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HIGHLIGHTS

« Developed accelerated ageing protocol preserves characteristic degradation of LIBs.
« Selected programme employs restrictive overdischarge cycling to 0.5V.

+ 80% SOH is reached over five times faster compared to conventional ageing.

« Conventional and accelerated aged cells show similar electrical behaviour.

» No increased copper current collector oxidation is detected.

ARTICLE INFO ABSTRACT
Keywords: This study presents a test protocol that greatly accelerates the ageing process of lithium-ion battery cells
Lithium-ion cell comprising a positive electrode of nickel manganese cobalt oxide while preserving their characteristic
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Degradation processes
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degradation upon cyclic ageing. Applying a repetitive restricted overdischarge, resulting in a depth of discharge
larger than 100 %, a capacity loss of 20 % is achieved over five times faster compared to conventional cycling.
The well-known overdischarge degradation phenomenon of copper current collector dissolution is deliberately
prevented by setting a discharge cutoff voltage above the theoretical threshold of copper oxidation. Hence,
the accelerated degradation can be primarily connected to solid electrolyte interphase growth.

A comparative assessment of the ageing dynamics using electrochemical impedance spectroscopy and
differential voltage analysis hints towards similar, characteristic degradation processes during accelerated
and conventional ageing. A post-ageing examination of the electrical behaviour (i.e., coulombic and energy
efficiency, capacity fade) under reference conditions reveals very little to no lasting damages caused by
overdischarging. Additionally, post-mortem analysis discloses no increased copper dissolution when comparing
cells subjected to accelerated and conventional ageing.

Generally, the developed ageing method appears suitable for providing cells with a defined state of health
at a reasonable timescale without altering the main degradation mechanisms significantly.

1. Introduction the goal of this study is to significantly accelerate the degradation upon
cyclic ageing under lab conditions while preserving the characteristic

Following a year-long operation, it is aimed to reuse lithium-ion bat- degradation phenomena of reference ageing. This is achieved by select-
teries (LIBs) in ecologically desirable second-life applications. However, ing a test protocol that yields cells with electrochemical characteristics
analogous to begin-of-life (BOL) LIBs, second-life systems urgently need comparable to those of conventionally aged cells. The intent of this

work is not to elucidate specific ageing mechanisms or to deliberately
induce degradation in individual cell components, but to establish
an accelerated procedure that remains representative of conventional
ageing behaviour.

Ageing in LIBs occurs during operation (cyclic ageing) and storage
(calendar ageing) [1] and predominantly takes place at the negative

a guarantee for safe and reliable operation.

To explore safety parameters and test the future performance of a
second-life LIB, a plethora of aged cells is required. To enable tracing
of possible safety concerns or cell failures back to their origin, these
tested cells need to have a defined state of health (SOH). Therefore,
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electrode. Herein, lithium plating and solid electrolyte interphase (SEI)
growth are considered to be the main ageing mechanisms [1-7]. To
accelerate the ageing process, mechanical, thermal, and/or electrical
stress can be applied to the cell [8]. Accelerated SEI ageing can, for
example, be deliberately induced by discharging an LIB cell beyond
its specified minimum voltage in the datasheet, followed by a subse-
quent charging step within the recommended voltage range [9,10].
Following the definition introduced by Juarez-Robles et al. [11], a
differentiation between overdischarge, where a cell is discharged below
the recommended minimum voltage, however, maximally up to the re-
verse potential point (0 V), and deep discharging/deep overdischarging,
where the cell is even discharged to negative voltages, has to be made.
In an application, overdischarge may occur due to a series connection
of multiple cells [12,13]. Moreover, the self-discharge of a LIB cell
(e.g. during long storage periods) can lead to overdischarge [14].

Generally, overdischarging LIB cells leads to irreversible capacity
loss [14,15] and changes in the cells’ internal resistance [14], while
the degree of overdischarge dictates the degree of inflicted damage [9,
16-18]. Herein, the causes of the degradation can occur during the
actual overdischarge or upon recharging the cell subsequent to an
overdischarge.

