. As
these effects do not correlate with the graphite potential, they are
thought to be caused by side-reactions driven by high cell voltage,
such as oxidation of the electrolyte and transition-metal dissolution,
and higher degrees of delithiation of the cathode, which can deteriorate
the lattice structure of the cobalt-oxide-based and nickel-oxide-based
cathode materials.>*® This also explains why no additional capacity
fade toward 100% SoC has been observed for the LFP cells, since their
maximum voltage is considerably lower and the LFP lattice structure
has a higher stability which allows complete delithiation.**®

As illustrated in Figures 5d—5f, the location of the central graphite
peak ranges between 57% SoC for the high-energy NCA cells and
73% SoC for the high-power LFP cells. The corresponding capacity
fade curves demonstrate that the cell design of the high-power LFP
cells, where the central graphite peak lies at a higher SoC, enables
higher storage SoCs without reaching the region of fastest capacity
fade.

For all three cell types, a continuously decreasing degradation
over time is observed. The largest capacity fade occurs during the
first weeks of storage and the overall trend exhibits a square-root-
of-time behavior. This trend is in good correlation with SEI growth,

for which a linear increase with the square root of time is generally
assumed.*>*" Overall, the results confirm a clear correlation between
the anode potential and calendar aging of lithium-ion cells.

Electrode degradation and shift of electrode balancing.—In the
previous section, an increasing capacity fade was reported for lower
anode potentials. However, this information on capacity fade does
not provide much information about the degradation mechanisms and
origins of the capacity loss. Therefore, the DVA data are evaluated to
separate between anode degradation, cathode degradation, and shifts
in the electrode balancing caused by a loss of cyclable lithium.

The bars depicted in Figures 6a—6c show the capacity fade for
six of the 16 storage SoCs and different temperatures. The entire bar
length represents the remaining cell capacity C,cy,, Which is further
separated into a dark-colored part, representing Q;, and a light-colored
part, representing Q.

Comparing the Q; values of aged cells with the reference value of
new cells (dark gray bars) reveals zero (or very minor) degradation
of the graphite anode, since the position of the graphite peak and,
thus, the storage capability of the graphite anode has remained largely
unchanged. Graphite degradation is only observed for the NMC cells
stored at 100% SoC and at higher temperatures. Even for the cells
exhibiting a certain loss of anode capacity, this loss is substantially
smaller than the fade of the overall cell capacity. Furthermore, this
capacity fade has not affected the cell capacity, since the anodes are
generally oversized.

The reconstruction of the differential voltage spectra of aged cells
with the half-cell profiles of anode and cathode has also indicated that
there is zero (or very minor) cathode degradation. Thus, the loss of
cyclable lithium can be confirmed as the major cause of capacity fade
due to calendar aging. The resulting shift in the electrode balancing
can be analyzed quantitatively from the decreasing Q, values.

Impact of charge-discharge history.—Figure 7 compares the ca-
pacity fades of two sets of NCA and NMC cells stored at 50°C with
different charge-discharge histories. For both types of cell, the capac-
ity curves exhibit a very good agreement between the two sets of cells.
This confirms the low cell-to-cell variation in the production process
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Figure 6. (a-c) Cell capacity after ca. 9-10 months of storage at different temperatures separated into characteristic capacities Q1 and Q,. The average value of

all the new cells serves as the reference (gray bars).

for commercial 18650 lithium-ion cells. For the cells stored at 100%
SoC, the differences in capacity fade should be minimal, as these cells
had exactly the same test procedure. The remaining variations indicate
that the effects of different charge-discharge history are less signifi-
cant than those of the general cell-to-cell variation. Moreover, they are
substantially smaller than the differences owing to the SoC. Thus, no
different aging behavior is identified between the cells charged from
0% SoC to the storage SoC and the cells discharged from 100% SoC
to the storage SoC. Thus, no effect due to the variations in lithium dis-
tribution or the open circuit voltage hysteresis resulting from different
charge-discharge histories is detected.
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Figure 7. Comparison of capacity fade for the (a) NCA and (b) NMC cells
stored at 50°C with different charge-discharge histories.

Impact of thickness changes.—Graphite anodes in lithium-ion
batteries exhibit an expansion and contraction during lithiation and
delithiation of 5%—10%.%'>> Several researchers have suggested that
SEI cracks and SEI reformation due to volume changes of the graphite
anode during cycling operations are the major cause of lithium
consumption.?®>33* Graphite anodes exhibit a largely linear expan-
sion from 0% to 25% lithiation, only minor volume changes between
25% and 50% lithiation, and another linear expansion above 50%
lithiation, where the LiCs phase formation begins.’> Comparing this
thickness behavior of lithiated graphite with the observed trends in
capacity fade, an interdependency between graphite expansion and
calendar aging can be disregarded: In the high SoC region above the
central graphite peak, corresponding to a lithiation of the graphite
anode greater than 50%, a constant capacity fade is observed. The
thickness of the graphite anode, however, is continuously expand-
ing above the central graphite peak. If the observed degradation was
related to volume expansion, a continuously increasing degradation
above the central graphite peak would be observed. Thus, it is not
the expansion of the graphite causing the accelerated degradation at
higher storage SoCs.

