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The non-invasive investigation of lithium-ion batteries is of great importance, e.g. for improvement of electrode
materials or monitoring the state of health (SOH) in stationary or mobile applications. Electrochemical imped-
ance spectroscopy (EIS) is a powerful tool for this task. Once the predominant processes in the impedance spectra
are assigned to their corresponding electrode (i.e. anode or cathode), a tracking of both electrode’s SOH becomes
possible. In a previous work, this assignment has been performed. Two predominant processes were found: the
impedance of the solid electroly interphase (SEI) and the NMC’s charge transfer. In this work, this information is
used for a non-invasive yet separate investigation of anode and cathode degradation throughout aging. Cells have
been aged for about 700 days (calendric aging) or about 3000 full cycle equivalents (cyclic aging) at three
different operating points each. A combination of impedance spectra analysis, differential voltage analysis (DVA)
and post mortem analysis (PMA) determines the main aging mechanisms. Calendric aging: SEI-growth, CEI-
growth, cathode-dissolution. Cyclic aging: anode’s and cathode’s particle-cracking, cathode-dissolution and
possibly CEI-growth.

1. Introduction resulting consequences is also shown by substantial political decisions

like the United Nations’ Paris Agreement. At the same time, these con-

This paper is based on our previous works [1,2]. Particularly in
chapters 1 and 2 excerpts from these works are used.

The energy crisis is presumably the most severe issue that has to be
faced. On the one hand, there are issues like decreasing fossil fuel res-
ervoirs, global heating, CO»-emissions or pollution in general. On the
other hand, there is a steadily increasing energy demand. The severity of

sequences are increasingly becoming aware in society, e.g. expressed by
movements like Fridays for Future.

Fortunately, there are strategies to overcome these issues; among
these are for example the usage of renewable energy sources and
pollution-free mobile solutions. In both fields, energy storage systems
play an important role. Lithium-ion batteries (LIBs) are the most
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promising battery technique due to their superior energy and power
density [2,4,5]. State-of-the-art LIBs already provide satisfying ener-
gy/power densities [5-7] and aging behavior. However, these properties
still have to be improved for further acceptance and market-penetration
of environmentally aware energy systems. In this work, there is a focus
of understanding state-of-the-art LIBs, comprising graphitic anodes and
layered-oxide-cathodes.

Aging mechanisms of LIBs are very complex and influence each other
[2]. Important aging mechanisms have been mentioned in our previous
work [2]. For layered-oxide-cathodes, cation-mixing [8-12],
cathode-dissolution [13-16], CEI-growth [7,17-20] and
particle-cracking [21,22] have to be considered. The by far most
important aging mechanism of graphitic anodes is formation and growth
of SEI [23]. For cyclic aged cells, particle-cracking of graphitic anodes
also becomes important [2,24,25].

To be able to investigate the complex interaction between these
aging mechanisms, non-invasive measurement techniques are of special
interest. EIS, which is such a technique, has the advantage of being
simple and easy to implement, e.g. for battery management systems
(BMS). However, the interpretation of the impedance spectra is non-
trivial. One of the most important tasks is the assignment of the
different processes in the impedance spectra to their corresponding
electrode, i.e. to anode or cathode [2]. In our previous work [2], this task
has been fulfilled for the cell-type, which is investigated in this work. In
this work, the gained insights are utilized for a non-invasive yet separate
investigation of anode and cathode degradation.

2. Experimental

A commercial LIB from Korean manufacturer EIG has been used for
this study. It is of pouch-type, has a NMC(442)-cathode and a graphitic
anode. The nominal capacity is 20 Ah, the nominal voltage is 3.65 V. The
energy density is about 174 Wh kg™! [2,26].

2.1. Investigation procedure

For a non-invasive yet separate investigation of anode/cathode
degradation, the following procedure is performed.

1. In-depth investigation of impedance spectra, which has been per-
formed in our previous work [2]. As a summary, impedance spectra
of a pristine cell are depicted in Fig. 1 a). They are shifted in y-di-
rection for visualization purposes. The corresponding distribution of
relaxation times (DRT) in Fig. 1 b) shows that there are two pre-
dominant processes that have been assigned to the graphite’s
SEl-impedance and the NMC’s charge transfer. The DRT is a math-
ematical transformation that takes an impedance spectrum as input
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argument and calculates the probability that a dominating process
occurs at a specific frequency [1,2,27-30].

2. Calendric and cyclic aging at specified operating points, which are
listed in Tables 1 and 2. These operating points are chosen to be
orthogonal, so that for calendric aged cells, the influence of SOC
(state of charge) and temperature can be investigated. For cyclic
aged cells the influence of DOD (depth of discharge) and charge-
current can be investigated.

3. Investigating changes in the impedance spectra throughout aging
using the DRT and an equivalent circuit model (ECM). The ECM was
developed by Witzenhausen [31] and mainly consists of one ohmic
resistance that models the electrolyte (and other ohmic resistances),
two HN-elements that model the SEI-impedance and the NMC'’s
charge transfer, one Warburg-impedance that models the NMC’s
diffusion (graphite’s diffusion is neglected) [1,2,31,32]. The
regression process, using the DRT and the ECM, is explained in
Section 2.2.

