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Abstract: Cycling Li-ion cells with large capacities requires high currents and hence an expensive
measurement setup. Aging the Li-ion cell material in coin cells offers an orders-of-magnitude-lower
power requirement to the battery tester. The preparation procedure used in this work allows one
to build coin cells in a reproducible manner. The original 40 Ah pouch cells and the corresponding
4.3 mAh coin cells (PAT-Cell) utilizing electrode material from the original cells are cycled with 1C at
different temperatures. The results show the same basic aging mechanisms in both cell types: loss of
lithium inventory at room temperature but an increasing proportion of loss of active material toward
higher temperatures. This is confirmed by similar activation energies in capacity degradation of the
40 Ah cells and the averaged coin cells. However, the capacity of the coin cells decreases faster over
time. This is caused by diffusion of moisture into the coin cell housing. Nonetheless, the increasing
water contamination over measurement time is not directly linked to the loss of capacity of the coin
cells. Thus, the observed aging mechanisms of the 40 Ah cells can be qualitatively transferred to coin
cell level.
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1. Introduction

Aging investigations on Li-ion cells are time and cost intensive. The rate of aging depends on
many factors, such as electrode materials; electrolyte composition; cell geometry; and the operational
conditions SOC, C-rate, depth of discharge (DOD), and temperature. Thus, for each specific Li-ion cell
type, many tests have to be carried out in order to create and parametrize a cell model, which is able to
predict the aging behavior of the Li-ion cell. Therefore, electrode-specific aging studies may be helpful
for developing more accurate aging models. By using the three-electrode-cells PAT-Cells by EL-CELL
GmbH (hereinafter referred to as coin cell), the electrode potentials can be measured during cell testing
and serve as additional information to understand the aging behavior.

Cycling the coin cells may reveal additional aging information; e.g., the influence of geometry on
the cell performance: volume expansion during intercalation can cause stress in bent electrode layers
in Li-ion cells [1] and the current distribution over the planar electrode area can be influenced by the
current tabs positions, especially at higher C-rates [2,3]. In contrast, the electrodes used in PAT-Cells are
not bent and the current collector contacted to the back of the electrodes should ensure a homogeneous
current distribution. The PAT-Cells are assumed to be isothermal due to their limited electrode area
and their thermal capacity. A more generalized, geometry-independent cell model, applicable to a
wide field of cells of the same chemistry, might lower the needed number of measurements to adjust
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the battery model in the future. This work compares the aging behavior of the original Li-ion cell with
the coin cells and is therefore a step towards this future goal.

Moreover, high-capacity Li-ion cells need a sophisticated and thus expensive experimental setup
which is capable of providing high currents conforming to the safety regulations. As an alternative,
aging the cell material in coin cells can tremendously lower both the required current and the safety
regulations. Since only a small electrode area is required for building a coin cell, many coin cells can
be assembled out of one original Li-ion cell. Hence, aging tests could be highly parallelized.

A prerequisite for this coin cell approach is a reproducible and minimum invasive extraction
procedure. Our preparation method demonstrates a high reproducibility with a coefficient of variation
in capacity of COVc = 1.4% of 62 reassembled coin cells at beginning of life (BOL) [4]. The electrodes
have not been washed during preparation [4] so that the electrolyte of the built coin cells is as identical
as possible to the original electrolyte. Further information about our preparation and other extraction
concepts is given in our previous study [4].

The aging process of Li-ion cells can have many causes [5,6]. NMC-based cathode materials
can be degraded by structural deformation [7,8], manganese dissolution [5,9-11], corrosion of the
current collector [5,9], the decomposition of the binder and the electrolyte, particle cracking, and the
growth of a cathode interface layer [12-14]. On the graphite (GR) side, SEI growth [15,16], particle
cracking [17,18], Li-Plating [19-22], and the incorporation of Mn-Ions into the SEI [5,10,23,24] can take
place. The assignment of each single cause of aging to a specific electrical response behavior of a Li-ion
cell is almost impossible [6]. Therefore, the causes which have similar electrical impacts on the cell are
clustered together to loss of lithium inventory (LLI), loss of active material at the positive electrode
(LAMpg), and loss of active material at the negative (LAMNE) electrode [6,25,26]. For instance, LLI is
an indication for SEI growth which is the main cause of calendar aging [15,16,27-29] because Li is
consumed to build up the SEI [15]. Once the cell is cycled, the changes in the volume of the GR can
lead to cracks in the SEI structure (LLI) [17,18] and to a minor extent in the particle (LAMng) [5].
Loss of electrical contact to the particles and structural disordering (e.g. in the positive electrode) are
the typical causes for LAM.

In order to compare the cell aging behavior of the commercial Li-ion cells and the coin cells,
the cell aging mechanisms have to be identified. Several methods have been introduced to detect
the aging mechanisms [6,25,27,30-33]. Therefore, the characterization methods incremental capacity
(IC), differential voltage (DV), maximum/minimum electrode potentials, electrochemical impedance
spectroscopy (EIS), and pulse current measurements (PCM) are used and introduced in Section 2.
After the experimental part in Section 3, Section 4 compares the 1C cyclic aging behavior of
commercially manufactured 40 Ah Li-ion pouch cells to their extracted coin cells at the three specified
temperatures T € [45,35,25] °C. In case of cycling at 1C, an aggravated capacity loss due to an
inhomogeneous temperature distribution inside the 40 Ah cells can be neglected [34]. Finally, the aging
mechanisms of both cell types are estimated.

The coin cells used for comparing to the original cells have an identical anode to cathode
planar area ratio Aan/Aca = 1 without any anode overhang which is different to the 40 Ah cells
with Aan/Aca =~ 1.047. The electrochemical performance of Li-ion cells is sensitive to the anode
overhang [35-38]. Therefore, an additional experiment in Section 5 is carried out to test the influence
of the Aan/ Aca factor on the aging performance of the coin cells.

Traces of moisture and oxygen can hardly be avoided in reusable coin cell constructions. But some
contamination by water is tolerable in the cell assembly process [39,40]. The PFs from the dissociated
LiPFg¢ reacts with water the following way:

PFs + H,O — POF; + 2HF 1)
POF; + H,0 — POF,(OH) + HF @)
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Kawamura et al. measured the reaction rates of LiPFg with water in an ethylene carbonate
(EC):dimethyl carbonate (DMC) 50:50 vol.% solution at several temperatures [41]. The reaction rate
is mainly driven by the viscosity and the polarization of the electrolyte [41]. The viscosities of DMC
(o = 0.6 at T = 25 °C) and ethyl methyl carbonate (EMC) (179 ~ 0.66 at T = 25 °C) and their relative
permittivities (eppc = 3.107 and egpc = 2.958) are similar [42,43]. Thus, it is possible to anticipate the
reaction rate of water in the electrolyte used in this study (LiPFg in EC:EMC 30:70 wt.%). Therefore,
another aging experiment in Section 6 shows the influence of the entry of moisture on the capacity loss
of the coin cells with the help of EDX measurements.

