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A fast determination of cell quality after formation is challenging due to transient effects in the self-discharge measurement. This
work investigated the self-discharge of NMC622/graphite single-layer pouch cells with varying anode dimensions to differentiate
between SEI growth and anode overhang equalization processes. The transient self-discharge was measured directly after
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transient behavior persisted for the entire measurement duration, even at a low SOC. Still, the low SOC minimized the impact of
SEI growth and anode overhang equalization compared to moderate SOCs. Evaluating the coulombic efficiency from cycle aging
showed a distinct capacity loss for the first cycle after storage, indicating further SEI growth, which stabilized in subsequent cycles.
The aged capacity after cycling showed no significant dependence on the calendar storage, which further promotes fast self-
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A significant challenge in determining the production and process
parameters for lithium-ion battery (LIB) manufacturing is the scale-
up from lab to pilot and industrial scale.' On multiple occasions,
experiments showed differing results when scaled from coin cell
level to cylindrical, prismatic, or pouch cell level.>* Some differ-
ences might be explained by the geometric anode overhang, which
has been shown to cause anomalous behavior like capacity loss or
recovery“*9 and prolonged self-discharge measurements.'*'* The
importance of an anode overhang has been highlighted by multiple
sources,’>™'7 and the impact on cell performance has been shown in
various experiments.'® ! Most commercial cell designs have
geometrically larger anodes and show the anomalous effects of
anode overhang equalization to some degree. Even though the effect
of the anode overhang is already well documented and present in
most commercial cell designs, it is often neglected in the evaluation
of formation and aging studies.>** 2 Typically, the geometric anode
overhang of commercial cells is between 3% to 10%.>'%*728
However, some formation studies were performed with an anode
overhang of more than 20%.>**> Roth et al. showed that an
imbalance between the concentration of the active and inactive
anode could lead to substantial and transient equalization currents
after prolonged storage at a low state-of-charge (SOC).'* Azzam
et al. investigated multiple commercial cylindrical cells and attrib-
uted the transient behavior of the self-discharge measured in the
range of 5 to 30d to the anode overhang equalization proc&:sses.'4
Before the formation, the active and inactive anode condition is fully
delithiated. Therefore, it must be presumed that the highest equal-
ization currents due to the anode overhang occur just after charging
the cell for the first time, hence during and after the formation step.
However, it was reported that the first cycle capacity loss differed
between cell formats. Lee et al. compared various cut-off voltages
during formation at coin cell and cylindrical cell levels and found
that the capacity retention at 3.6 V was lower only for the cylindrical
cells.” Bridgewater et al. compared the capacity loss of the first few
cycles between coin cells, single-layer, and stacked pouch cells and
found that the stacked pouch cells with larger overhang areas lost
more capacity.” Gyenes et al. attributed the lower first cycle
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efficiency of fresh commercial cells, at least partially, to the anode
overhang equalization.* Consequently, the anode overhang equal-
ization processes should not be neglected when conducting experi-
ments on a lab scale to derive process parameters on a pilot or an
industrial scale. A suitable solution is the usage of single-layer
pouch cells, which offer a compromise between geometric design
and ease of use for lab scale.

Figure la shows the main LIB production steps: electrode
manufacturing, cell assembly, and cell finishing. Along the complete
LIB production, the parameters of each production step are
controlled to ensure the quality of manufactured cells. The final
and most crucial quality assessment is conducted in the cell finishing
step. After the dry cells are filled and wetted with electrolyte, the
formation step describes the fresh cells’ first electrical charge and
discharge cycles.?**° Typically, the formation is directly followed
by the aging step, which includes the final electrical characterization
of the LIBs before shipping.l’zg’30 After or during formation, there
may also be an additional degassing step for some cell formats to
extract unwanted gas, which may build up due to side reactions
during the first cycles.*

During cell aging, the cell’s capacity, internal resistance, and
self-discharge rate are determined. The most time-consuming step
during cell aging is the self-discharge measurement, which may take
from two to four weeks.!*>*® The long cell aging duration is due to
the distinct transient behavior of the self-discharge rate. Figure 1b
schematically shows the transient self-discharge current and possible
underlying mechanisms causing it: Continuous solid electrolyte
interphase (SEI) growth®' ™’ and anode overhang equalization'"'?
are known to cause transient effects as well as contribute to the self-
discharge of LIBs. The equalization processes of the anode can also
occur in the active anode, where inhomogeneity of lithium
distribution'**® may similarly change the state of lithiation and,
consequently, the cell voltage. Self-discharge is also caused bgy other
side reactions and mechanisms, like electrolyte oxidation,>*> redox
shuttle processes,”‘41 and soft short circuits.!”#>*3 However, these
mechanisms might or might not show a transient behavior them-
selves.

The investigation of reversible self-discharge, like redox shuttles
or electrolyte oxidation, is mainly conducted at higher cell SOCs or
voltages.**™* The reason for the preference for higher voltages is the
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Figure 1. (a) Overview of the main lithium-ion battery production steps. (b) Illustration of the typical transient self-discharge measured during the aging step
and the underlying mechanisms. (c) Exemplary self-discharge measurements during aging of 89 pilot scale 5 Ah NMC622/graphite cells, further details in

supplemental S1.

dependence of the side reactions on the combination of the stable
electrolyte voltage window and the cathode potential.”™' This
combination was shown to govern the reversible self-discharge
current,*>*8:49 Therefore, measuring cells at low to moderate SOCs
might reduce the impact of cathode-driven side reactions, which is
supported by the reversible and irreversible capacity loss and
endpoint slippage analysis from Keil et al.,’® Streck et al.>® and
Jagfeld et al.>* Keil et al. analyzed the endpoint slippage of NCA/
graphite cells and found that cathode-driven side reactions were
moderate or small for storage SOCs up to 80%.>* Streck et al.
showed for NMC/silicon-graphite cells that the reversible self-
discharge or the coupled side reactions were low compared to
contributions from anode side reactions at SOC of 50% and below.”
Jagfeld et al. observed a similar trend that was more pronounced
with high-energy cells than high-power cells, where the contribution
of coupled side reactions was generally higher.>* While the
individual contributions of the underlying mechanisms to the
transient self-discharge are not yet fully understood, the continuous
SEI growth and anode overhang equalization are confirmed to show
a transient behavior. In the scope of this work, these two effects are
presumed to be the main causes for the observed transient effects.