4. Performing a differential voltage analysis (DVA) and considering
results from a former post mortem analysis (PMA) to gather further
information about the origin of the changes in the impedance
spectra.

2.2. Regression process

Fig. 2 shows the principle of the regression progress, exemplarily for
a calendric aged cell, aged at 100% SOC and 35 °C. In Fig. 2 a), the
evolution of the impedance spectra throughout aging is depicted. The
impedance spectra are shifted in y-direction for visualization purposes.
For a more a detailed investigation, the impedance spectra from the first
and the last checkup are depicted separately in Fig. 2 b). Also plotted are
the parts of the predominant processes in the impedance spectra, i.e. the
SEl-impedance (blue line) and the NMC’s charge transfer (red line). In
the ECM, these processes are described by HN-elements [1,2,31,32].
Each HN-element is described by a time-constant t and a resistance R.
For the regression process, these time-constants are determined with
high precision using the DRT. Thus, the number of variables in the
regression process is minimized. The DRT (and the determined
time-constants) for the two impedance spectra from Fig. 2 b) are
depicted in Fig. 2 c) and d). The areas below the blue and red curves in

Table 1
Operating points of calendric aged cells. Storage time
is about 700 days.

SOCstorage (%) Temp. (°C)
100 35
80 35
80 45
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Fig. 1. a) Impedance spectra of a pristine cell from 0 to 100% SOC at 15 °C. b) Corresponding DRT. The assignment of the electrode processes has been performed in

Ref. [2]. Reprinted from Ref. [2] with permission from Elsevier.
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Table 2
Operating points of cyclic aged cells. Temperature is 25 °C. Full cycle equiva-
lents are about 3000. Cha: charge current, Dch: discharge current.

SOCwiddre (%) DOD (%) Cha/Dch (C)
50 100 0.33/1

50 80 0.33/1

50 80 1/1

the DRT-plots represent the ohmic resistance of the corresponding
process (i.e. SEI-impedance and NMC’s charge transfer). As can be seen,
the time-constants of the SEI-impedance decrease from the pristine to
the aged state, whereas the time-constants of the NMC’s charge transfer
increase. On the other hand, the ohmic resistances of both processes
increase. In the main part of this work, these findings as well other
changes of the different ECM-parameters throughout aging are shown
and discussed.

2.3. Checkup conditions

Periodically, a checkup has been performed for each cell. Calendric/
cyclic aged cells have been tested approximately each three months/
each 300 FCE (full cycle equivalents). The following values are shown
and discussed:

capacity (1C, discharge),

impedance spectra at 50% SOC,
pulse-resistance (1C, discharge, 10s, 50% SOCQC),
slow charge curves (C/5) for the DVA.

Capacity, pulse-resistance and slow charge curves are measured
using a Digatron MCT 10-06-12 ME or MCT 50-06-24. Impedance spectra
are measured in the frequency-range of 10 mHz to 6 kHz using a Digatron
EISmeter. All checkups are performed at 25 °C using a Binder MK53 or
CTS -40/550.

2.4. Data handling

The quality of the impedance spectra have been checked using the
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free software LinKK [33], which is based on the Kramers-Kronig re-
lations. This means, it is checked if the investigated cell can be regarded
as an LTI-system (linear and time-invariant) at the moment of measuring
its impedance spectrum. This is necessary for an investigation of
impedance spectra with a linear equivalent circuit model (ECM). The
time constants of the processes in the impedance spectra are determined
using the open source software FittingGUI [34], which is based on the
DRT. It has to be noticed that the results of the DRT are dependent on the
DRT-parameters. However, these parameters have not been changed
significantly for the several measurement sets in order to produce
comparable results. Also, only results are shown after the DRT has
converged [2]. Further, the plausibility of the determined DRT have
been checked for specific impedance spectra (e.g. at begin of life and end
of life) by using the free software DRTTOOLS [35]. All other data
handling has been performed using MathWorks Matlab [1,2].

2.5. Post mortem analysis (PMA)

In 2017, Warnecke performed and published a PMA for this very cell
type [26]. Several results of this PMA are used and connected to findings
from the non-invasive investigations. Among these are results from the
following measurements:

e ICP-OES (inductively coupled plasma optical emission spectrometry)
to measure the lithium-content and NMC-content at the anode, and
thus SEI-growth and cathode-dissolution,

e XRD (x-ray diffraction) to measure structural changes at the cathode,
and thus cation-mixing,

e TGA (thermo-gravimetric analysis) to measure CEI-growth at the
cathode.

Detailed information about experiments and evaluations of the PMA
are found in Ref. [26].

3. Results and discussion

In the following, the calendric aged cells are referred to as cell 4(-
SOC, temperature). Analogously, the cyclic aged cells are referred to as

Fig. 2. a) Evolution of impedance spectra of a
calendric aged cell at different SOH (impedance
spectra are shifted in y-direction for visualization
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cell,(DOD, charge/discharge current). Furthermore, the condition that
is assumed to lead to particularly fast aging is printed in bold.