Finally, a path dependency aging test is conducted for both cell types in Section 7.
This investigation addresses the question of whether the capacity loss ASOH, consisting of a calendar
ASOH_, and a cyclic aging part ASOHcy. at certain time intervals AtQ and Af1,

ASOHZ? + ASOHL = ASOHLY + ASOHS! ©)
is commutative. Two studies detected that the capacity loss during calendar aging is commutative [44,45];
however, the question arises of whether this independence of direction also applies to cyclic aging.
A commutative aging behavior could lower the necessary number of measurements to predict the cell aging:
If Equation (3) was valid, one side of this Equation could be determined without any measurement. Hence,
cost intensive measurement time would be lowered. Additionally, this investigation is used to further prove
the transferability of the proposed coin cell aging method to commercial cells.

2. Characterization Methods

A Gaussian filter

1 _V%It
G(psie, 0fi) = ———=—=exp [ =5 4)
o CheV/ 27T 202,

with pge = 50 and o, = 15 sampling points is used to process the data for the DV and IC analysis.
We used a sampling rate of Ates = 55 which is sufficient for the chosen C-Rate I - t = C/3 [46].

2.1. Differential Voltage

Figure 1a presents the DV of a NMC111-GR Li-ion coin cell at beginning of life (BOL). The GR
stages are partly detectable by the full cell DV. The intercalation reaction of GR changes at about 20%
SOC from 3 LiCz4 + Li — 4 LiCyy (stage (IV) to (III)) to 2 LiCyy + Li — 3 LiCyg (stage (III) to (IIL)).
This change is indicated by the local maximum in the full cell DV. The phase width Q, is defined
as the proportion of the SOC from 0% to this local maximum. The local maximum at about 50-60%
SOC is linked to the change in reaction from 2 LiCyg + Li — 3 LiCy, ((IIL) — (II)) to LiCyp — 2 LiCq
((I) — (I)) [27,47,48]. The phase width Qy, is the respective SOC value at this local maximum minus
Qa. Then, the third defined phase width is Q. = C — Qa — Q}, with the current cell capacity C.
Figure 1b illustrates the definitions of the phase widths Qa, Qp, and Q. for the respective full cell DV
and the GR stages.

If the cell degrades because of LLI, the phase width Q. is reduced since the GR electrode cannot
be fully lithiated anymore. The phase widths Q, and Q) stay constant [6,27,46]. In case of LAMNE,
all phase widths decline [6,27,46]. However, if there is an excess of negative active material compared
to the positive, the detectable Q. in the full cell stays constant in the early stages of aging due to
the backup anode capacity, while Q, and Q), drop instantaneously. Subsequently, with the aging
progresses, Q. also decreases [31].



Batteries 2020, 6, 33 4 of 27

500 T T T T 500 - -
i (@) (O . |
I | | Full cell
400! 1 400} ! \ :
- | Li C Full cell | . ! !
| |
é 300 : N § 300 IVl }
> F i ; ; > 3 !
= Lig My gNi;5C04 505y 4 = ILIL L]
g | = | |
S200}1 S 200} ! !
o° 1 o | |
> 't
O oot 3 100 | |
Y = IL, [ ! !
N, o~ /_/ |
=t e, e e
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
State of charge SOC [-] State of charge SOC [-]

Figure 1. (a) Differential voltages dU/dQ of the full cell and the electrode potentials of a coin cell at
BOL. The phase transitions between the GR stages are visible in the full cell differential voltage (DV).
(b) Phase widths Qa, Qp, and Q. assigned to the full cell DV.

2.2. Incremental Capacity

Berecibar et al. simulated the effects of LLI, LAMyg, and LAMpg on the IC curves of NMC-GR
Li-ion cells [25,33]. The authors linked the evolutions of characteristic features of interest (FOIs)
from the IC curves to the aging mechanisms. The three FOIs highlighted in Figure 2 are considered
for the IC analysis. The positions and the values of those peaks correlate to the SOHs of Li-ion
cells [46]. Therefore, both attributes are used in this work for the identification of aging mechanisms.
The individual influence of each mechanism on the attributes of the FOIs is summarized in Table 1.

25 T
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Figure 2. Defined features of interest (FOIs) of the incremental capacity (IC) curves. Three characteristic
extrema are detected: the first peak (FOI0) at U ~ 3.4V, the main peak FOI1 at U ~ 3.6V, and the local
minimum FOI2 at about U = 3.7 V. The figure exemplary shows the changes in the FOIs for a cyclically
aged coin cell.
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Table 1. General trend of the FOIs by the separated aging mechanisms [33]. The trends in this table
are based on aged cells after 10% ASOH. Three arrows: Change in peak height bigger/smaller than
50% or change in position (voltage) bigger/smaller than 100 mV. Two arrows: 20-50% change of peak
height or 40-100 mV change in the position. One arrow: 10-20% change in the peak height or 10-40mV
in position.

FOI Attribute LLI LAMnNE LAMpg
0 Peak height dQ/dU M constant +
0 Position U M1 constant 1T
1 Peak height dQ/dU W constant 1
1 Position U constant constant constant
2 Peak height dQ/dU 1 0 constant
2 Position U M1 H 0

2.3. Electrode Potentials

The cell voltage U = ¢ca — ¢an is the difference in electrochemical potential between the positive
and negative electrodes. During cycling, the cell voltage is limited within the boundaries Uy, and
Umax. However, the electrode potentials can shift relatively to each other during aging.

If a fully discharged cell (state (1) in Figure 3a) is charged and LLI is assumed as degradation
mechanism, part of the Li will be lost during charging the cell (2 — 2’) due to SEI growth. Hence,
the GR will not get fully lithiated anymore [6], whereas the positive electrode will still get fully
delithiated (2”). The result is a shift between the electrodes’ potentials. The GR potential at high
degrees of lithiation is flat, which affects the cathode potential only slightly at the end of charge.

max
an

of LLI [6]. Therefore, the influence of LLI is mostly seen in the last part of the discharge process.

In contrast, at the end of discharge the maximum anode potential ¢p57* increases significantly in case

4.3 1.5 4.3 1.5
= @ s |
8 - max A 8 ,,,,,,,, c_ |
S i N
[ Cathode ! > o
° | — O =
o | c O c
£ 38r i 1 &£ 38f 11 <°
© ‘ o ® =
[$) ! © © o
S | 5 > 5
g || o\ PuleelltLl o Y | 8 £ Full cell BOL <1
S 4 i o § o
2 33f . 10538 2 33r 105 3
8 Anode BOL i e 8 2
3 14 Anode LLI < 3 <
o | | o
= i Shift =
Z | 20— 2. Z Anodé LAM 2152
o8 . . . ! —9 0 28 ; . . A o' 0
0 1 2 3 4 0 1 2 3 4
Cathode capacity Q [mAh] Cathode capacity Q [mAh]
_ 43 T T T 1.5
=
8

& _

() >

3 2

o c

£ 38r 1 Q®

[

© 8

= IS]

'-E o

Q 33f 1053

g 2

= <

Q

o

=

L

2.8 0

Anode capacity Q [mAh]

Figure 3. Exemplarly impacts of (a) LLI, (b) LAMyg, and (c) LAMpg, on the electrode balancing (e.g.,

the maximum and minimum anode potentials ¢35, ¢pan") of a measured coin cell.
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Loss of negative active material LAMNg reduces the capacity of the negative electrode Cyn.
This results in a smaller loading ratio LR = Can/Cca. The minimum anode potentials 4;;1;3“, defined
as the last data points during each cell charge in constant current (CC) mode, decrease [6,25] as seen
in Figure 3b (2 — 2'). In contrast, LAMpg leads to an increasing LR. An indication is a decrease in
¢pmax [6,25] which is exemplarily shown in Figure 3¢ (2 — 2'). If a combination of LLI + LAMpg occurs
with equal proportion, a constant ¢, is assumed as both mechanisms should cancel each other out.