When a LIB cell is overdischarged, the potential of the negative
electrode increases rapidly [14,19] and lithium ions are removed exces-
sively [11,20]. At low cell voltages, the SEI starts to decompose [10—
12,15,16,19-21], which can lead to gas evolution [15,21] and swelling
of the cell [14,15]. On the positive electrode, the cathode electrolyte
interphase (CEI) grows during overdischarging [16,18], which impedes
the diffusion of lithium ions [16] and simultaneously contributes to loss
of lithium inventory (LLI) [18]. However, according to literature, the
changes of the CEI are much smaller than the changes of the SEI [10,
21]. If the cell is further discharged, the copper current collector of
the negative electrode can be oxidised and dissolved [11,12,14,16,
17,19,20,22]. The dissolved copper may then diffuse to the positive
electrode and form metallic copper on the electrode’s surface [18,
20,22], potentially blocking the active material and thus leading to
loss of active material (LAM) [18,23]. The copper dissolution leads to
decreased stability [19] and loss of electric contact [22] at the negative
electrode. It is reported to occur at negative electrode potentials of 3.4V
to 3.6V vs. Li/Li* [15,19,24-26]. Moreover, it is dependent on the
cell configuration and the utilised electrode active materials [11]. In
addition, the discharge current rate also influences the point of copper
oxidation [11,19]. In a full-cell setup, copper oxidation is reported to
occur in lithium-ion cells below 0.4V to 0V [14,15,22,24]. Further
studies reported no increased copper content in cells overdischarged
down to full-cell voltages of 0.5V [14] or even 0.4V [15].

Upon potential SEI decomposition during an overdischarge, a
recharge leads to reformation of the SEI on the negative electrode’s
surface [10,20,21,27]. This reconstruction is considered to consume
lithium ions, causing LLI [10,23]. Apart from possible copper dissolu-
tion, the decomposition of the SEI is considered the main degradation
mechanism during overdischarge [9]. Furthermore, during a charge
following an overdischarge, dissolved copper may form metallic copper
on the negative electrode’s surface [22]. These deposits may block the
active material, causing LAM [23]. The copper depositions are consid-
ered the main failure mechanism of overdischarged LIB cells [16,22],
as an internal short circuit can be induced [12].

In this context, multiple studies have shown that LIB cells which
were repetitively overdischarged during cyclic ageing suffered from
significant capacity loss compared to standard cyclic ageing, typi-
cally conducted at 100 % depth of discharge (DOD) with a 1C current
rate [10,14,16,18,21]. Ouyang et al. [18] repetitively overdischarged
lithium-ion cells to 0.2V, 0.5V and 1V, respectively, showing that the
capacity decrease is higher for lower minimum discharge voltages.
Zhang et al. [16] showed that the accelerated degradation of LiCoO,
cells can mainly be attributed to the SEI growth when choosing mild
overdischarging (105 % DOD), while extended overdischarging (110 %
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Table 1
Cell information.

Cell type Samsung SDI INR18650-29E
Format Cylindrical

Positive electrode material LiNij sMn,, 3Co4 ,0,
Negative electrode material Graphite

Nominal capacity 2.6 Ah

Nominal voltage 37V

Voltage range 275V to 42V

DOD) induces a new ageing mechanism, copper dissolution. They con-
cluded that cyclic ageing can be accelerated with mild overdischarging
while the thereby occurring main ageing mechanism, SEI growth,
remains unaltered. Tang et al. [10] studied the decomposition and
subsequent repair of the SEI in LiFePO,/C pouch cells during overdis-
charge cycling at elevated temperatures (45°C). They demonstrated
that the accelerated capacity loss is primarily attributed to LLI caused
by SEI growth. Overall, literature results suggest that avoiding copper
dissolution is critical when using overdischarge to induce accelerated
ageing while preserving the characteristic degradation mechanisms
observed in conventional ageing.

Based on these findings, the restrictive overdischarge cycling test,
presented in the present study, was developed. Herein,
LiNig 5Mn, 3Coq ,0,/C cells were cycled employing a minimum voltage
of 0.5V until the SOH decreased to 80 %. In this manner, the capacity
loss and thus, ageing process, was accelerated by a factor of 5 to
7, compared to reference cyclic ageing (1C, 100 % DOD). Systematic
electrochemical characterisation tests suggest that the main cause of
degradation is a steady growth of the SEI. As this was revealed for
both accelerated and standard full cycle ageing, it is concluded that
the restrictive overdischarge cycling induces characteristic degradation
phenomena. Subsequent to the overdischarge cycles, the electrical be-
haviour and performance of these cells remained unimpaired compared
to the reference cells, indicating that no significant amount of damage
was inflicted by the restricted overdischarge. Finally, post-mortem
energy dispersive X-ray (EDX) analysis showed no increased copper
content in the electrodes after restricted overdischarge, confirming no
increased oxidation of the copper current collector.