For example, the calendric aged cell that is stored at 100% SOC and
35 °C is referred to as cell.q(100%, 35 °C). 100% SOC is printed bold
because it is expected to lead to faster aging than 80% SOC. Analo-
gously, the cyclic aged cell that is cycled with 80% DOD and 1C/1C
charge/discharge current is referred to as cell,(80%, 1C/1C). 1C is
printed bold because it is expected to lead to faster aging than 0.33C.
(The discharge-current is 1C for all cyclic aged cells.)

3.1. Capacity

Fig. 3 a) shows the normalized capacity of calendric aged cells over
storage time and of cyclic aged cells over FCE. In the following figures,
only the lower abscissa (and not the upper) is valid for calendric aged
cells. Analogously, only the upper abscissa (and not the lower) is valid
for cyclic aged cells.

For calendric aged cells, there is a great influence of the temperature
in accordance to e.g. Ref. [36], presumably caused by an
Arrhenius-dependency of the corresponding electrochemical reactions.
Cell.4(80%, 45 °C) shows a faster capacity-decrease than cell.;(100%,
35 °C). As expected, cell,;(80%, 35 °C) shows the slowest
capacity-decrease of the calendric aged cells. Also visible is the influence
of the DOD on cyclic aged cells. Cell,(100%, 0.33C/1C) shows a faster
capacity-decrease than the other cyclic aged cells. Surprisingly, cell-
¢yc(80%, 0.33C/1C) shows a slightly faster capacity-decrease than cell-
yc(80%, 1C/1C), which is in contrast to literature results, e.g. Ref. [37].
The reasons of these findings are investigated in the following.

There is also another phenomenon that can be observed in Fig. 3 a).
At the beginning of aging, approximately between 0 and 30 days (or
between 0 and 100 FCE), the cell’s capacities increase. One possibility is
an improved wetting of the electrodes by electrolyte. Another possibility
is milling [38]. Milling (or particle-cracking) is a process that leads to a
higher capacity due to cycling. Due to cycling, there is an increase of the
electrodes’ surfaces. For calendric aged cells, these cycling processes
occur during the checkups. Both possibilities would lead to smaller
impedances and thus increased capacities.

It has to be noticed that the capacity-increase cannot be explained by
the overhang-effect in this case. The overhang is an effect that is
potential-driven, has very high time constants and is able to explain a
capacity-increase for cells, which are discharged from a higher to a lower
SOC. However, the cells in this work showed an SOC of about 68% when
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Fig. 3. Normalized capacity (1C discharge at 25 °C) for calendric and cyclic
aged cells.
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they were delivered [26]. Since the storage-SOCs are higher than 68% (i.
e. 80% SOC and 100% SOC), the capacities are expected to decrease
according to the overhang-effect. For further information about the
overhang-effect it is referred to works of Lewerenz, e.g. Ref. [39].

3.2. Analyzing impedance spectra

To analyze the impedance spectra, the corresponding DRT are
calculated and the ECM from Witzenhausen [31] is used, as described in
chapter 2.1. In the following, the values of the ECM-parameters that
represent the predominant processes (SEI-impedance and NMC’s charge
transfer) are shown and discussed throughout aging.

Notice that e.g. Zhou et al. [40] investigate diffusion processes and
find that these might have a high fraction of the overall impedance.
However, in the following, diffusion processes are neglected because the
focus lies on the separate investigation of anode and cathode degrada-
tion. To our knowledge, reliable (yet practical) methods for a distinction
between anode and cathode diffusion are not available at the time being.

Rggy: Resistance of SEI-impedance.The evolution of Rgg; throughout
aging is shown in Fig. 4 a). The increase-factor of Rgy is listed for all
operating points in Table 3. It is defined as the quotient of Rgg; at the last
and the second checkup. The second checkup (and not the first) has been
chosen because the spread of Rgg; is lower at the second checkup (and
the capacity-change is negligible). Note that for cellcy.(80%, 0.33C/1C),
the EIS-measurements of the first checkup are also used for the second
checkup due to data loss.

Rggy increases the most for calendric aged cells. Obviously, the
temperature has a greater influence on Rgg; than the SOC, as mentioned,
presumably caused by an Arrhenius-dependency of the corresponding
electrochemical reactions. After about 700 days of storage, Rsg has
increased by a factor of about 5.1 for cell.4(80%, 45 °C) and only by a
factor of about 3.6 for cell.;(100%, 35 °C). The change of Rsg for
cell.4(80%, 35 °C) is negligible. Surprisingly, Rsg; of the cyclic aged cells
does not increase, but decreases. The most significant decrease is by a
factor of about 3.7 for cell,(100%, 0.33C/1C) after about 2100 FCE,
marked in Fig. 4 a) with “Minimum”.

For calendric aged cells, the increase of Rg; is assumed to be caused
by SEI-growth, as depicted in the scheme in Fig. 5 a). For cyclic aged
cells, the decrease of Rg; is assumed to be caused by mechanical stress,
which leads to particle-cracking. This leads to larger active surfaces and
thus to decreased impedances, as depicted in the scheme in Fig. 5 b).