In the context of cell aging during production, minimizing side
reactions and transient self-discharge could help to identify manu-
facturing defects like soft shorts, which are not as dependent on the
cell voltage as side reactions. The transient self-discharge is also
observed in scaled-up LIB, as shown in Fig. lc. The average self-
discharge current over all 89 NMC622/graphite pouch cells shows
the expected transient self-discharge behavior. In the first week, the
self-discharge current averages at around 130 /A but decreases to
60 pA after four weeks. Additional information on the cell specifi-
cation, formation, and aging of Fig. 1c is available in supplemental
S1. When determining cell quality via a self-discharge measurement,
measuring the actual cell quality is essential instead of transient
effects. For similar long-term stored NMC622/graphite pouch cells
from the same manufacturer, Roth et al. showed self-discharge
currents between 10 to 50 A during four weeks of measurement.'>
Therefore, differences in cell quality of a similar magnitude would
be difficult to evaluate after formation. A better understanding of
transient self-discharge can improve quality evaluation during the
cell aging step and help optimize the self-discharge measurements
for faster and more reliable characterization.

In the context of cell formation during production, a fast
formation protocol is desirable while maintaining cell

performance, which is often linked to a high-quality SEI layer.29
The mechanism behind SEI growth and its dependence on the
graphite Eotential has been extensively studied in the
literature.*>3>>® However, the interplay of anode overhang and
cell voltage is rarely considered in studies regarding SEI and
formation. Broussely et al. investigated the capacity loss for
various large format cells at voltages of 3.8V, 39V, and 40V
and found no significant impact of storage voltage on capacity
retention.>’ Lee et al. showed that the voltage range durin

formation had a minor effect on half-cell and coin cell levels.

This changed for cylindrical cells with anode overhang, where
capacity retention was worse at 3.6 V. Germain et al. investigated
the cut-off voltage during formation for large format 50 Ah cells
with approximately 8% anode overhang®® and found the capacity
losses to be similar for different cut-off voltages.’’ Drees et al.
investigated five formation procedures with varying cycle times
and found no significant quality differences between fast and slow
formation as long as lithium plating was prevented.”®

These results contrast formation studies with extended periods in
the high voltage range during formation, where improved cell
capacity retention was reported. Weng et al. reported a small but
highly reproducible positive impact of fast formation in the high
voltage range on the cycle life of 2.36 Ah stacked pouch cells.
Similarly, Miiller et al. presented a highly positive effect of a
constant voltage (CV) charging step with C/50 cut-off voltage on the
cycle aging performance of 2 Ah stacked pouch cells.”* These
findings are interesting regarding the anode overhang in so far that
both stacked pouch cell formats used double-side coated electrode
sheets. In both cases, these led to more than 20% anode
overhangz“‘25 due to the outermost electrode sheet without a cathode
counterpart.

This work aims to investigate the impact of the anode overhang
on the transient self-discharge rate during the cell aging step of
lithium-ion cells. Separating the effect of anode overhang from SEI
growth is achieved by utilizing single-layer pouch cells with varying
anode sizes. The transient self-discharge behavior is studied at
different SOCs to compare the SEI growth and anode overhang
equalization at different conditions. The implication of the results on
the formation and cell aging step is given. All cells were exposed to
a short calendar and cycle aging phase to qualitatively evaluate the
cell performance for different SEI growth during storage. The
primary content of this paper is divided into two sections: an
experimental section and a results and discussion section.
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Figure 2. Overview of the experiment: (a) Single-layer pouch cell design with different anode dimensions in mm, further referred to as 0%, 8%, and 30%
overhang cells. (b) Example of the cathode to anode positioning of an 8% overhang cell, where the | mm overhang of the anode can still be seen through the thin
separator layer. (c) Schematic of full measurement protocol: Initial formation with a C/20 charge, initial capacity measurement in the second cycle, self-discharge
measurement by voltage decay method for 100 h followed by further 20 weeks, cycle aging for 50 cycles at C/3, ICA and DVA evaluation by a C/30 cycle, and

final aged capacity measurement.

Experimental

Cell setup.—The cells used in this study are 18 single-layer
pouch cells with single-side coated electrodes. The -electrode
material was supplied by the MEET Battery Research Center. The
positive active material consists of a BASF Li[Nig¢Mng,Cog,] O,
(NMC622) and the negative electrode is a graphite-based Hitachi
SMG-AS. The electrode properties are presented in Table 1. A
Celgard Q16S1HI with 16 ym thickness was used as a separator.
The cells were filled with 1 M LiPF¢ in EC:EMC 3:7 wt% without
further additives and vacuum sealed.

Figure 2a shows the cell setup and the dimensions of the single-
side coated electrode sheets. The cathode sheet of all 18 cells was
50 x 50 mm>2, and the separator was 60 x 60 mm?. Three different
anode geometries with six cells per setup were cut from the
manufactured graphite sheets: 50 x 50 mm?, 52 x 52 mm?, and
57 x 57 mm?. The different cell setups led to an anode overhang of
0%, 8%, and 30%, respectively. Figure 2b shows the stack
positioning of an 8% overhang cell. The thin and transparent
separator allows a precise cathode stack positioning to achieve
equivalent overhang length in all cells. This is especially crucial for
the cells with 0% overhang, where cathode overlap may lead to fast
degradation and capacity fade.'® Even if the electrode positioning

Table 1. Electrode properties.