2. Experimental
2.1. Test samples

This study was conducted on commercial LIB cells whose param-
eters can be found in Table 1. The samples were divided into two
groups, a test group and a reference group, of four cells each. During
the ageing study, the reference group was cycled according to the data
sheet specifications. Contrarily, the test group was discharged to lower
cell voltages (0.5V). The reference cycling was also started with a
sample size of four cells. However, due to a contact loss of one cell
at the beginning of the test, data evaluation was performed for the
remaining three cells.

2.2. Cyclic ageing

An overview of the test protocol is illustrated in Fig. 1. Prior to
the ageing study, all tested cells were cycled 10 times under refer-
ence cycling conditions (specification described below) and initially
characterised. This BOL characterisation comprised the check-up test
procedure described in 2.3. All cycling tests were performed using
a battery cycler (CT-4008T-5V12A-S1/204n, Neware, China) and a
temperature chamber (115], F.1li Galli G. & P., Italy) set to 20°C.

For the ageing study, all cells were cycled until the average SOH,
which is defined as the ratio of a cell’s current capacity to their
initial (BOL) capacity, of the group decreased to 80%. The cells of
the reference group were aged with 100 % DOD cycles at a 1C current
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Fig. 1. Test protocol. The ageing study consists of an initial characterisation, two cyclic ageing test series, including systematic check-up characterisation tests

and a post-mortem analysis.

rate (i.e., 2.5 A), based on the BOL capacity. The constant-current (CC)
charge to 4.2V, succeeded by a constant-voltage (CV) charge at 4.2V
with a cutoff current of C/100 (25mA), was followed by a 1C CC
discharge to 2.75V with a 5min rest between each charge/discharge
step. It should be noted that the cells were charged at the maximum C-
rate, which possibly leads to an underestimation of the expected cycle
life in the reference ageing protocol. After every 10 cycles, check-up
tests were performed according to the test protocol presented in 2.3.
For the accelerated ageing, the same conditions as for the reference
group were employed with one modification: After the 1C CC discharge
to 2.75V, the cells were further discharged with a C/5 CC discharge
to 0.5V, followed by a 30 min CV step at 0.5 V. Once the average SOH
of a group reached 80 %, the programme was stopped and continued
for another 20 cycles under reference conditions (1C full cycles with
a check-up every 10 cycles). For better visualisation, the results of the
characterisation measurements conducted during the reference ageing
are presented for selective check-up tests only (every 20 cycles). Addi-
tionally, all results are averaged over the cells of the respective groups.
The individual test results can be found in the supporting information
(see Figures S1-S3).

Moreover, a second test protocol for accelerated ageing was de-
signed for the purpose of validating the chosen overdischarge voltage
limit of 0.5 V. By lowering the voltage limit of the overdischarge steps
to 0.0V, an operation under critical voltages, at which oxidation of
the copper current collector is expected, is targeted. This proof-of-
concept test series comprises a group of 4 cells that were aged for 30
accelerated cycles, followed by 20 cycles under reference conditions.
The test parameters chosen for the accelerated cycles are based on
the accelerated ageing of the main study: A cycle consists of a 1C CC-
CV charge to 4.2V (C/100 cutoff current) and 1C CC-CV discharge to
0.0V with a 30 min CV phase at 0.0 V. As this test is not a part of the
main study, but was only conducted for the purpose of validating the
concept, check-up tests (see 2.3 for the test protocol) were performed
only at three stages: at BOL, after the 30 accelerated cycles, and at the
end of the ageing experiment (after 30 accelerated and 20 full cycles).

Finally, a post-mortem analysis was performed as described in 2.3.

2.3. Characterisation methods

The check-up tests comprise three characterisation tests: A capacity
test, a pseudo open-circuit voltage (pOCV) discharge and an electro-
chemical impedance spectroscopy (EIS) measurement. The capacity and
pOCYV tests were performed in the same battery cycler and temperature
chamber as the cyclic ageing (see Section 2.2). The EIS tests were
conducted at a different test bench, using an EIS-Meter (Digatron
Power Electronics, Germany) and a temperature chamber (LabEvent
T/500/30/3, Weiss Technik GmbH, Germany) set to 20 °C.