These assumptions are supported by the trends of Rgg;. Cell.q;(80%,
45 °C), which is expected to show the highest extent of SEI-growth, also
shows the highest increase of Rgg;. Furthermore, in our previous work
[2], microscopic and macroscopic pictures of the anode of a calendric
aged cell (stored for about four years at 80% SOC, 35 °C) are shown and
discussed. Clearly, an inhomogeneous deposition layer is visible that is
assumed to be correlated to the SEIL

The increase-factors of Rggy of the cyclic aged cells are close to each
other. However, celly(100%, 0.33C/1C) seemingly shows the highest
decrease of Rggy throughout aging, presumably caused by the highest
extent of particle-cracking.

7sg1: Time constant of SEI-impedance. The evolution of 7gg throughout
aging is shown in Fig. 4 b). The corresponding increase-factor is listed in
Table 4. Since zgg; decreases for all operating points, the decrease-fac-
tor = 1/increase-factor is also listed and discussed in the following.

7sg; decreases for both, calendric and cyclic aged cells with a clear
trend. For calendric aged cells, the decrease-factor is the highest for
cell.1(80%, 45 °C). Again, the great influence of the temperature on the
SEl is elucidated. For cyclic aged cells, the decrease-factor is the highest
for celly(100%, 0.33C/1C), indicating the influence of the DOD.

As mentioned, although zgg; decreases for both, calendric and cyclic
aged cells, it is assumed that the decrease has different reasons. This is
explained as follows.

Calendric aging: according to the scheme in Fig. 5 a), calendric aging
leads to SEI-growth, which leads to an increase of the SEI-thickness dsg;.
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Table 3
Increase-factor of Rgg; in reference to second checkup. Table 4
Increase-factor and decrease-factor of zsg in reference to second checkup.
Operating point Increase-factor
Operating point Increase-factor Decrease-factor
100% SOC, 35 °C 3.55
80% SOC. 35 °C 1.05 100% SOC, 35 °C 0.58 1.71
80% SOC, 45 °C 514 80% SOC, 35 °C 0.81 1.23
100% DOD, 0.33C/1C 0.45 80% SOC, 45 °C 0.32 3.09
80% DOD, 0.33C/1C 0.57 100% DOD, 0.33C/1C 0.49 2.05
80% DOD, 1C/1C 0.46 80% DOD, 0.33C/1C 0.54 1.85
80% DOD, 1C/1C 0.62 1.62
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Fig. 5. Scheme of increasing/decreasing time constants of the SEI-impedance due to a) calendric and b) cyclic aging.
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According to our previous work [2], this leads to a decrease of the SEI's
double layer capacity Cq; sg; that is modeled as a simple capacitor, using
the correlation

Cd],SEIO(ASEI /dSEl; (1)

with Agg being the area of the SEI, which is assumed not to increase due
to SEI-growth. For calendric aged cells, the decrease of Cq sg; is seem-
ingly more significant than the increase of Rggj, leading, all in all, to a
decrease of 7gg; throughout aging, as shown in Fig. 4 b). This is due to the
correlation

7ser = Rsgr- Cai s1- 2

Cyclic aging: according to the scheme in Fig. 5 b), cyclic aging leads
to mechanical stress, which leads to particle-cracking and larger active
surfaces (due to decreased particle-sizes). Eventually, this leads to a
decrease of Rsg;, which is shown in Fig. 4 a). According to Equation (1),
the larger active surfaces might also increase Cq sgr. This is shown in
Fig. 4 ¢), particularly for cell,,(100%, 0.33C/1C) at about 2100 FCE,
marked with “Maximum”. For cyclic aged cells, the decrease of Rgp; is
seemingly more significant than the increase of Cy sz, leading, all in all,
to a decrease of s, as shown in Fig. 4 b) and according to Equation (2).

The trends of zsg; for both, calendric and cyclic aged cells support
these assumptions. Cell.4;(80%, 45 °C), which is expected to show the
highest extent of SEI-growth (which leads to a decrease of Cqjgsgp), also
shows the highest decrease of 7gg; of calendric aged cells. Further, cell-
¢yc(100%, 0.33C/1C), which is expected to show the highest extent of
particle-cracking (which leads to a decrease of Rgg), also shows the
highest decrease of zgg; of cyclic aged cells.

Rcrnmc: Resistance of NMC’s Charge Transfer. The evolution of
Rcrnme throughout aging is shown in Fig. 6 a). The corresponding
increase-factor is listed in Table 5.

Rernme increases the most for cell 1(80%, 45 °C). It also increases
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Table 5
Increase-factor for Rernmc in reference to third (sic!) checkup.

Operating point Increase-factor

100% SOC, 35 °C 1.98
80% SOC, 35 °C 1.13
80% SOC, 45 °C 3.18
100% DOD, 0.33C/1C 2.62
80% DOD, 0.33C/1C 1.31
80% DOD, 1C/1C 1.17

significantly for cell.;;(100%, 35 °C) and cell,,(100%, 0.33C/1C). The
increase for other cells is negligible.