Electrode Cathode Anode

Current collector Copper—6 pm  Aluminum—10 pm
Porosity 30% 30%

Coating thickness 66 pm 77 pm
Active material mass loading 19.2 mg em ™2 11.1 mg cm™2
Theoretical specific capacity ~ 179.7 mAh g™ 372mAh g™*
Specific areal capacity 3.45 mAh cm™? 4.13 mAh cm ™2

had not been 100% perfectly aligned in this study, no increased
degradation or capacity decrease was observed in subsequent testing
of the cells with 0% overhang. The nominal capacity of the cells was
80 mAh, corresponding to approximately 155 mAhg™', and was
used for all anode overhang sizes.

Measurement protocol—The full measurement protocol is
presented schematically in Fig. 2c. After vacuum sealing, all cells
were cycled with the same formation protocol. First, all cells were
charged with constant current constant voltage (CCCV) at C/20 to
42V until a C/100 cut-off was reached. Then the cells were
discharged at 1 C to 2.9 V. This is followed by a full CCCV cycle
at C/3 with a cut-off after reaching the C/20 end criterion while
measuring the initial discharge capacity. Then the cells are charged
again and discharged at C/3 to a defined SOC based on the initial
discharge capacity, as depicted in Fig. 2c. Two cells of each anode
overhang geometry are discharged to a capacity-defined SOC of
50%, 30%, and 10%, respectively, and a resting period for self-
discharge evaluation commences. The cell voltage is measured over
the first 100 h of the resting period until the formation protocol
concludes. After formation, the cell voltage was continuously
measured weekly over 20 weeks (3600 h) during calendar storage
at the respective SOC. After storage, all cells were constant current
(CC) cycled at C/3 between 3.0V and 4.2V for 50 cycles. Apart
from cycle aging, coulombic efficiency (CE) was additionally
determined. A slow C/30 charge and discharge were performed to
determine the open circuit voltage (OCV) for incremental capacity
analysis (ICA) as well as differential voltage analysis (DVA).
Finally, the aged capacity was measured in full CCCV cycles at
C/3 with a cut-off after reaching a C/20 end criterion.

For the formation protocol, an HRT-M high-resolution battery
tester from Battery Dynamics and a BaSyTec CTS were used. The
HRT-M offers an improved voltage resolution of 1 1V for analyzing
the voltage drop during the first 100 h. In comparison, the CTS
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offers a voltage resolution of 0.3 mV. The initial capacity and the
first 100 h of self-discharge data of the cells with 0% overhang
stored at SOC30 and SOC10 could not be retrieved. One SOC10 cell
with 0% overhang was afterward stored at a different SOC and
excluded from further evaluation. The weekly voltage measurement
during calendar storage was conducted manually with a Hameg
HMS112 precision multimeter with 6 1/2 digits. The cycle aging,
ICA, and aged capacity measurements were performed with the
BaSyTec CTS. All measurements, including the calendar storage,
were performed in a climate chamber at 25 °C.

While Fig. 2c is only a schematic of the full test protocol, it must
be emphasized that special care was taken to always perform the
vacuum sealing, the formation protocol, and the calendar storage for
all cells in the same temporal sequence. This was done to ensure a
similar evolution of the transient effects in the cells and allow for as
much comparability as possible.

Voltage decay method.—The method for determination of the
self-discharge current during the first 100 h after formation and the
20 weeks of storage is the voltage decay method described by Roth
et al. and Streck et al.'*”* The measured decay in the cell voltage dV
over the corresponding storage duration dt is multiplied by the
differential capacity dQ/dV, resulting in the self-discharge current
Iyp, as shown in Eq. 1:

dv
Iyp = dQ/dV - — 1
vp = dQ at [1]

Streck et al. showed that the results of voltage decay and voltage
hold methods are comparable, especially when the differential
capacity dQ/dV was determined via ICA at the specific storage cell
voltage.>® Therefore, in this work, the voltage decay method in

combination with a dQ/dV value from the ICA of the C/20 formation
curve was used to calculate the self-discharge current Iyp. The dQ/
dV value on the curve was determined by the corresponding cell
voltage at the end of the first 100 h after formation. For the 20 weeks
calendar storage, the dQ/dV was determined with the weekly
measured cell voltage of each individual cell.

Results and Discussion

Differential capacity.—The initial voltage window or electrode
balancing is defined by the ratio of negative to positive electrode
capacity (n/p ratio). According to the specific areal capacity in
Table I, the n/p ratio of the cells is 1.2. The n/p ratio affects the end-
of-charge and end-of-discharge potentials,”® as well as the location
of peaks in ICA and DVA curves. Per definition, the n/p ratio is
based on the mass loading or specific capacity of each electrode,’®%°
which means that it is not affected by the geometric anode overhang
size. Figures 3a-3c show the ICAs for the C/20 formation and the C/
30 slow charge and discharge after aging for three cells of each
overhang. The ICA of the formation process in Fig. 3a shows that
the peaks for different anode overhang geometries are very close in
position and height. This suggests that the initial voltage window of
the cells is still similar regardless of the geometric anode overhang.
In Figs. 3b and 3c, the peaks of the aged cells are shifted to higher
potentials for the cells with larger anode overhangs. Additionally,
the differential capacity peaks are overall lower for the aged cells.
These results indicate that the voltage window of the aged cells
already changed, which can be caused by the loss of lithium
inventory.”® Figures 3d—3f show a similar shift for larger overhangs
in the DVA results. The central graphite peak is shifted to the right
after aging and with increasing overhang size. This shift is plausible
since both aging and larger overhang’ will lead to lower lithium
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Figure 3. Incremental capacity analysis of the (a) C/20 formation charge, (b) C/30 charge after aging, and (c) C/30 discharge after aging. Differential voltage
analysis of the (d) C/20 formation charge, (e) C/30 charge after aging, and (f) C/30 discharge after aging. The curves and peaks are still uniform during formation
for different anode overhang sizes. After aging, the peaks for larger anode overhang are shifted, indicating less available lithium inventory in the full cell. dQ/dV

values from the C/20 formation charge are used to evaluate the self-discharge.
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inventory in the active anode. Consequently, the anode volta%e
window will increase compared to the cathode voltage window,
causing a shift of the central graphite peak to higher full-cell
voltages, as was already shown for aged cells.?” Even though the
geometric anode overhang has little impact on the initial voltage
window, it was shown that the overhang could cause a significant
shift in the voltage window after calendar and cycle aging.