Capacity test

For the capacity test, the cells were fully charged with a 1C CC-
CV charge to 4.2V (C/100 cutoff current). This step was followed by a
1C CC discharge to 2.75V. The cell capacity was calculated from this
discharge step.

Pseudo-OCV test

After the capacity test, the cells were fully charged (1C CC-CV
to 4.2V, C/100 cutoff current), followed by a C/20 CC discharge to
2.75V. This pOCV discharge was used for a differential voltage analysis
(DVA). Therefore, the measured voltage data was smoothed using a
Gaussian filter (with a kernel standard deviation of og,,, = 0.0075),
and the derivative dV/dQ was then calculated from the filtered data.
Thus, a smooth differential voltage (DV) curve was obtained while only
minimally influencing characteristic shape and peak information.

Electrochemical impedance spectroscopy

Finally, the pseudo-potentiostatic (also called hybrid) EIS test was
conducted at 50 % SOC based on the 1C discharge capacity. The em-
ployed frequency ranges from 10 mHz to 6.4 kHz, measuring 8 points per
decade at an excitation amplitude of 10 mV. A distribution of relaxation
times (DRT) analysis was carried out, based on the average impedance
data of a group’s EIS measurement. For DRT analysis, the programme
Polarographica 2.2.2_4 was utilised. The DRT was calculated from both
real and imaginary parts of the impedance data, and regularised lin-
early with a Tikhonov parameter of 0.01. For the calculation, the range
of the time constant r was extended by 2 orders of magnitude in
the lower and upper directions. As the basis function, the Cole-Cole-
type distribution was employed with a constant shape parameter of
0.75 [28]. This value was determined by numerical experimentation,
minimising the Kramers—Kronig residuals.

Electrical parameters

In addition to the characterisation tests, the cells’ electrical be-
haviour during cycling is evaluated by extracting the rate of capacity
fading, coulombic efficiency (CE) and energy efficiency (EE) from the
cycling data. The rate of capacity fading was derived from the capacity
loss per cycle of the 1C CC discharge to 2.75V. Hence, the extracted
capacity below 2.75V during the accelerated cycling is excluded. The
parameter is averaged over the last 5 cycles of an ageing test sequence
and all the cells within a group. In contrast to the capacity fading rate,
for the CE and EE, the full discharge step of every cycle is considered
(to 2.75V for the reference and 0.5V for the accelerated ageing group).
For both efficiency parameters, the extracted values are averaged over
the last 5 cycles of an ageing test and the cells of the respective group.

2.4. Coin-cell and 3-electrode measurements

For the purpose of analysing the electrode potentials during the
overdischarge process, especially of the negative electrode, a 3-electrode
(3E) cell was assembled from the extracted electrode materials of a
BOL cell. Additionally, coin cells from both the negative and positive
electrode of the same cell were prepared, supporting the differential
voltage analysis of the full cell.

Therefore, a pristine cell was discharged to 2.75V with a 1C CC-
CV step (C/100 cutoff current) and dismantled in an argon-filled glove
box (LABmaster pro, M. Braun Inertgas-Systeme GmbH, Germany).
Specimens from both electrodes were cut from the jelly roll and the
coating removed on one side using N-Methyl-2-pyrrolidone. Next, the
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electrode specimens were washed with diethyl carbonate and dried in
a vacuum oven (Vacucenter VC20, SalvisLab, Switzerland) for 30 min.
For both the coin cells and the 3-electrode cell, electrode samples with a
diameter of 15 mm were punched from the prepared electrode materials.

For the assembly of the CR2032 coin cells, a sealing ring, a steel
spacer (thickness: 0.5 mm), a lithium metal chip as counter and refer-
ence electrode with a diameter of 15.8 mm, two glass fibre separators
(diameter: 20mm), the respective electrode, and another steel spacer
were stacked and 100pl of electrolyte (1 M LiPF¢ in EC/DEC=50/50
(v/v)) used. The coin cells were tested with a battery cycler (CT-
4008Q-5V100 mA, Neware, China) in a temperature chamber (HPP
750, Memmert GmbH + Co. KG, Germany) set to 20°C. After a slow
C-rate charge/discharge cycle with a current of 0.5 mA, a pOCV test was
performed. Therefore, the graphite half cells were discharged to 0.005 V
with a constant current of 0.1 mA and subsequently charged with 0.1 mA
to 2 V. The measured voltage of the latter (charge) step was used for the
DV analysis. Similarly, the NMC half cells were charged with a 0.1 mA
CC step to 4.5V and the following 0.1 mA CC discharge to 2V used for
the DV analysis.