Although Rcr nme increases for both, calendric and cyclic aged cells,
it is possible that the increase has different reasons.

In general, the aging of NMC might be caused by different reasons
that have been mentioned in chapter 1. As a reminder, these are the
following: cation-mixing, cathode-dissolution, CEI-growth and particle-
cracking. Since there is an increase for both, cyclic and calendric aged
cells, it is assumed that at least structural changes, CEI-growth and/or
cathode-dissolution have occurred. This is because particle-cracking is
expected to mainly occur in cyclic aged cells.

However, notice that Tsai et al. find that particle-cracking in NMC-
particles might also occur at high voltages, i.e. in calendric aged cells
[22]. They also find that particle-cracking in layered-oxide-cathodes
leads to loss of mechanical and electrical contact within the particle,
which leads to increased resistances [1,22]. Notice that this behavior is
in contrast to that of the SEI's resistance, which is assumed to decrease
due to particle-cracking, shown in the scheme in Fig. 5 b).

This means, particle-cracking is potentially a cause for the increased
values of Rcrnmc of both, cyclic and calendric aged cells. However, the
evaluation of 7crnmc in the next paragraph will suggest that particle-
cracking is indeed expected in cyclic aged cells but can be neglected

Calendric Aging
=0~-100% SOC, 35 °C
=£-080% SOC, 35 °C
={1=080% SOC, 45 °C

Cyclic Aging
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o
o
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c) Storage Time / Days

Fig. 6. a) Rcrnme, D) ternme and ¢) Cqicrnmcfor calendric and cyclic aged cells.
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Table 6
Increase-factor for zcrnvc in reference to second checkup.

Operating point Increase-factor

100% SOC, 35 °C 1.97
80% SOC, 35 °C 1.37
80% SOC, 45 °C 0.45
100% DOD, 0.33C/1C 14.4
80% DOD, 0.33C/1C 3.89
80% DOD, 1C/1C 2.98

in calendric aged cells.

ternme: Time constant of NMC’s Charge Transfer. The evolution of
Tcrnme throughout aging is shown in Fig. 6 b). The corresponding
increase-factor is listed in Table 6.

There is a clear trend for zcr nmc: each cyclic aged cell shows a higher
increase-factor of 7crnmc than each calendric aged cell. Cellgy,(100%,
0.33C/1C) shows by far the highest increase of zcrnmc.

The increase of 7¢r nvc Of cyclic aged cells is assumed to be caused by
particle-cracking. This assumption is supported by the increasing values
of Caicrnmc for cyclic aged cells, as shown in Fig. 6 c). This is due to
increased active surfaces. The NMC’s volume expansion during lith-
iation/delithiation is expected to have a high impact on the severity of
the cathode’s particle-cracking. In a PMA [26], it is measured to about
1.7% [26], in good accordance to literature values of about 1-2%, e.g.
Ref. [11]. Notice that the NMC’s volume expansion is small in com-
parison to that of e.g. graphite, which is about 10% [3]. Still, even these
small volume expansions seemingly lead to significant particle-cracking.

As mentioned in the previous paragraph, particle-cracking is
assumed to be negligible for calendric aged cells. This is because of the
following: if particle-cracking would occur in calendric aged cells, the
values of Cq cr nvc are expected to increase due to larger active surfaces.
However, as shown in Fig. 6 c), this is not generally the case for calendric
aged cells.

Rser: Mainly Electrolyte Resistance. Ry represents mainly the
electrolyte-resistance, but also the resistances of the separator and the
current-collectors [1,2]. Its evolution throughout aging is shown in
Fig. 7 a). The corresponding increase-factor is listed in Table 7.

Ryer increases the most for cell 4;(80%, 45 °C), in qualitative accor-
dance to results from literature, e.g. Ref. [41]. Again, the strong influ-
ence of the temperature is emphasized. It also increases significantly for
cellq(100%, 35 °C) and cell,y(100%, 0.33C/1C). The increase for the
other cells is negligible.

Since Ry, is correlated to the electrolyte-resistance, it is also corre-
lated to SEI-growth. This is because SEI is formed out of electrolyte-parts
and lithium, leading to species like LioCO3 [42]. Indeed, for calendric
aged cells, the increase-factors of Rye; and Rgg; show the same trend. For

Full Cycle Equivalents

50 1000 2000 3000 4000
|=0-100% SOC, 35 °C
|=A=080% SOC, 35 °C
080% SOC, 45 °C

. —@-100% DOD, 0.33C/1C
=#-080% DOD, 0.33C/1C| |
080% DOD, 1C/1C 4

0 200 400 600 800
a) Storage Time / Days
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Table 7
Increase-factor for R, in reference to second checkup.

Operating point Increase-factor

100% SOC, 35 °C 3.53
80% SOC, 35 °C 1.39
80% SOC, 45 °C 4.34
100% DOD, 0.33C/1C 1.86
80% DOD, 0.33C/1C 1.36
80% DOD, 1C/1C 1.28

cyclic aged cells, a different trend is noticed. Cell,(100%, 0.33C/1C)
shows the highest value of Ry, in qualitative accordance to results from
literature, e.g. Ref. [37]. However, it also shows relative low values of
Rgpr. It is assumed that due to cycling, SEI is formed, destroyed, formed
again, destroyed again, etc. This behavior is also explained in Ref. [43].
This process leads to a continuous loss of electrolyte and active lithium
but not to SEI-growth and thus not to an increase of Rg;.