As stated in the experimental section, the differential capacity
dQ/dV from Fig. 3a was used to calculate the self-discharge current
with the voltage decay method given in Eq. 1. Figures 3a-3c show
that there is a difference between using the dQ/dV from the ICA of
the formation cycle or from the ICAs after aging. For a singular self-
discharge measurement, the difference in dQ/dV of the formation or
aged ICA curves is minor. As mentioned above, the dQ/dV values of
the aged ICAs are generally slightly lower and shifted for different
anode overhangs, as shown in Figs. 3b and 3c. In contrast, the dQ/
dV values in Fig. 3a are more uniform over the different anode
overhang sizes. From a time perspective, the formation is closer to
the beginning of the self-discharge measurements, which causes the
dQ/dV values to resemble this state better than the aged condition.
Schomburg et al. also used the initial C/20 formation to evaluate the
DVA of cells to characterize SEI growth,®’ and they stated
assumptions for the validity of using the DVA during initial
formation. Due to the uniform ICA curves in the initial condition,
the C/20 formation curve was used for further self-discharge
evaluation.

In summary, the voltage window changes significantly from the
initial to the aged condition. The geometric anode overhang
contributes to the changing voltage window, which can be seen as
a shift of the peak positions in ICA and DVA curves.

Self-discharge after formation.— After two formation cycles, the
cells are discharged to the determined SOCs. Figures 4a—4c show the
voltage development for the first 100 h after formation. All cells

a) SOC10 b)

SOC30 )

show short-term voltage 1rele;1xe;1ti0n,'3’62 which is visible at SOC10
for more than 20 h. In contrast, the voltage of the cells at SOC30 and
SOCS50 changes earlier into a downward slope. Overall, the voltage
range is around 3.45V for SOCI10, around 3.57V to 3.59V for
SOC30, and around 3.65V for SOC50. The biggest spread is at
SOC30, where the voltage curves are the most distinct for the anode
overhang of 8% and 30%. Figures 4d—4f show the calculated self-
discharge current for each SOC.

At SOCI10 in Fig. 4d, the self-discharge current stabilizes after
around 50 h below 1 1A regardless of overhang size. Furthermore,
the self-discharge current seems almost stable without a strong
transient phase after 50 h. In Fig. 4e at SOC30, the self-discharge
current, similar to the voltage decay, shows distinct curves for 8%
and 30% anode overhang. The larger 30% overhang led to a
measured self-discharge current in the range of 5 to 10 nA, whereas
the smaller 8% overhang showed a lower self-discharge current in
the range of 1 to 2 pA. Figure 4f shows that at SOC50, apart from
the first 20 h, where voltage relaxation is not yet fully finished, the
self-discharge current is overall very similar regardless of anode
overhang and is still decreasing from 10 to 5 pA. The literature
showed that the long-term or steady-state self-discharge current of
LIB between 3.5 V and 3.7 V can be in a close range.'*®® This could
explain the similar range of the self-discharge current between
SOC30 and SOC50 for the 30% overhang cells. Contrary to
expectations from the results at SOC30, the anode overhang
equalization seems not dominant at SOCS50. Specifically, the cells
with 0% anode overhang show the same trend, which indicates that
the transient effect from approximately 30 to 100 h is most likely
caused by SEI growth. Attributing the increase in self-discharge
current at cell volta%es above 3.6 V to SEI growth is in line with
work from Lee et al.” and German et al.’” Both reported incomplete
SEI growth below 3.6 V.>*” Broussely et al. already remarked that
SEI growth should occur according to the voltage plateaus of
graphite.®*’ Consequently, before reaching the graphite voltage
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Figure 4. Voltage development for the first 100 h after formation (a) at SOC10, (b) at SOC30, and (c) at SOC50. Calculated self-discharge via voltage decay
method for the first 100 h after formation (d) at SOC10, (e) at SOC30, and (f) at SOC50. The data of the cells with 0% overhang stored at SOC10 and SOC30

could not be retrieved.



Journal of The Electrochemical Society, 2023 170 080524

SOC10 b SOC30 SOC50
D348 )3.62 ) 368
----------- Anode overhang 0% =====xsxex Anode overhang 0% ======sxex Anode overhang 0%
Anode overhang 8% Anode overhang 8% = = = Anode overhang 8%
Anode overhang 30% Anode overhang 30% Anode overhang 30%
3461 3.6f 3.661
> > > -
P P P e Rt o o e
$3.44 358 2364
G G G
> > >
342+ 3.56¢ 3.621
34 . . v 3.54 : : : : 3.6 : . :
10 15 20 1 5 10 15 20 5 10 15
Time / weeks Time / weeks Time / weeks
d) 3 SOC10 e) 3 SOC30 f) 3 SOC50
----------- Anode overhang 0% =x==xeexees Anode overhang 0% =x==xeexees Anode overhang 0%
25k Anode overhang 8% 25 Anode overhang 8% 2.5 = = = Anode overhang 8%
Anode overhang 30% Anode overhang 30% Anode overhang 30%
E E E
ES N
z A I
2 2 g
E‘) E" 1.5 g:b 1.5¢
< =1 =1
< = =
2 2 2
3 3 oIr 3 or
Y= = ]
o} 9 Ko}
w1 w0 w1
0.5 0.5r
0 . + + v o . + + -
1 5 10 15 20 1 5 10 15 20