2.4. Impedance

The internal resistance R;gjs, the charge transfer resistance R gis, and the double-layer
capacitance Cy gs, all measured by EIS, are defined as follows [49,50]:

Ripis = Rixn, = Z'(1kHz) (5)

Reters = Z'(min(Z"(f))) — Rigrs (6)
TRC,EIS 1

Caeis = = @)

Regpis 270 freRetEis

The frequency frc is the eigenfrequency at the maximum point of the semi-circle in the Nyquist
plot, Z' is the real part and Z” the imaginary part of the complex impedance Z, Trc is the corresponding
time constant, and the term Z’'(min(Z"(f))) is the ohmic impedance at the local minimum in the
low-frequency imaginary part of the impedance curve.

Figure 4 shows the definitions of the PCM [50]. It presents the extracted points of the voltage
curve after a pulse current I,yse applied for f,5e = 10s. The pulse duration fyse = 10s complies
with the standard IEC 62660-1. The internal resistance R; pcm and the polarization resistance R0 pem
are defined as

Ri,PCM = |U0 - Ul ‘/|Ipulse‘ (8)
Rporpem = |Ur — Ua |/ [Tpuise| )
3.5 o _
E
='3.48 06 =
> 3
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Figure 4. Characteristic shape of cell voltage U for an applied current I, se. Data used from the PCM
are defined in Equations (8) and (9).

The voltage Uy(t = 05s) is the equilibrium cell potential before Lyuise is been applied. The voltage
U (t = 0s) is the instantaneous voltage drop resulting from the current flowing. The value U, (t = 10s)
is the voltage level after the current has been applied for tp15e = 10 [4,50,51].
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3. Experimental

3.1. Commercial 40 Ah Li-Ion Pouch Cell

The cells used for this investigation are high-power 40Ah Li-ion pouch cells with
Li1xNig 3C003Mng 30, as cathode material and LiyC¢ as anode material. Table 2 lists the cell specifications.

Table 2. Information about the 40 Ah Li-ion pouch cell. Further information about this cell type can be
found in [4,52,53].

Characteristic Cathode Anode Cell
Nominal capacity Cy (Ah) 40
Specific capacity Cny/A ! (mAhcm™2) 1.70
Relative anode overhang A,/ Aca > 1.047
Estimated coin cell capacity Cegt coin 3 (mAh) 4.32
Chemistry NMC111 GR
Nominal voltage Uy (V) 37
AC 1kHz resistance Ry iy, (mQ) <0.65
Charge cutoff voltage Umax (V) 42
Discharge cutoff voltage Upin (V) 2.7
Coating thickness /1. (um) ~39 ~55
Current collector thickness fi¢c (Lm) ~59 ~22

1. With A = 23,523 cm? total planar electrode area [52]. 2. From post-mortem analyses. 3. Cestcoin =
Cn/A - Acoin. With Agoin = 2.54cm?.

3.2. Electrode Preparation

The pristine 40 Ah cells are discharged to their minimum voltage Upin, and opened inside a glove
box. The extracted electrode sheets are not washed. The coating on one side of the double-coated GR
electrode sheets is removed mechanically [4]. The first and the last layer of the cathode sheets are
single coated and therefore used in this investigation. Using a solvent such as NMP to remove the
coating is also possible and should not limit our proposed method [4]. The electrode cutter EL-CUT
from EL-CELL GmbH (Germany) is used to cut the electrodes.

The coin cells are assembled on the same day the extraction is carried out. The PAT-Cell by
EL-CELL GmbH [54] is used as cell housing. The separators Freudenberg Viledon FS 2226E + Lydall
Solupor 5P09B with a total thickness of s = 220 um are used for the coin cell assembly. Each cell is
filled with Vgje = 100 pl of EC:EMC 30:70 wt.% with 1 molar LiPF4. Ethylene carbonate and EMC
in the ratio 30:70 wt.% with 1 molar LiPFg is assumed as electrolyte in the original cells since these
components are listed in the cell manufacturer’s safety data sheet and since the mixing ratio 30:70 wt.%
EC:EMC is commonly used [55]. Low-density polyethylene (LDPE) rings are used to seal the coin cells
against air. The preparation process is described in detail in [4].

3.3. Influence of Sealing On Aging

Polyether ether ketone (PEEK) is used as another sealing material to investigate the influence of
contamination by moisture and oxygen on the gathered results. The one-dimensional transmission
rate of a species through a material MVTR = —D dc/dx relates to the material-specific diffusion
constant D and the concentration gradient dc per way length dx. The diffusion constants for the
sealing materials used are stated in Table 3.

Table 3. Diffusion constants of moisture and oxygen in LDPE and PEEK [56-58].

Moisture

1.9-10 B m2s~1 (30 °C)
81013 m2s~1 (35°C)

Material Oxygen

1.12- 10" m2s~1 (25 °C)
1.11-10712m?2s~1 (25 °C)

Drppe
Dpggx
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Five cells are sealed with non-dried PEEK and five other cells with PEEK sealing rings which
are dried in a vacuum oven before assembly at T = 80 °C for ¢t = 24 h. In addition, some coin cells
with the standard LDPE seal are aged inside a glove box to exclude possible contamination by air.
Except for the differences regarding sealing ring (PEEK) or ambient condition (glove box) respectively,
the preparation and coin cell assembly are kept the same as for the other coin cells of this study. Table 4
lists the experiments.

Table 4. Conducted sealing measurements: Two aging tests with modified material (PEEK, PEEK
(dried)) and a test with LDPE sealing rings inside the glove box. The drying is carried out at T = 80 °C

for t =24h.
Conditions Sealing Material Environment Cells
CYCc1C PEEK T =25°C 5
CYC1C  PEEK (dried) T =25°C 5
cycic LDPE Glove box at room temp. 4

3.4. Anode Overhang Investigation

Twenty coin cells are assembled to investigate the influence of the missing anode overhang on the
capacity degradation of the coin cells. In group 1, 10 modified coin cells with a Aan/ Aca ratio of 1.056,
meaning a 18.5 mm anode in diameter d against a d = 18 mm cathode, are assembled. The other 10
cells from group 2 serve as a reference with Aan/Aca = 1. The tested cell configurations are listed in
Table 5. After formation, all 20 cells are simultaneously cycled with 1C and 100% depth of discharge
(DOD) (see Section 3.5) at room temperature using the same electrolyte, separator, and electrodes as
for the other investigations.