This confirms that the observed plateaus in capacity fade de-
pend solely on the graphite potential and not on the thickness of
the graphite electrode. Thus, the accelerated capacity fade above the
central graphite peak is attributed to the lower anode potential, which
aggravates electrolyte reduction and, thus, promotes SEI growth.

Transition zone at half-lithiated graphite anode.—In the capacity
curves of Figures 2a—2c and Figures 5d—5f, a transition zone between
moderate and high capacity fade has been observed around the central
graphite peak. The high capacity fade occurs for storage SoCs above
the peak location. These effects are now analyzed in more detail for
the NCA cells. At 25°C, the transition zone remains unchanged for
up to 9.5 months of storage. At 50°C, however, the transition zone
widens.

Figure 8 demonstrates that this effect is a result of a change in elec-
trode balancing, which shifts the SoC location of the central graphite
peak toward higher SoCs. Figures 8a—8b confirm the capacity fade of
the NCA cells stored at 25 and 50°C. The two cells stored at 60% SoC
are highlighted. For these cells, Figures 8c—8d depict the correspond-
ing differential voltage spectra for the different storage periods. The
locations of the central graphite peak before the storage test and after
about 9.5 months of storage are highlighted. The cells stored at 60%
SoC were analyzed, since 60% SoC lies slightly above the location of
the central graphite peak when the NCA cells are new. For storage at
25°C (Figure 8c), the location of the central graphite peak still remains
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Figure 8. (a, b) Capacity fade over time for the NCA cells stored at 25 or 50°C. Cells stored at 60% are highlighted, for which (c, d) show the corresponding
differential voltage spectra. The location of the central graphite peak is highlighted for the new state and that following ca. 9.5 months of storage.

below 60% SoC after 9.5 months of storage. Hence, the cell stored
at 25°C and 60% SoC has always been in the plateau region of high
capacity fade. Thus, the transition zone has remained between 55%
and 60% SoC. For storage at 50°C (Figure 8d), a higher capacity fade
occurs, which is caused by a greater loss of cyclable lithium. Due to
the larger shift in the electrode balancing, the location of the central
graphite peak lies above 60% SoC after only ca. 2 months of storage.
Hence, the NCA cell stored at 50°C and 60% SoC exhibited high
capacity fade only during the first weeks of storage and then slipped
into the regime of medium capacity fade. Thus, only the cells stored
at 65% SoC and above exhibit the fastest capacity fade. Consequently,
the transition zone expands to 55%—65% SoC. This clear correlation
between the balancing of the graphite anode and the capacity fade
during storage periods confirms that the anode potential has been the
major driving force of calendar aging in this study.

The identification and evaluation of a widening transition zone
was only possible because storage SoCs related to the actual capacity
were used instead of predefined voltage levels. They allowed the anode
potential at the investigated storage SoCs to change with aging, which
resulted in different aging rates over time for storage SoCs slightly
above the initial SoC location of the central graphite peak.

Conclusions

Our experimental study of three different types of commercial
lithium-ion cells has demonstrated that calendar aging does not in-
crease steadily with the SoC. Instead, plateau regions, covering SoC
intervals of more than 20%-30% of the cell capacity, have been ob-
served in which the capacity fade is largely constant. In-depth analyses
by DVA confirmed that the capacity fade is mainly caused by a shift
in the electrode balancing and not by a degradation of the electrode
materials.

Furthermore, our study revealed a strong dependency of calendar
aging on the graphite electrode. Lower anode potentials were iden-
tified as the main driver of capacity fade during storage periods. In
the high SoC regime where the graphite anode is lithiated more than
50%, the low anode potential accelerates the loss of cyclable lithium,
causing the shift in the electrode balancing. The comparison of differ-
ent types of lithium-ion cells demonstrated that the more the graphite
anode is oversized, the higher the storage SoC can be without reaching
the SoC regime of highest capacity fade.

The degradation due to the low anode potential can be attributed to
electrolyte reduction and SEI growth. Signs of aging mechanisms in-
duced by high cell voltage, such as electrolyte oxidation or transition-

metal dissolution were observed only in few cases: A substantially
accelerated capacity fade occurred for the NMC cells at 100% SoC.
For the NCA cells, a storage SoC above 90% caused slightly increased
battery aging. The aging behavior of the LFP cells correlates entirely
with the anode potential. Moreover, no effects due to anode thickness
or charge-discharge history on calendar aging were observed.

Overall, the effects from low graphite potential were predominant
in our calendar aging study. To maximize battery life, lithium-ion
cells should not be stored at high SoC corresponding to low anode
potential. For long-term storage, the graphite anode should be lithiated
less than 50%. To determine the respective SoC range of the full-cell,
DVA provides the relevant characterization of the electrode balancing
without opening the cells to insert a reference electrode or the need
for post-mortem analyses.
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