Time / weeks

Time / weeks

Time / weeks

Figure 5. The weekly voltage measurement for 20 weeks during calendar storage (a) at SOC10, (b) at SOC30, and (c) at SOC50. Calculated self-discharge via
voltage decay method for 20 weeks during calendar storage (d) at SOC10, (e) at SOC30, and (f) at SOC50.

plateau, the change in SEI growth may be more pronounced. The
investigated NMC622 and graphite material combination was also
used by Miinster et al., where a 3-electrode cell containing a Li-
reference showed that the voltage above 3.6 V marks the transition
to the graphite voltage plateau.®® In Figs. 3d-3f, the minimum of the
differential voltage dV/dQ above 3.6V in the DVA marks the
transition to the graphite voltage plateau for the investigated cells.
Therefore, SEI growth should be sensitive to the cell voltage around
and above 3.6 V. Additionally, the anode overhang size affects the
graphite potentials, shown by the shift of the peaks in the DVA
curves in Figs. 3d-3f.

Self-discharge during storage.—The weekly voltage measure-
ment for all cells is shown in Figs. 5a-5c. The overall voltage ranges
of each SOC are still in the same range as in Figs. 4a—4c. Figures 5d
—5e show the self-discharge current calculated via the voltage decay
method with dQ/dV values from the ICA of Fig. 3a. The self-
discharge current at SOCI1O0 is still not fully stable after the first
100 h but instead further decreases over the entire measurement time
of 20 weeks, as shown in Fig. 5d. Although the different anode
overhang sizes have a small effect on the self-discharge current, a
ranking from 0% to 8% to 30% overhang can still be observed. The
final measured self-discharge current is well below 0.1 pA at
SOC10. At SOC30 and SOCS0, the transient self-discharge, as
described in Fig. lc, is prominently shown. Like the first 100 h, the
anode overhang equalization remains dominant at SOC30 over
the calendar storage, shown in Fig. Se. The first five weeks exhibit
the largest discrepancy between the overhang sizes, but even after 20
weeks, the almost stable self-discharge current is still ranked from
0% to 8% to 30% overhang. This is the opposite of the voltage
ranking in Fig. 5b, which suggests that SEI growth below 3.6 V was
still a minor factor. This notion is supported by the weak transient
phase of the 0% overhang cells in Fig. 5e. The calendar storage at
SOC50 also continues the trend of the first 100 h, which is shown in

Figs. 5c and 5f. The voltage and the self-discharge current curves are
close regardless of overhang size, showing a strong transient trend.
After approximately twenty weeks, the cells with 30% overhang
show a self-discharge current of around 0.65 pA, which is slightly
higher than 0.5 ﬂA of the 0% and 8% cells. As was proposed in the
literature,'>'>=** if the continuous SEI growth contributes to the self-
discharge, then a 30% larger graphite anode would also increase the
self-discharge current by 30%, which fits the observed values.

In summary, for the SOC10 measurement, a reliable self-discharge
current in the range of 1 A (~C/80.000) could be determined within
50 h. However, the final self-discharge current of the cells at SOC10
was in the range of 0.02 uA (~C/4.000.000), which was still
decreasing after more than 20 weeks. At SOC30 and SOCS50, the
measured self-discharge current was magnitudes higher even after 20
weeks of measurement. Consequently, self-discharge measurements at
lower SOCs might be more sensitive to soft shorts or cell defects,
allowing for faster detection of anomalous cell behavior.

SEI growth and anode overhang.—Figure 6a compares the self-
discharge current during storage for the 0% and 30% overhang cells
at each SOC. The inhomogeneity of lithium distribution should be
low after only two formation cycles,*® and the equalization processes
in the active anode should be concluded after more than one week.®
Additionally, if cycling would have caused inhomogeneity of
lithium distribution, then a capacity recovery effect and voltage
increase due to relaxation would be expected during rest periods.65
Reversible shuttle processes and electrolyte oxidation should also be
low at moderate cell voltages, which is shown by the reduced
amount of cathode and coupled side reactions below 3.7 A
Consequently, for the cells with 0% anode overhang, it is presumed
that the transient self-discharge was predominantly coming from
continuous SEI growth. The data from Fig. 6a is used to calculate the
deviation in self-discharge current between the 0% and 30% over-
hang cells, shown in Fig. 6b. Here, the averaged self-discharge
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Figure 6. (a) Comparison of self-discharge for 0% and 30% overhang cells. For cells without anode overhang, the self-discharge is assumed to be predominantly
from SEI growth. (b) Difference between self-discharge of 30% and 0% overhang cells, calculated by subtracting the average self-discharge of the 0% overhang
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initially. A schematic explanation is depicted in (c) for SOC50, where the lithium consumption due to the anode overhang changes the graphite potential, which
governs the SEI growth rate. Cumulative leakage capacity (d) at SOC10, (e) at SOC30, and (f) at SOC50 for different overhang cells show good agreement with
approximated 1% power law curves. The discrepancy between the power law curve to the measured leakage capacity curves could be interpreted as the

contribution of the anode overhang to the leakage capacity.