Table 5. Anode overhang investigation. Two different Aan / Aca ratios are tested and declared as groups.

Characteristics Group1l Group 2
Number of cells 15 (-) 10 10
Amount of electrolyte Voo (1tl) 100 100
Diameter cathode d¢y (mm) 18 18
Diameter anode dn (mm) 18.5 18
Diameter separator ds (mm) 21 21
Aan/Aca (-) 1.056 1

3.5. Test Procedure

A Gamry Reference 3000 connected to a BaSyTec Cell Test System via a multiplexer is used
in this study. The BaSyTec is used for cell formation, cycling, and the pulse current measurement
(PCM). The electrochemical impedance spectroscopy (EIS) is executed using the Gamry Reference 3000.
Since the coin cells are filled with fresh electrolyte, three C/3 full cycles are carried out as an additional
formation. Before performing the EIS and PCM, all cells are discharged to Ui, and then charged
with constant current constant voltage (CCCV). The C-rate in the CC phase is C/3. The voltage of the
constant voltage (CV) phaseis U = 3.7V (SOC ~ 50%) with the abortion criterion I - t < C/25 to obtain
a steady SOC. The frequency for the EIS is set to the range 0.01 Hz < f < 10kHz. The measurement
is carried out in potentiostatic mode with a voltage amplitude ## = 10mV. The systematic error of
the impedance measurement is x = 0.08% [4]. The PCM consists of relaxation phases fyjax = 10min
before and after the pulse current. The height of this pulse current is L,yse - t = 1C (discharge direction).
The sample rate (resolution) of the PCM is set to Atres = 10ms.
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3.5.1. Cyclic Aging

The cells are cycled within Upin and Umax (DOD = 100%) with CCCV in charge and CC in
discharge direction. The CC rate is 1C. The abortion criterion in CV modeis [ - t < C/10. A capacity
measurement at C/3 as well as PCM and EIS are carried out after every 50 cycles.

3.5.2. Calendar Aging

In calendar aging mode, the test loop includes charging the cells with CCCV at C/3 to U =
3.7V (SOC = 50%) until I -t < C/25 is reached in CV mode. Then the capacity and impedance
measurements are carried out, followed by a pause of 5days. Due to the large amount of data,
the results of calendrically aged coin cells will only be discussed in the Sections 6.2 and 7.

3.6. SEM/EDX Measurements

The SEM device PHILIPS XL Series SEM from FEI Company with an EDAX NEW XL-30 EDX
detector is used for this work. No direct detection of Li is possible by using this device. The set
acceleration voltage is Uacc = 10kV to observe the GR electrodes. The peak heights of the EDX spectra
are taken for analysis. The respective peak heights are scaled to the measured carbon peak height to
make measurements with different observation times comparable.

3.7. Path Dependency

One 40 Ah cell as well as four coin cells are first calendrically aged followed by a second cyclic
aging part. Another 40 Ah cell and further four coin cells are aged in cyclic mode at the beginning.
Then a subsequent calendar test procedure is carried out. It is ensured that the time durations At0Q
and At1 of the aging modes are the same for both 40 Ah cells and for both coin cell groups. The path
dependency aging test is conducted at T = 35 °C.

4. Aging Mechanism Identification

4.1. Impedance Spectroscopy At BOL

Figure 5a shows the characteristic points used for the EIS analysis. Figure 5b shows the spread
and the qualitative shape of the EIS data of six 40 Ah and 28 assembled coin cells. Both the real and
the imaginary parts of the impedances are scaled to their maximum values respectively. Compared
to the 40 Ah cell, a second semi-circle can be observed for the coin cells. This might be caused by a
changed SEI or due to the new interface between the current collectors and the stainless steel plungers.
The absolute change in R pis and the change in the diffusion tail might be caused by the thicker
separator or due to the smaller electrode area of the coin cells [59].

4.2. Differential Voltage at BOL

Figure 6 a,b gives an impression about the coin cells” influence on the original electrochemical
performance at BOL. Figure 6a presents the DV in discharge direction at T = 35 °C with both curves
being scaled to their local maximum in the lower 0 < SOC < 10% range. The DV charge curves in
Figure 6b are scaled to the local maxima within the SOC boundaries 15 < SOC < 25% at T =25 °C.

The qualitative shapes between the 40 Ah and the coin cells are similar but there is a shift in Q. in
both cases. The phase width Q. is sensitive to the Li inventory. When harvesting the electrode coins
from the 40 Ah cell, inhomogeneously lithiated electrode areas may cause this shift of Q. in the coin
cell assembly.
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Figure 5. (a) Exemplary Nyquist plot of a coin cell. The definitions of the characteristic points are from
Equations (5)—(7). (b) Comparison of the normed impedances at BOL of the 40 Ah cells and the coin
cells at T = 25°C. An additional second semi-circle at higher frequencies is observable for the coin
cells. The characteristic frequencies are shown as y & 10. The black circles mark the 1kHz values of the
coin cells. The 1kHz values of the 40Ah-cells are not shown here due to their inductive imaginary part.
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Figure 6. Comparison of the DVs from a 40 Ah cell and a coin cell at BOL for (a) discharge with C/3 at
T = 35 °C and (b) charge with C/3 at T = 25 °C.

4.3. Cyclic Aging

4.3.1. Capacity

The relative C/3 capacity curves of the original 40 Ah cells and the coin cells in Figure 7a
correlate linearly to the times with high R? values, as seen in Table 6. The fit function used is
C(t)/Cn = Xgit — Agit - t. The first data points at 0 cycles are neglected for fitting. Table 6 also shows
the fit function slope ratios ag; = A?i?i“/ A‘f*i(t] Ah hetween the 40 Ah and the coin cells for the three
temperatures. The factor ag; approximately remains constant between 8 and 8.5 and seems to be
independent of temperature. This approximately eight-times-faster capacity loss of the coin cells ag;
cannot be explained by the different thermal capacities of the two cell types: Accelerated aging of
the original cell due to an inhomogeneous cell temperature is neglected for 1C. In an aging study
with prismatic 25 Ah NMC-GR Li-ion cells, an additional loss of capacity due to an inhomogeneous
temperature distribution only occurred from 3C [34].
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Table 6. Slope factor ag; = A?i‘zi“ / A?i? AR from the fit functions. The boundary conditions are Xg; > 0
and Ag > 0. Furthermore, the goodness of fit R? is listed based on the number of data points taken

into account.

Condition Cell Type Cells Data Points Factor ag; R?

T=45°C 40 Ah 1 7 - 99.95%
T=35°C 40 Ah 1 24 - 99.84%
T=25°C 40 Ah 1 14 - 99.80%
T=45°C Coin 5 7 8.0 99.93%
T=35°C Coin 4 7 8.5 99.98%
T=25°C Coin 4 13 8.4 99.85%

The averaged negative slopes Ag; from Figure 7a are assumed as proportional to the respective
aging reaction rates kar (T) / Aar

kal‘(T) — e*EaC/RT (10)

ar

Afiy

with kar and A,y as the reaction rate constant and pre-exponential factor. Based on this, the activation
energy of the capacity degradation ES can be calculated. As it can be seen in Figure 7b, the activation
energies are the same for both cell types regarding the measurement uncertainty which means a similar
temperature-dependent degradation mechanism.