3.3. Differential voltage analysis (DVA)

Fig. 8 shows the DVA in the last aging state of each cell. However, for
celly(80%, 0.33C/1C), the DVA in the second to last aging state is
shown (due to data loss). The DVA are shifted in y-direction for visu-
alization purposes.

The cells that show severe degradation in the impedance spectra, i.e.
cellqi(80%, 45 °C), cell.(100%, 35 °C) and cell;,(100%, 0.33C/1C),
have lost their distinct peaks in the DVA. For the other cells, these peaks
are still (vaguely) visible.

The vanishing distinctness of peaks indicates decreasing homoge-
neities of graphite particles [39,44]. For calendric aged cells, the
decrease of homogeneity is expected to be caused by passivation layers,
e.g. SEI. As mentioned in chapter 3.2, macroscopic and microscopic
images of a calendric aged anode sheet are depicted in our previous
work [2]. This sheet shows passivation layers, which are indeed inho-
mogeneously distributed. It is assumed that the inhomogeneous distri-
bution is caused by different pressures at the middle and the borders of
the cells (since the cell is of pouch-type). Since the passivation layers
cause higher resistances, their inhomogeneous distribution leads to
locally different resistances. Thus, the graphite particles cannot be
lithiated (or delithiated) simultaneously (i.e. uniformly). This leads to
blurry or missing peaks in the DVA [39,44].

Cyclic aged cells do not seem to show a significant SEI-growth since
their values of Rgg; decrease. However, the distinctness of their peaks
also vanishes. This might be caused by an inhomogeneous current dis-
tribution, caused by inhomogeneous particle sizes (caused by particle-
cracking at the anode). Furthermore, a continuous formation and

Full Cycle Equivalents
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40 1000 2000 4000

o
w o
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Fig. 7. a) Rser and b) Rpye for calendric and cyclic aged cells. Notice: cell,(80%, 0.33C/1C) showed an outlier of Rpyse at 1200 FCE, which has been removed.
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Fig. 8. DVA in the last aging state of each cell except cell,,.(80%, 0.33C/1C),
for which the DVA in the second to last aging state is shown.

destruction of SEI due to particle-cracking might enhance an inhomo-
geneous resistance-distribution. Once again, the graphite particles
cannot be lithiated (or delithiated) simultaneously.

3.4. Summary of investigation of ECM-parameters

In Table 8, the assumed aging-mechanisms of anode and cathode as
well as their possible origins are summarized. These results have been
found by merely using non-invasive techniques (EIS and DVA). These
aging mechanisms are assumed to be the following: SEI-growth (calen-
dric aged anodes), particle-cracking (cyclic aged anodes) as well as CEI-
growth and/or cathode-dissolution and/or cation-mixing (calendric and
cyclic aged cathodes). Additionally, there is particle-cracking (cyclic
aged cathodes). In the following, the non-invasive investigation is
complemented by a PMA.

3.5. Post Mortem Analysis (PMA)

This chapter is based on works of Warnecke [26]; results from a PMA
are shown, which was performed and published for this very cell-type in
2017. It is checked if the results from the PMA are in accordance to those
found by EIS and DVA. And further, if they can determine the main
aging-mechanism(s) of the cathode since there are different options. The
aging mechanisms from Table 8 are investigated by means of PMA by the
following measurements.

Lithium-content at Anode. The lithium content has been measured at
the anode by means of ICP-OES and is listed in Table 9.

The lithium content is an indicator for SEI-growth because the SEI
mainly consists of lithium and electrolyte-parts; SEI-compounds are for
example LioCOg3 [42]. Since SEI-growth is assumed to be the main anode
aging mechanism for calendric aged cells, it is expected that the highest
lithium-contents are found for calendric aged cells. Indeed, the results
from Table 9 show that the most lithium is found for cell.;(80%, 45 °C)
and cell.4;(100%, 35 °C). These are also the cells that show the highest
increase-factors for Rggr.

Celly(100%, 0.33C/1C) also shows an increased lithium-content.
However, it shows decreased values of Rggr. As explained in Section
3.2, this is assumed to be caused by continuous formation and
destruction of SEI [43], leading to loss of active lithium and electrolyte
without increasing Rggr. As expected from the increase-factors of Rgy,
the other calendric and cyclic aged cells have less lithium-content,
indicating less SEI-growth.

NMC-content at Anode. The NMC-content has also been measured by

Table 8
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Behavior of ECM-parameters throughout calendric and cyclic aging and possible
reasons for this behavior.