current of the 0% overhang cells was subtracted from the 30%
overhang cells. The anode overhang barely contributed to the self-
discharge current at SOC10 but started to cause additional capacity
loss at SOC30. This would be the expected trend for a larger anode
overhang from the literature.®'® This trend was not observed at
SOC50, where the effect of the anode overhang was apparently
lower and slowed down. The reason for this apparent slowdown
might be the actual graphite potential changing. The overhang areas
drain lithium from the active graphite anode, causing the graphite
potential to increase. In Fig. 6c, the notion of different graphite
potentials due to lithium consumption of the anode overhang at
SOC50 is schematically depicted. Attia et al. and Kobbing et al. also
reported a deviation from the typically proposed simple square-root
dependence on time (t%%).%® Attia et al. already mentioned
overhang effects, among other factors, potentially convoluting the
SEI growth measurements.>® Kobbing et al. described how SEI
growth causes lithium consumption in the graphite anode and
increases the graphite anode potential, which then slows down
further SEI growth.%® As described above, this is essentially the
same effect the lithium movement into the anode overhang would
have on the graphite potential and could explain the trends shown in
Fig. 6b. This notion is further supported by the strong dependence of
SEI growth or self-discharge on the anode potential, as shown for
glassy carbon,®® graphite,’” and silicon®® anodes. Furthermore, the
DVA curves in Figs. 3d-3f show a shift of the central graphite peak
depending on the anode overhang size, confirming that the graphite
potentials differ.

The results from the self-discharge during the 20-week storage
certainly support the idea of a t%° dependency of the SEI

growth.*>*>3¢ The cumulative leakage capacity at each SOC with
approximated %> power law curves is shown in Figs. 6d—6f. At
SOCI10 in Fig. 6d, the leakage capacity is in good agreement with the
approximated %3 power law curves. Presumably, the impact of anode
overhang equalization is low, and the main contribution to self-
discharge at SOC10 may come from SEI growth. Still, the SEI growth
may also be occurring in the anode overhang. Therefore, increased SEI
growth for geometrically larger anodes is expected, which explains the
dependency on the anode overhang seen in Fig. 6d. At SOC30 in
Fig. 6e, the cumulative leakage capacity shows an even stronger
dependency on the anode geometry. The %3 dependency generally
underestimates the capacity loss of the 8% and 30% overhang cells.
This is in line with the results from Attia et al., where the fitted power-
law exponents for calendar storage of cylindrical cells with anode
overhang were above 0.5.%® As also shown in Fig. 6b, the additional
capacity loss could be attributed to the anode overhang. In contrast to
SOC10 and SOC30, the cells at SOC50, shown in Fig. 6f, do not show
a clear dependency on the anode overhang. However, as explained
above, the expected capacity loss due to larger anode overhang areas
should be even more pronounced at SOC50 than at lower SOCs. This
is not the case, which is a further indicator, that even though the cell
voltages in Fig. S5c are quite similar, the actual graphite potentials are
different for 0%, 8%, and 30% overhang cells at SOC50. Therefore,
separating the leakage capacity into contributions from SEI growth and
anode overhang is difficult at SOC50. Assuming the approximated %
power law curves are in good agreement with the SEI growth, then the
discrepancy of the power law curve to the measured leakage capacity
curves could be interpreted as the contribution of the anode overhang
to the leakage capacity.
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In summary, these results indicate that the reversible lithium
movement from the anode overhang changes the graphite anode
potential, which can affect the SEI growth rate. Then the question is
whether the SEI growth rates at different SOCs affect the cell
performance.

Coulombic efficiency.—All cells were cycled 50 times between
3.0V and 4.2 V with a constant rate of C/3 without CV criterion. The
CE was determined by dividing the discharge capacity by the preceding
charge capacity of each cycle. It must be noted that the BaSyTec CTS
system has a lower current and voltage resolution, which can cause
measurement deviations and errors. In supplemental S2, a CE study
comparing the high precision HRT-M device and the CTS was
conducted on commercial 18650 cells, and a measurement error was
identified for the CTS. The CE of the pouch cells showed a similar
behavior as described in supplemental S2, where the CE of some cells
stabilized at values above one. Anomalous CE values above one were
also reported for cells stored at moderate to high SOCs in combination
with anode overhang areas.** In both studies, the CE stabilized closely
below one after sufficient cycling, which was not true for some
investigated cells. For the CE evaluation of the investigated cells, the
focus is not on quantifying the stabilized CE cycles but on the clear
differences during the first few cycles. For better readability, the CE
values have all been offset to unity for the very last of the 50 cycles.
The original CE values are included in supplemental S3 and show a
similar trend for the first few cycles.

The CE of one cell for each anode overhang and SOC are shown
in Fig. 7. In Fig. 7a, cells with 0% overhang show a significantly
lower CE only for the first cycle after storage. This capacity loss also
correlates to the storage SOC, with higher capacity losses for the
storage at SOC10 and SOC30. These results indicate a late formation
of SEI that was not performed during the storage below 3.6 V. The
SOC50 cells also showed a lower CE for the first cycle, suggesting
that SEI was continuing to grow specifically at cell voltages above
3.7 V. In contrast, the 30% overhang cells in Fig. 7c show a more
pronounced and storage SOC-dependent behavior, like the anom-
alous CE reported by Gyenes et al. and Wilhelm et al.*> The storage
at SOC50 with large overhang areas shows the mentioned anomaly
of CE above one, which is caused by the anode overhang equaliza-
tion. The opposite effect is visible at SOC10, where additional
capacity is reversibly lost into the anode overhang. However, the
first cycle at SOC50 in Fig. 7c also shows a lower CE than the
subsequent cycles. This is once more a strong indicator of the late
SEI growth, as seen for the 0% overhang cells. The 8% overhang
cells in Fig. 7b exhibit a behavior that is fairly between the 0% and
30% overhang cells. As mentioned, commercial or industrial scale
cells typically have anode overhang areas of 3 to 10%.'%*’” Wilhelm
et al. used industrial scale cells with 10% anode overhang,” but the
CE curves of the 30% overhang cells were more in line with the
results from Wilhelm et al. than the 8% overhang cells of this study.