1

Coin cells

’EaC = 40.16 kJ/mol

0,951 9l  Re=9724%
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O \ N X
> ‘f-/""j‘i-\. 40Ah cells - %
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§ 0,9¢ ¢ N L‘I"Kh Coin cells << 9.5 a = 4387 kJ/mo
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3 R 3 o} .
G>) \ ‘Il Ea = 43.87 kd/mol; R? = 94.96%
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—_—— o -11 ¢
08 1 | ——25°C ‘ ‘
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Figure 7. (a) Relative capacity during cyclic aging of the 40 Ah cells and the coin cells. The temperatures
measured at the surfaces of the coin cells during cycling are identical to the set temperatures of
the climate chambers Tooin € [45,35,25] °C. The averaged surface temperatures of the 40 Ah cells
during cycling are pt € [47.0,37.2,27.5] °C. (b) Temperature-dependent reaction rates Ag;(T) derived
from the fit functions. The corresponding activation energies of the capacity degradation E, c are
the same for both cell types with terms of the measurement uncertainty, which means a similar
temperature-dependent degradation mechanism.

4.3.2. Impedance

The following impedance comparison in Figure 8a—d is based on the relative changes in resistance
beginning with the 50th cycle. The relative developments of the internal cell resistances at T = 45 °C
and T = 25 °C are shown in Figure 8a,c. The significant increase in internal resistance over time at
T = 45 °C and the only slight increase at T = 25 °C of the 40 Ah cells are in accordance with [53].
At T = 45°C, the polarization resistance in [53], similar to our definition of R; pcy, remained constant
until 500 cycles, whereas the ohmic resistance from EIS in [53] showed a clear trend toward increasing
values. This different behavior between R; 15 and R; pcy was also observed in this investigation for the
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40 Ah cells in Figure 8a. According to [53], the significant increase in internal resistance for the 40 Ah
cell at T = 45 °C is linked to the consumption of electrolyte and to an increased separator resistance.
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Figure 8. Developments of the (a,c) internal resistances, the (b,d) charge transfer, and polarization
resistances during cyclic aging at 1C for the 40 Ah cells and the averaged coin cells at (a,b) T = 45 °C
and at (c,d) T = 25 °C. Each averaged coin cell curve consists of at least four cells. For better clarity,
the error bars are only shown every 100 cycles.

The resistance Rpo) pcy is defined as the linearized voltage decrease within #,,c = 105 after
applying a 1C pulse current. This is why diffusion should affect Rpo pcm, contrary to Regprs.
This explains the difference in development of both resistances Ryo1,pcm and Retprs in Figure 8b
for both cell types at T = 45°C. An increase of the diffusion resistance, which is part of Rpelpem,
can reveal morphological changes of the active material [60]. In contrast, an increase in R grs indicates
pure LLI [60]. The polarization resistances Rpo1 pcym Of both cell types significantly increase at T = 45 °C
after t = 1000 h, whereas it stays approximately constant at T = 25 °C as seen in Figure 8d. Thus,
LAM is assumed to appear in the 40 Ah cell as well as in the coin cells while aging at T = 45 °C.

4.3.3. Anode Potentials

The trend of maximum anode potentials ¢ of the coin cells in Figure 9a can be separated into
two parts. The first part is characterized by a strong increase of ¢5:2* over the decreasing capacity
while there is a slight, roughly linear increase in ¢57* over the capacity in the second part. The first
part is clearly visible in particular at low temperatures. The shift in ¢5* toward higher values is less
intense at T = 35 °C. The second part is visible for all investigated temperatures. The deviation in
—d¢m*/d(C/Cn) increases toward higher temperatures. Loss of lithium inventory or LLI + LAMNg
can cause an increase of p552* [6]. Hence, the higher rate of change —d¢?*/d(C/Cy) with increasing

temperature might result from an increasing proportion of LLI + LAMng. Loss of positive material
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LAMpE causes an opposite trend lowering ¢5:2* [6]. Therefore, LAMpg can be excluded from being the
sole aging mechanism.

1 1
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Figure 9. (a) Maximum and (b) minimum anode potentials of the C/3 capacity reference cycles during
cyclic aging. The data points at 0 cycles are missing for the T = 45 °C cells.

The minimum anode potentials in Figure 9b stay approximately constant which means that
LAMNg is not the major aging mechanism. The minimal anode potentials ¢" stay always above 0 V.
Thus, the contribution of Li-plating on the SOH is not significant. Hence, LLI contributes significantly
to the ASOH for all three temperatures.

4.3.4. Incremental Capacity Analysis

Figures 10a—h depict the trend in IC at T = 25 °C. The trends of all three FOIs are comparable
between the 40 Ah cells and the coin cells. The IC at FOIQ increases strongly for both cell types within
the first 100 cycles, as seen in Figure 10c,f. After 100 cycles, the IC values remain approximately
constant. An increase in the IC value at FOIO can only be explained by dominating LLI (see Table 1).
This development fits with the strong increase in ¢ in Figure 9a at the beginning. A not yet fully
formed SEI might be an explanation for the high LLI during the first cycles. The significant drops in
the peak heights at FOI1 and FOI2 in combination with a small change of the position of FOI2 towards
higher voltages speaks again for LLI (see Table 1).

4.3.5. Differential Voltage Analysis

Figure 11a,c shows the DV curves of a 40 Ah and a coin cell aged at T = 45 °C. The corresponding
relative changes in the phase widths are presented in Figure 11b,d. The phase widths Q. of both cell
types drop faster than Q, or Q}, over ASOH which indicates LLI. However, there is also a decrease in
Qa and Q. A reduction of all phase widths corresponds to LAMNg [6,25]. Therefore, the combinations
LLI + LAMNg or LLI + LAMNg + LAMpg seem plausible [6].

The DV curves at T = 25 °C are visible in Figure 12a,c. The corresponding relative phase widths
Qa and Qy, in Figure 12b,d stay roughly constant after the initial capacity loss. The trend of the Q.
values reveals LLI as the aging mechanism, as previously shown in the IC analysis.
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Figure 10. IC analysis of the 40 Ah cells in (a,c,d,e) and of the coin cells in (b,f,g,h) at T = 25 °C. (a,b)
IC curves scaled to the respective maximum peak heights of FOI1 at BOL. c-h: Development of the
FOIs depending on the loss of capacity ASOH.

The initial electrode balancing at BOL and LLI can be responsible for the initial increase in Qa.
In the coin cells, the capacity of the anode Cjy, is slightly larger than the capacity of the cathode C¢, with
LRcoin = 1.024. The planar electrode ratio between the electrodes is Aan/ Aca =~ 1.047 for the 40 Ah cell
(see Table 2) and thus larger than for the coin cells with Aan/ Aca = 1. Hence, the effective loading ratio
isaround LRgoan = Aan/ Aca - LRcoin = 1.07 for the 40 Ah cell. The anode overhang in the original cells
may cause part of the anode capacity (GR stages (III)—(IV)) to not be fully discharged. The resulting
potential shift between the electrodes caused by LLI makes this region accessible, as confirmed by the
measurements: The relative phase widths Q, increase within the first 50 cycles for both cell types.