ECM- Calendric aging Cyclic aging
param. Behavior  Assumption Behavior ~ Assumption
Reer / Loss of active lithium / Loss of active lithium
and electrolyte due to and electrolyte due to
SEI-growth continuous formation
and breakdown of SEI
due to particle-
cracking at anode
Rsgr / SEI-growth / Increase of active
surfaces of anode-
particles due to
particle-cracking at
anode
TSEI / Decrease of Cqj g due / Rggr decreases due to
to SEI-growth particle-cracking at
anode
Rcrnme / CEI-growth and/or a CEI-growth and/or
cathode-dissolution cathode-dissolution
and/or cation-mixing and/or cation-mixing
and/or particle-
cracking
TCTNMC ~ Cacrnmc Stays / Increase of Cqicrnmc

approx. same or
decreases (i.e. active
surfaces of cathode-
particles do not
increase); particle-
cracking can be

due to increase of
active surfaces of
cathode-particles due
to particle-cracking at
cathode (especially at
high DOD)

neglected

means of ICP-OES at the anode (and not at the cathode) because the
sensitivity to detect concentration-changes is higher at the anode than at
the cathode [26].

The NMC-content at the anode is listed in Table 9 and is an indicator
for cathode-dissolution [26]. This is one of the possible reasons for
cathode-degradation of both, calendric and cyclic aged cells. It is ex-
pected to have mainly an influence on Rer nvc and zernmc. Indeed, cells
that show the highest NMC-content at the anode also show the highest
increase of Rer nmc, namely cell 4(80%, 45 °C), cell (100%, 35 °C) and
cell,(100%, 0.33C/1C). Thus, cathode-dissolution presumably leads to
an impedance-increase of the cathode, in accordance to literature, e.g.
Ref. [23].

It has to be noticed that the NMC-content has the same trend as the
lithium content; thus, they are seemingly correlated. It is assumed that
the NMC-content damages the SEI, which leads to SEI-breakdown and
eventually to new SEI-formation, as known from literature, e.g.
Ref. [23]. Gilbert et al. find that each manganese-atom at the SEI leads to
a consumption of 95 lithium-atoms [15].

7crnme shows by far the highest increase for cell,(100%, 0.33C/
1C), indicating the strong influence of the DOD. However, its NMC-
content at the anode is lower than those of the calendric aged cells.
This means that the increase of 7¢r nvc in cyclic aged cells is not mainly

Table 9

Lithium content and NMC-content measured by ICP-OES in Ref. [26] at about
700 days of storage time or 3000 FCE. Values marked by a star have been lin-
early extrapolated to the last checkup.

Operating point Li (%) NMC (%:10-3)
100% SOC, 35 °C 13 1.4

80% SOC, 35 °C 8 0.9

80% SOC, 45 °C 18 1.5

100% DOD, 0.33C/1C 12 1.0

80% DOD, 0.33C/1C 10* 0.7*

80% DOD, 1C/1C N/A N/A
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caused by cathode-dissolution and must have different reasons. As dis-
cussed in chapter 3.2, particle-cracking is expected in cyclic aged cells.
Thus, it is presumably the main cause of the increasing values of Rcrnmc
and 7crame in cyclic aged cells. Notice that particle-cracking has not
been investigated explicitly in the PMA.

Structural Changes of NMC. Structural changes are correlated to
restructuring of lithium and transition metals inside the cathode [26,45,
46]. This might lead to cation-mixing and is investigated by XRD of the
cathode-material. However, only two operating points have been
investigated in detail in Ref. [26]. The corresponding cells are cell-
¢al(100%, 35 °C) and cell,(80%, 1C/1C). XRD have been measured at
different C/Cq:

e C/Cp ~ 100%, 98%, 87%, 79% for cell.;,(100%, 35 °C)
e C/Co =~ 100%, 90%, 54% for cell(80%, 1C/1C)

Only for cell,(80%, 1C/1C) at C/Cyo ~ 54% changes in the dif-
fractogramm were found, indicating higher c/(a - b) values and thus
structural changes. (a=b and c are the lattice parameters of NMC.)
Thus, it can be concluded, that cation-mixing and structural changes are
of minor importance for calendric aged cells and mainly occur due to
severe cyclic aging.

Cathode Electrolyte Interphase (CEI). The CEI is investigated by TGA.
Cathode material is heated and the corresponding weight-change Amrga
is measured. The higher the value of Amrg,, the higher the CEI-growth
[26]. Table 10 lists the values of Amyg4. Only calendric aged cells have
been investigated in Ref. [26].

The results of the TGA are as expected. Cell.4(80%, 45 °C) shows the
highest value of Amyg,, indicating the most CEI-growth. Cell.4;(100%,
35 °C) shows a lower value. Cell 4;(80%, 35 °C) shows a negligible value.
It is assumed that CEI-growth leads to increased impedances at the
cathode (increase of Rernmc). The increase-factor of Rernmc is also lis-
ted in Table 10. For an easier comparison, normalized values, in refer-
ence to cell.;(100%, 35 °C), are listed in brackets.

As can be seen, the qualitative results from both measurements are in
accordance. The quantitative results differ slightly from each other,
especially for cell.4(80%, 35 °C). All in all, the results from the TGA
support the assumption that the increase of Rernmc in calendric aged
cells is additionally (or mainly) caused by CEI-growth.