A reason for this behavior is that for the 52 x 52 mm? anodes of
the 8% overhang cells, the maximum distance from the active to the
inactive anode is only 1 mm. For the 30% overhang cells, the
maximum distance is 3.5 mm. For the commercial cylindrical cells
studied by Wilhelm et al., the anode overhang geometry was more
complex, and the maximum distance was 20 mm at the inner end of
the jelly roll and 60 mm at the outer end. Anode overhang
equalization would take far longer at these distances, which explains
the better CE agreement between the cylindrical cells and the 30%
overhang cells.

Overall, the CE measurements show a capacity loss for the first
cycle after formation and calendar storage, indicating further SEI
growth. After the first cycle capacity loss, the measured CE seemed
to stabilize for all storage conditions and cells.

Charge endpoints and voltage window.—Evaluating the end-
point slippage can help to analyze the capacity loss or to distinguish
between side reactions.’>**° In this study, the charge endpoint
analysis tracks the charge delithiated from the cathode. The charge
endpoints are normalized to the first charge with C/20 during
formation. Figure 8a schematically shows the charge endpoints
during formation for cells with and without anode overhang. The
cells with an anode overhang exhibit increased charge endpoints for
the second and third cycles compared to the 0% overhang cell. The
same trend is observable for all cells in the first three cycles of
Fig. 8b, where the charge endpoints for all six 30%, all six 8%, and
the two 0% overhang cells at SOC50 are shown. The fourth cycle is
during the cycle aging, in which the low CE was measured, as shown
in Fig. 7. The charge endpoint of the fourth cycle shows only a slight
increase for the cells with overhang and a slight decrease for the 0%
overhang cells. The charge endpoint slippage tracks the maximum
amount of lithium deintercalated from the NMC622 cathode.®” The
anode overhang seems to affect the delithiation state of the cathode.
After the first three cycles, the charge endpoints remain almost
constant, suggesting that the amount of delithiation is mostly
affected during formation or early SEI growth.

Weng et al. reported a difference in loss of lithium inventory due
to their two formation protocols.”® In addition, their stacked pouch
cells had large overhang areas of more than 20% due to double-side
coated anode areas without a counter electrode.” Previous works
show that anode overhang equalization leads to lithium moving%7 into
the overhang areas, comparable to loss of lithium inventory.”'” The
amount of lithium moving into the anode overhang depends on the
potential gradient between active and inactive anode areas. The
potential gradient is ultimately given and impacted by the formation
protocol. Consequently, the lithium consumption by the anode
overhang can affect the amount of charge delithiated from the
cathode, as shown in Fig. 8c. Further, Weng et al. commented in
their supplemental that increased lithium consumption during for-
mation might shift the voltage window of the positive electrode to

a) 1,002 Anode overhang 0% b) 1002 Anode overhang 8% ) 1.002 Anode overhang 30%
CE > 1 is caused by anode overhang,
& Sstill lower CE for first cycle
11 Prooes i ed~33] P 1 & 1 JPo e
' otef SanTTE ' -~ ‘N,f\wwm ' ,uu‘“’"uo‘@"‘ *4
- - e ee® - o
> > K > -«
g 2 ’ 2 -
.20.998 1 20998} ¢ -20.9981 3
é ————S0C50 g d ————S0C50 2 é ————S0C50
° SOC30 ° SOC30 T: ¢ SOC30
) SOC10 = L o -eee SOC10 ) I e N R L SOC10
g 0.996 1 g 0.996 é 0.996r = &
E Lower CE for first cycle E E
© after calendar storage o &) H
0.994 1 0994 0.994t 4
i
0.992 y y v 0.992 ; v 0.992 ; y y
0 10 20 30 40 0 10 30 40 0 10 20 30 40
Cycles / - Cycles / - Cycles / -

Figure 7. Coulombic efficiency of one cell at each SOC for (a) 0% overhang cells, (b) 8% overhang cells, and (c) 30% overhang cells. The first cycles after
formation and calendar storage of 20 weeks show a lower CE, which indicates late SEI growth.



~
()
~

Journal of The Electrochemical Society, 2023 170 080524

First 3 charge cycles during formation

1.6
Anode Overhang 0%
14r Anode Overhang 8%
I R EERRREEEE Anode Overhang 30%
2 1.2 Charge endpoints
5
< o
2 £
g 1 fy’ ¥/
o 7
50 ¥ ¥/
50.8 Ry 7
5 s 7
I 4 # 7
N0.6r 4 K
I A
504r  F 4
Z 3
0.2
0
1 2 3

Charge cycle / -

(®) 1

1.12

1.1

Charge end points / -
5 = = =
— ) S = =)

o
o
%

Charge end point slippage for first 10 cycles

——@— Anode overhang 0%
Anode overhang 8%
----- ©-+++ Anode overhang 30%

aea@rrnas@uere e
%
TP SRS ST o
[l RLLE  STTE TTIE N
CULY - YTETY TPEPr SO
[ S-a--
CP SRS PEPPY . TREET. SRR SEEE OREE B0
No—e—
No—e.
Formation Start of 50 cycles

12 3 4 5 6 7 &8 9 10
Cycles / -

(C) Depiction of voltage window at top of charge

Voltage window shift for cathode
—

//
k— A

A

42V

Voltage

Lithium consumption in anode
State-of-Charge

Figure 8. (a) Exemplary normalized capacity to evaluate the charge endpoints during formation. (b) Charge endpoint analysis for cells with and without anode
overhang during formation and cycling. Cells with anode overhang show higher delithiation of the cathode, presumably due to increased lithium consumption by
the overhang. (c) Schematic of the lithium consumption in the anode shifting the voltage window of the cathode to higher potentials at the top of charge.

higher potentials at the top of charge.25 The notion of irreversible
lithium loss at the anode shifting the voltage window of the cathode
to higher potentials has also been presented by Krueger et al.”” and
Dose et al.”' Therefore, it is only plausible that the lithium
movement into the anode overhang would similarly cause a shift
in the voltage window of the positive electrode, as is illustrated in
Fig. 8c. This mechanism might explain the rezported positive impact
of fast formation at higher cell voltages,>*>> where lithium con-
sumption during formation is increased by lithium movement into
the anode overhang. It should be noted that the discharge phase of
the 30% overhang cells ended earlier, which can also be seen in
Fig. 8a. This small difference in the formation protocol could have
reduced the charge endpoint slippage for the 30% overhang cells,
which otherwise would be expected to be similar to or higher than
the charge endpoint slippage of the 8% overhang cells in Fig. 8b.