A qualitative comparison of the DV curves of a 40 Ah cell and a coin cell is performed in Figure 13a
after reaching similar SOHs. The curves are scaled to a local maximum in y direction and by their
adjusted SOCs after aging in x direction. The changes in the DV values in terms of the respective
BOL values are depicted in Figure 13b. The qualitative shapes and the changes in DV are similar
for the 40 Ah and the coin cells. This comparable development in DV indicates the same basic aging
mechanisms in both cell types.
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Figure 11. (a) DV of a cyclically aged 40 Ah cell at T = 45 °C and (b) the 40 Ah cells’ corresponding
relative phase widths. (c) DV of a cyclically aged coin cell at T = 45 °C. (d) Development of the phase
widths of five coin cells at T = 45 °C.

4.3.6. Summary

Table 7 summarizes the aging mechanism indications resulting from using the characterization
methods. The cyclic aging behavior of the investigated 40 Ah pouch cells is reproducible at coin cell
level. At the lowest temperature investigated, T = 25 °C, LLI is the main aging mechanism. In case
of T = 35 °C, a combination of LLI + LAMpg + LAMyg with a strong proportion of LLI is probable.
The influence of LAM further increased at T = 45 °C. In summary, the main aging mechanism is
LLI when cycling the cells with 1C. In addition, aging due to LAM becomes more relevant with
increasing temperature. These results fit into the literature: Although LLI is the dominating aging
mechanism in NMC111-GR Li-ion cells, traces of LAMpg are detectable even at room temperature
after cyclic aging [61]. The cause of LAMpg could be the Mn dissolution which intensifies at higher
temperatures [62,63]. As a consequence, the movement of the resulting Mn?" ions to the anode can
lead to LAMNg [5,10]. The incorporation of Mn?* ions into the SEI changes and amplifies the SEI
reaction [23,24].
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Figure 12. (a) DV of a cyclically aged 40 Ah cell at T = 25 °C and (b) the 40 Ah cells’ relative phase
width development. (c) DV of a cyclically aged coin cell at T = 25 °C with (d) the corresponding trend

of the phase widths of four aged coin cells.
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Figure 13. (a) Normed DVs of a 40 Ah cell and a coin cell cycled at T = 35 °C after similar loss of
capacity. (b) Relative change to the DV of the respective cells in comparison to BOL dUy/dQg. The coin
cell was cycled 150 times and the 40 Ah cell 1200 times to reach the respective ASOH.
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Table 7. Indications resulting from the aging analyses to detect the main aging mechanisms of the cells.
The "\/" symbol represents a strong indication for a specific aging type (LLL, LAMpg, ...). A "(y/)" marks
that several but not all factors agree for a specific aging mechanism. If the cell results did not conform
to the mechanism, a “x” symbol is used in the table. A “0” symbol means an ambiguous relationship.

. 40 Ah Coin
Teo Mechanism ICA DVA | ¢.n ICAAnode DVA
45 LLI X X v 0 X
45 LLI + LAMpg W) X x! o X
45 LLI + LAMng X X 0? i 0
45 LLI+LAMpg+LAMNe v | V° Vv Vv
35 LLI X X v 0 X
35 LLI + LAMpg v X x! ) )
35 LLI + LAMng X Vv x2 Vv o
35  LLI+ (LAMpg +LAMNE)  +/ o |8 v v
2 LLI v Vv |V W) v
25 LLI + LAMpg ) X x! ) X
25 LLI + LAMng X X x2 X )
25 LLI+LAMpg+LAMyE o X x3 X X

1. LLI+LAMpg: ¢T3 remains constant and ¢i™ increases [6]. 2. LLI + LAMyg: ¢7i" should stay constant or

decrease slightly. 3. LLI stronger than LAMpg. (LAMpg + LAMNE) holds 4){;}3“ constant.

5. Anode Overhang
Table 8 presents the results of the two cell groups during formation.
Table 8. Influence of an anode overhang on the formation of the coin cells assembled. Analysis of the

three formation cycles and the first reference cycle during aging procedure. All four cycles are carried
out for the same C/3 current rate.

Parameter A/C  1Form. 2Form. 3.Form. FirstRef. Cycle
Discharge capacity C (mAh) 1 4.35 4.35 435 4.35
Discharge capacity C (mAh) 1.056 4.32 433 432 432

COV¢ (%) 1 0.79 0.79 0.80 0.80

COVc (%) 1.056 0.55 0.60 0.62 0.65

CE 7c (%) 1 96.95 100.11 100.13 100.05

CE 7 (%) 1.056 96.9 100.15 100.13 100.07

A larger delithiated anode compared to the cathode results in a higher loading ratio LR. Thus,
the maximum and minimum anode potentials are shifted. Since the cell voltage as U = ¢ca — $Pan
is controlled during the experiment, a larger delithiated anode at cell assembly leads to a slightly
higher cathode potential ¢52** at the end of charging the asymmetric cells. Additionally, the current
density increases at the edge of the cathode due to the anode overhang [36]. However, oxidation of the
cathode should not happen in case of an anode overhang lex¢ < 2mm [36]. Only in the first cycle is
the Coulomb efficiency (CE) of the asymmetric cells significantly lower: the larger anode area leads
to a higher LLI to form the SEI, as seen by the lower discharge capacity for the asymmetric cells in
Table 8.

The coefficient of variation COV is slightly higher for the symmetric cells than for the asymmetric
cells. This result is contrary to the results of Long et al. [64]. They described a higher reproducibility of
building their 2032-type Hohsen coin cells by using a larger anode to avoid misaligned electrodes [64].
The COVs of the two cell subgroups during formation were low (COVc < 0.8%; see Table 8) compared
to the COVc =~ 11% in the third cycle of the work in Long et al. [64]. The PAT-Cell from EL-CELL
GmbH used in this work enables precisely aligned electrodes even for Aan/Aca = 1.

After subtracting the two worst performing cells in each group, the averaged capacity curves
cannot be distinguished from each other as seen in Figure 14.
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Figure 14. Averaged relative capacities of the two cell groups during cyclic aging with 1C. For each
group, the eight best cells have been selected.

Hence, the capacity degradation of the coin cells is not sensitive to the anode overhang within the
range 1 < Aan/Aca < 1.056 for the specific coin cell structure. The distance between the electrodes,
defined by the separator thickness, influences the impact of an anode overhang [36]. In case of an
asymmetric assembly (LR > 1.12; [oxt > 0.5 mm), a larger distance between the anode and cathode
can enlarge the charging time until Li plating occurs [36]. The inhomogeneity in current density from
the edge to the middle of the probe lowers due to the longer pathway of the Li-ions [36]. However,
the thicker separator s = 220 um used in the coin cells minimally influences the aging results since we
used an extension length of only lext = 0.25 mm. Furthermore, the porosity of the coin cell separator
is with €, = 67%/86% significantly higher compared to €, = 39% of the original separator [4].
The MacMullin number is directly linked to the porosity [65] Ny = /€ [66]. The MacMullin number
should be minimized in order to optimize the high rate performance of the cell [66]. The influence of
the thicker separator used in the coin cells on the anode overhang results is therefore considered to
be low.