3.6. Correlation of pulse-resistance to EIS-resistances

Along with the capacity, another important cell-property is the
(normalized) pulse-resistance Rpyse, Which is shown in Fig. 7 b). In
practice, the pulse-resistance’s determination may not be
suitable because the battery has to be charged/discharged with relative
high currents. Therefore, its correlation to the different EIS-parameters
(Rsers Rsgr, Rernmc) is a useful information, e.g. in (future) BMS. To
investigate this issue, a correlation analysis based on Pearson has been
performed. The correlation coefficients (CC) are in the range [-1, 1]. A
value of —1 means there is perfect negative correlation. A value of
0 means there is no correlation, A value of 1 means there is perfect
positive correlation. Table 11 shows the CC.

For both, calendric and cyclic aged cells, Rpys. shows a high corre-

Table 10

Increase-factor of Rer nme and Amygs measured by TGA in Ref. [26] at about 700
days of storage time. Normalized values, in reference to cell.4(100%, 35 °C), are
listed in brackets.

Operating point Increase-factor Rernmc (norm.) Amrygs (%) (norm.)
100% SOC, 35 °C 1.98 (1.00) 1.1 (1.00)
80% SOC, 35 °C 1.13 (0.66) 0.2 (0.18)
80% SOC, 45 °C 3.18 (1.66) 1.3(1.18)
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Table 11
Pearson correlation coefficients (CC) to investigate the correlation between
Rpuise and the different EIS-resistances (Rser, Rsgr, Rer.nme)-

Operating point CC(Rser) CC(Rser) CC(Rcramc)
100% SOC, 35 °C 1.00 0.96 0.97
80% SOC, 35 °C 0.89 0.76 0.90
80% SOC, 45 °C 0.97 0.92 1.00
100% DOD, 0.33C/1C 0.99 —0.67 1.00
80% DOD, 0.33C/1C 0.97 -0.83 0.60
80% DOD, 1C/1C 0.83 —0.45 0.55
Mean (cal. and cyc.) 0.94 0.12 0.84
Mean (calendric) 0.95 0.88 0.96
Mean (cyclic) 0.93 —0.65 0.72

lation to Rger (CCrnean = 0.94). Since the correlation to Rgg; is positive for
calendric aged cells, but negative for cyclic aged cells, the correlation to
Rggy is very small (CCppeqn = 0.12). The correlation to Rernmc is slightly
smaller (CCpeqn = 0.84) than the correlation to Rge,.

The highest correlation is to Rcrnmc, but only for calendric aged
cells. Therefore, best practice is to investigate Rpyse by investigating Rger.
This is also advantageous, because i) R, is measured at relative high
frequencies, leading to low measurement durations and ii) R corre-
sponds in first proximity to the intersection of the impedance spectrum
with the abscissa, i.e. it is easy and accurate to determine (no DRT or
ECM is needed).

For the cells used in this study, there is also a strong correlation
between Rpyse and the capacity (from Fig. 3). This means, Rg is
suitable as an SOH-indicator in this case. Of course, for cell-types with a
weak correlation between Rpyse and the capacity, this is not the case.

4. Conclusion

In a previous work [2], the predominant processes in the cell’s
impedance spectra of a lithium-ion battery (graphite vs. NMC) have
been determined; these are the SEI-impedance and the NMC’s charge
transfer.

In this work, the insights from Ref. [2] are utilized for a non-invasive
yet separate investigation of anode and cathode degradation of a
lithium-ion battery (graphite vs. NMC). For this purpose, cells have been
aged at different operating points. Evaluating the non-invasive in-
vestigations, the main aging mechanisms have been concluded to the
following. SEI-growth (calendric aged anodes), particle-cracking (cyclic
aged anodes) as well as CEI-growth and/or cathode-dissolution and/or
cation-mixing (calendric and cyclic aged cathodes). Additionally, there
is particle-cracking (cyclic aged cathodes).

Results from a PMA, which was performed in 2017 [26], com-
plemented the non-invasive investigations. The PMA restricted the
possible origins of the cathode’s aging mechanisms to the following.
Calendric aging: CEI-growth and cathode-dissolution. Cyclic aging:
Mainly particle-cracking, also cathode-dissolution. CEI-growth cannot
be excluded since it was not investigated for cyclic aged cells in the PMA.

Additionally, a correlation analysis (based on Pearson) has been
performed for the pulse-resistance and the different resistances from the
impedance spectra. It was found that there is a high correlation between
the pulse-resistance and the ohmic resistance of the impedance spec-
trum. This information might be particularly useful for SOH-algorithms
in BMS.

The non-invasive yet separate investigation of anode and cathode
degradation has high potential for improvements of battery systems.
Weaknesses of state of the art anodes and cathodes can specifically be
investigated, leading eventually to improved electrode materials. More
reliable algorithms for BMS can be developed, which take the SOH of
both electrodes into account. Also, improved strategies for stationary
battery systems might be developed. For example, it was found that an
increased charge-current might be advantageous since it leads to



P. Shafiei Sabet et al.

particle-cracking at the anode and thus to decreased impedances of the
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