Capacity evaluation.—Figure 9a shows the specific discharge
capacity of the 30% overhang cells at the initial condition and after
aging. All cells experienced the same formation protocol, and the
initial capacity was measured before the calendar storage. Still, the
initial capacity shows a spread over the six lab-made cells. This
spread could not be fully explained, but a small inhomogeneity due
to the electrode sheet coating, sheet cutting, or stack positioning
could have caused it. After calendar storage and cycle aging, the
aged capacity of the cells is more stable and close to a specific
capacity of 140 mAh g~'. From the small sample size, aging data
should not be overanalyzed, but the overall performance of the cells

does not seem to be reduced by the storage at SOC10. In fact, the
opposite trend is shown by the two cells stored at SOC10 for 20
weeks, where the capacity is slightly higher than the storage at
SOC30 and SOC50. The reduced aging at lower SOCs is in line with
the calendar aging data reported in the literature.’”’>’* When
evaluating the capacity retention of cells, the anode overhang
equalization can cause significant capacity losses or recovery.‘”’
The relative behavior of capacity retention is often neglected and
might not be representative of cell performance or quality. The
capacity retention during 50 cycles at a constant current of C/3
between 3.0 V and 4.2V for the 30% overhang cells is shown in
Fig. 9b. Here, the relative data of the capacity retention might give
the wrong impression that the cells stored at SOC10 had a worse cell
performance because these cells showed a higher capacity loss
during cycling. However, as shown in Fig. 9a, this is not the case.
The capacity retention of the 0% and the 8% overhang cells is shown
in supplemental S4. Figure 9c shows the specific discharge
capacities of the two 0% overhang cells, which were stored at
SOC50, all six 8%, and all six 30% overhang cells. The initial and
aged cells with the larger anode overhang sizes showed an overall
reduced capacity due to lithium moving into the anode overhang,
which is the same trend previously reported by Son et al.'® and
Dagger et al.'® This overall trend should not be mixed up with
capacity loss due to calendar or cycle aging.

In summary, the impact of the anode overhang on capacity
retention and capacity loss should be carefully considered when
evaluating cell performance after formation as well as in general.
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1

(b) Capacity retention during 50 cycles at a constant current of C/3 between 3.0 V and 4.2 V for 30% overhang cells. The relative data of capacity retention might
give the wrong impression that the cells stored at SOC10 experienced higher capacity loss. (¢) Initial and aged specific discharge capacities of the different anode
overhang sizes show a trend of lower capacities for larger overhang areas.
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Conclusions

Single-layer pouch cells with 0%, 8%, and 30% anode overhang
were built, and the same formation protocol was applied to all cells.
Then, the cells were stored at SOC10, SOC30, and SOCS50,
respectively. The voltage and the self-discharge current were
measured over the first 100h with the voltage decay method.
Afterward, calendar storage at the same SOCs with a weekly voltage
measurement was applied for 20 weeks to determine the long-term
self-discharge current of the cells. After storage, all cells were cycled
50 times with a constant current of C/3, followed by a slow C/30
charge and discharge for ICA and DVA evaluation. Finally, the
cell’s aged capacity was determined similarly to the formation step.
The main findings are summarized in the following:

1. The self-discharge current at SOC10 showed less transient
behavior compared to SOC30 and SOC50. At SOC30, the
anode overhang leads to the measurement of increased self-
discharge current. At SOCS50, the SEI growth starts to dominate
the self-discharge rate. These findings suggest that self-dis-
charge measurements in cells featuring graphite anodes may
exhibit greater sensitivity to soft shorts or cell defects at lower
SOCs due to less transient effects.

2. All cells showed a lower coulombic efficiency for the first full
cycle after a 20-week calendar storage. The lower CE correlated
to the SOC during storage, but CE stabilized in subsequent
cycles at all storage conditions. The results indicate that the SEI
grows further at higher cell voltages or rather at low graphite
anode potentials. The specific discharge capacity of the cells
was also not impacted by the calendar storage at SOCI10,
SOC30, and SOC50.

3. The cells with anode overhang showed a higher charge endpoint
slippage during formation cycles, which suggests a higher
delithiation of the NMC622 cathode. This could affect the
amount of available lithium inventory in the full cell and shift
the voltage window of the positive electrode to higher potentials
at the top of charge. Such a shift in the voltage window might
impact the cell performance.

Determining whether the interplay of formation protocol and
lithium movement into the anode overhang affects the cell perfor-
mance requires further investigation. Analyzing the cell resistance
after formation could be a suitable method for helping to identify
this relation. Weng et al. proposed a cell resistance measurement at
low SOC as an early-life diagnostic for analyzing formation
protocols.”> This resistance measurement could also be combined
with the self-discharge measurement at low SOC to optimize further
and fasten characterization methods for LIB manufacturing. In this
context, the effect of late SEI growth due to storage at low SOC on
the cell performance was negligible for lab scale cells in this study.
Still, the applicability and influence of fast self-discharge measure-
ments at low SOC should also be investigated at pilot and industrial
scale.
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