6. Leakage

6.1. Dependency On Sealing

The mass transportation of water affects the CE and the cyclic aging behavior of the cells as seen
in Figure 15a,b. The use of non-dried PEEK sealing rings leads to a drastic loss in CE during formation
and aggravates the capacity loss in comparison with the standard LDPE sealing rings.

The cells with the dried PEEK sealing rings are almost as good in CE during formation as the cells
with LDPE sealing rings kept inside the glove box. The CE of the LDPE-sealed cells which are cycled
outside the glove box is 17c = 96% during the first formation cycle and therefore slightly worse than
the LDPE-sealed cells cycled inside the glove box. The drop in capacity during cycling in Figure 15b
is significantly affected by the cell sealing. The previously shown aging behavior of the coin cells
with LDPE sealing at T = 25 °C from Section 4.3 is added to this plot. Since the temperature inside
the glove box is not controlled, the temperature fluctuates, as seen in Figure Al. Three outliers in
measured capacity are assigned to temporary temperature fluctuations inside the glove box and are
hence neglected for further analysis. The worse cyclic performance of the coin cells with dried PEEK
rings compared to the LDPE sealing shows that moisture and not oxygen is mainly responsible for the
contamination. This is consistent with a higher diffusion constant for moisture Dpgpk and a lower one
for oxygen compared to Dy ppE, as seen in Table 3.
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Figure 15. (a) Coulombic efficiencies CE of the coin cells during formation. (b) Mean capacities
of the coin cells at T = 25 °C with the LDPE sealing rings (not dried), PEEK rings (dried and not
dried), and the coin cells with the LDPE sealing rings cycled in argon atmosphere (glove box) at
room temperature.

The salt degradation can be described by a second order reaction

deHZO

dr = krt . C%IZO * CLiPFy & ASOH (11)

with kit as the solvent-dependent reaction rate constant [41]. An increase in water content cyy,0 leads to
a squared reaction rate dcy,0/dt (see Equation (11)). The cells with non-dried PEEK sealing rings show
this nonlinear dependency in Figure 15b. If cpypp is adequately low, Equation (11) can be linearized.
Table 9 presents the linear fits of the cyclic aging curves. The ag; factor is highly sensitive to the sealing
configuration. The cells aged inside the glove box are losing clearly less capacity than the other coin
cell groups cycled at air atmosphere. The goodness of fit of the three cycled cell groups at specified
temperature is apparently high with R? > 99.8%. The lower value of R? ~ 99.45% for the cells cycled
inside the glove box is probably caused by the fluctuating temperature.

Table 9. Fit parameters from Figure 15b using the function C/Cn = Xg; — Ayt - £ and the goodness of
fit R2. Data points refer to the number of points used to fit the data. The first data point is neglected for

all cell groups.
Fit Data Points Numb. Cells X Agt R? Agit
40 Ah 14 1 1.002 15x105  99.80% -
LDPE (glove box) 1 3 0995 295x 1075 9945% 2.0
LDPE (air) 13 4 1.008 1.26 x 10 % 99.85% 8.4
Dried PEEK (air) 8 5 0948 208 x10~% 99.86% 139

The faster capacity fade of the cells with dried PEEK sealing rings compared to the cells sealed
with LDPE in Figure 15b at the beginning of the cycling might be caused by the initially higher H,O
concentration difference dc between the inside and the outside of the coin cells.

The solid state diffusion is linked exponentially to the temperature. Thus, the concentration
of moisture inside the coin cell should also show an exponential dependency on linear increasing
temperature. However, as seen in Figure 7b, the temperature-dependent capacity losses of the coin
cells and the 40 Ah cells are similar. The limited solubility of gas in fluids at higher temperatures might
explain why the activation energy hardly changes when cycling the cell material in imperfectly-sealed
coin cells.
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6.2. EDX Analysis of LDPE-Sealed Coin Cells in an Air Atmosphere

A normally formed SEI contains carbon (C), phosphor (P), fluor (F), and oxygen (O). An indication
for salt degradation is an increased F content, as shown by Equations (1) and (2). The concentration
of P correlates to the SEI growth in Li-ion cells [29]. Hence, high F/ P ratios, measured by EDX (see
Section 3.6), point to areas where salt degradation is the main aging mechanism, whereas moderate to
low F/P values indicate normal SEI growth.

Figure 16a,b illustrates the change in the F/P ratios in the bulk of the GR electrodes relative to a
probes’ BOL values dcgp = (F/P)/(Fy/Py). The initial peak heights of a pristine probe are Fy and P,
for the concentrations of F and P. As shown in Figure 16a, there is no correlation of the capacity loss
with the increase in dcgp at EOL. In contrast, dcgp in the bulk correlates to the measurement time, as
seen in Figure 16b. Most likely, this means an increasing impact of the salt degradation in the bulk area
by increasing aging time.
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Figure 16. (a) Development of the F/P ratios dcpp on the GR electrodes over the capacity loss of the
cell at EOL. (b) Respective dcgp values over the time of measurement.

However, due to the fact that dcgp does not correlate to the ASOH, and due to the similar
activation energies between the 40 Ah cell and the coin cells, the salt degradation is a superposed
aging effect. Thus, aging the coin cells still reveals the major aging mechanisms of the 40 Ah cells.
This superposed aging effect is probably also visible in Table 7 at T = 25 °C: two characterization
methods point to LAM in the coin cells. Loss of active material is caused by salt degradation since Mn
dissolution is favored by the produced HF [14].

7. Path Dependent Cyclic Aging
The capacity results of this test are summarized in Figure 17a—d. Figure 17a,b disproves the
hypothesis of Equation (3) and instead reveals a path dependency
ASOHAR + ASOHA! > ASOHA!Y + ASOHA!! (12)

cyc cal cyc

for both cell types. There is a short increase in capacity when changing from calendar to cyclic aging,
whereas in the opposite direction the C/3 capacity is dropping instantaneously. The sudden increases
in Q. in Figure 17c,d after calendar aging (CAL CYC) indicates a temporary recovery effect of Li during
the first cycles for both cell types. In contrast, the phase widths Q. in the opposite mode (CYC CAL)
decrease immediately after changing the mode from CYC to CAL.
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Figure 17. (a) Aging of two 40 Ah cells at T = 35 °C. One cell was calendrically aged before cyclic
aging and vice versa. (b) Sequentially conducted cyclic and calendar aging (CYC CAL) and vice versa
(CAL CYC) of four averaged coin cells at T = 35 °C. (c) Changes in the phase widths of the two 40 Ah
cells. (d) Changes in the phase widths of the averaged coin cells. Temporary increase of Q. after
calendar aging.

The reason for this temporary recovery effect may be explained by the inhomogeneous lithiation
in the GR electrodes: Concentration gradients in lithiation are balanced during relaxation periods [67].
In general, electrode particles are unevenly distributed in the electrode. Some particles are in passive
areas—for instance, particles in the anode overhang or particles connected to adjacent particles
but not directly in contact with electrolyte—which means a lower current density of Li-ions at the
particle interface due to higher over-potentials. Diffusion and migration processes compensate for
the inhomogeneous lithiation over time. Relatively long diffusion times are needed to distribute
the charges equally. The 40 Ah cells had an initial SOC of about 16% after shipping. It is assumed
that the cells are homogeneously lithiated at BOL. Then, while cyclic aging at 1C, the Li stored in
the passive electrode particles is not or is less-so electrochemically active. The cycle test procedure,
as introduced in Section 3.5, includes a break of ¢« = 1h at 0% SOC after each 50 - 1C cycles to cool
down the 40 Ah cell for the C/3 capacity test. This ensures similar temperatures between the 40 Ah
cells and the coin cells and between the cyclic and calendar aging modes (mean 40 Ah cell temperatures
during C/3 capacity tests at the set temperature T = 45 °C: T§}9CAh = 46.81 °C; Té?lAh = 46.65 °C).
The LLI during cycling causes concentration gradients in Li distribution between active and passive
particles. When the cell’s SOC is held at 0% for t.¢1,x = 1h after cyclic aging, the remaining higher
concentration of Li-ions in the passive areas causes a flow of Li-ions to homogenize the electrode parts.
This migration is relatively high at low SOCs due to the big differences of the GR open-circuit potential
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at low SOCs [68]. This means a consumption of Li-ions from the passive areas during the cyclic aging
procedure carried out in this work.

There is no need for such a relaxation period for the calendar aging procedure. The cells are
immediately charged with C/3 after discharging with C/3 to 0% SOC. Between each C/3 reference
cycle, the cells are aged for five days at SOC =~ 50%. These five days are not sufficient to homogenize
the Li distribution. It takes approximately 400 days at T = 35 °C to balance the electrode at a SOC of
42% of a prismatic 25 Ah NMC111-GR Li-ion cell [38]. The Li stored in the passive areas during and
after calendar aging is then released when changing to cyclic aging mode. Eddahech et al. report a
similar recovery effect of the cell capacity after cyclic aging due to an enhanced movement of charge
carriers [69].

The cell impedances are also dependent on the aging direction, as seen in Table 10. Thus,
Equation (12) is also valid for the impedance increase AR of both the 40 Ah cells and the coin cells.

Table 10. Development of the cell resistances R; and Rt and of the double-layer capacitance Cy) based
on EIS measurements of the 40 Ah cells and the coin cells after sequential calendar and cyclic aging
(CAL CYC) and vice versa (CYC CAL). Inc: increase.

Test Inc. AR 135, Inc. AR gis  Inc. ACq s
CAL CYC 40 Ah 34% 31% 23%
CYC CAL 40 Ah 55% 44% 74%
CAL CYC Coin 11+7% —30+2% 668 £ 275%
CYC CAL Coin 31£30% —5+9% 139 £+ 364%

The time-dependent developments of the normed resistances Rpo1,pcm/ Rg oLPCM aT€ illustrated
in Figure 18. The polarization resistance Ry pcym increases more strongly for CYC CAL compared to
CAL CYC. In this case, even the absolute values of the coin cells agree with the values of the 40 Ah
cells at end of investigation, as seen in Figure 18.
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Figure 18. Relative development of Ry, pcm Scaled to the initial value at BOL Rg olpcu at T =35°C.

Similar trend of Rpol,pcm/ Rg oLPCM of the 40 Ah cell and the coin cells.

An explanation for the stronger increase in resistance and the faster capacity fading of the CYC
CAL cells is an increased surface area caused by particle cracking at the beginning of the cycling.
This assumption is underlined by a stronger decrease of the coin cells” R gis during cyclic aging
(= —30%) compared to calendar aging (= —20%) at t = 500 h after the start of the path dependency
experiment. The charge transfer resistance

RT
Retp1s = ioSzF

(13)
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is reciprocally proportional to the surface area S of the exchange current density iy [70]. The variable z
is the number of contributed electrons, F the Faraday constant, and R the gas constant. Thus, for CYC
CAL cells, the reaction rate of the calendar aging, which is also dependent on the surface area, may be
higher than for the CAL CYC cells due to the previously enlarged surface area during cyclic aging.
In addition, the SEI growth of the CAL CYC cells during the calendar aging might reduce the particle
cracking caused by the subsequent cyclic aging. The stronger increase in the surface-dependent
double-layer capacitance Cy gis for the CYC CAL original cell (see Table 10) supports this theory.
The trends in Cy 15 of the coin cells strongly scatter and therefore do not allow any interpretation.

8. Conclusions

Aging Li-ion cell material in coin cells offers an orders-of-magnitude-lower power requirement per
channel to the battery tester. Significantly cheaper testing and simplifications in the safety precautions
of the test setup are the consequences.

The preparation procedure used in this work enables building coin cells in a reproducible
manner [4]. This work is based on 40 Ah NMC111-graphite Li-ion pouch cells. The original 40 Ah
cells and the assembled coin cells (PAT-Cells) are cycled with 1C at three different temperatures
T € [25,35,45] °C. Incremental capacity analysis, differential voltage analysis, maximum/minimum
electrode potentials, electrochemical impedance spectroscopy, and pulse current measurements are
taken into account to determine the cell aging mechanisms. The results show the same basic aging
mechanisms in the coin cells compared to the 40 Ah cells. The almost identical activation energy in
cyclic aging between the 40 Ah cells EgAO An = 43.87 kJmol ! (RZ = 94.96%) and the averaged coin

cells Eg coin = 40.16 kJmol ! (R? = 97.24%) confirms this. A trend of increasing loss of active material
toward higher temperatures can be detected for both cell types.

The differences in anode overhang do not significantly influence the development of remaining
capacity. Post-mortem analyses prove diffusion of moisture into the cell housing. However,
the increasing concentration of fluor by measurement time on the graphite anodes of the coin cells is
not directly linked to the loss of capacity. Hence, the diffusion of moisture is a superposed aging effect.
The temperature-dependent aging mechanisms of the 40 Ah cells are still transferable to coin cell level.
Finally, an exemplary path dependency test of both cell types has been carried out. A cyclically and
then calendrically aged 40 Ah cell degrades faster compared to a 40 Ah cell, which was calendrically
aged before cyclic aging. The observed path dependency of the 40 Ah cell can be transferred to the
coin cell format. The developments in capacity and resistance are comparable for both cell types.

This paper serves as orientation for further coin cell preparation work in laboratories.
The proposed coin cell aging method proves the possibility of detecting the aging mechanisms
happening in cycled commercial Li-ion cells, making it a useful tool to analyze the cell material.
However, the gradients in capacity degradation of the coin cells and the original cells are different in
this work. Therefore, quantitative aging prediction of commercial Li-ion cells by aging the cell material
in coin cells is probably not suitable. Nevertheless, further experiments could reveal the impact of the
geometry on aging in Li-ion cells by analyzing coin cells of different sizes.
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Figure A1. Temperature-dependent capacitance measurement at room temperature inside the glove
box. Allocation of capacity outliers due to a lower ambient temperature.
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