For the 3-electrode setup a PAT-Cell (EL-Cell, Germany) was as-
sembled using a sample of the negative and positive electrode, a
sleeve comprising a lithium metal reference electrode and a glass fibre
separator (thickness: 0.26mm), and 100pl of electrolyte (1 M LiPF¢
in EC/DEC=50/50 (v/v)). The 3E cell was tested in a temperature
chamber (LabEvent T/500/30/3, Weiss Technik GmbH, Germany) at
20°C using a potentiostat (Interface 5000E, Gamry Instruments, USA)
for cycling and a second potentiostat (Reference 3000AE, Gamry In-
struments, USA) solely for the voltage measurements of the respective
electrodes vs. Li/Li*. Initially, the 3E cell was charged in a CC-CV step
with a 1 mA current and 0.02 mA cutoff current to 4.2 V. The subsequent
CC discharge to 2.75V with a 1 mA current was used to determine the
capacity of the cell. The second cycle was performed with a C/2 current
(1.8mA) based on the measured cell capacity. The cycle includes a
CC-CV charge to 4.2V (0.02mA cutoff current), followed by a C/2 CC
overdischarge to 0.5 V and 60 min CV phase at 0.5 V. A 10 min OCV phase
was conducted between each charge/discharge step.

2.5. Post-mortem analysis

For the post-mortem analysis, one cell of each group was selected
representatively at the end of the ageing programme (at 80 % SOH plus
20 cycles under reference conditions). Additionally, one fresh cell was
initially characterised utilising the BOL characterisation tests described
in Section 2.2.

Following a 1C CC-CV discharge to 0.5V (C/100 cutoff current), the
three cells were disassembled under an air atmosphere. The electrodes
and separator were removed and analysed using scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX).
Therefore, a scanning electron microscope (FlexSEM1000 II, Hitachi
High-Tech Corporation, Japan) equipped with an EDX-analyser using
AZTecLive Software from Oxford Instruments (UK) was utilised. The
acceleration voltage of the spectra ranged from 5kV to 15kV.

3. Results and discussions
3.1. Capacity loss and cyclic ageing

Prior to the cycling ageing, a BOL cell was disassembled and re-
assembled into a 3-electrode cell using lithium metal as the reference
electrode. The cell was then discharged to 0.5V following the protocol
presented in 2.4, based on the overdischarge ageing experiments. The
results show that the potential of the negative electrode increases up to
3.05V vs. Li/Lit during the constant-voltage step at a full-cell voltage of
0.5V (see Figure S4 of the supporting information). This value is clearly
below the 3.4V vs. Li/Li* threshold at which initial copper dissolution
has been reported in literature [15,24], thereby confirming that the
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developed overdischarge ageing protocol can effectively avoid copper
oxidation.

The cell capacities monitored during cyclic ageing are displayed
in Fig. 2a. The average SOH of the accelerated ageing group reached
80 % after 30 cycles in ~ 10 days cycling time, while the reference
group was cycled for ~ 56 days (200 cycles) to reach the same SOH.
Hence, restricted overdischarge cycling to 0.5V greatly accelerated the
capacity loss during cyclic ageing by a factor > 5.

After accelerated cycling to an average SOH of 80 %, the cycling
was continued under reference conditions, i.e., applying the datasheet
discharge cutoff voltage. Intriguingly, the average cell capacity contin-
ued to decrease, indicating the absence of any recovery in capacity
subsequent to the overdischarge cycling. Moreover, the capacity loss
per cycle was significantly lower during reference ageing compared
to the previous overdischarge cycles. This implies that the accelerated
cycling programme did not inflict any lasting damage to the cells
while still inducing an irreversible capacity loss. This is underlined
by the capacity fading rate shown in Fig. 2b, which was calculated
from the cycling data. During accelerated ageing, the fading rate was
rather constant with an average value of 18.6mAhcycle™!. Changing
to full-cycle ageing, the fading rate significantly dropped, reaching
average values of 3.4mAhcycle™. This value matches very well the
average fading rate of the reference group, which states 3.9 mAhcycle™!.
This suggests comparable cell performance between the cells subjected
to reference ageing and those undergoing accelerated ageing upon
reaching an SOH of 80 %.

When the LIB cells were overdischarged, the coulombic efficiency of
the cycles remained rather constant, with an average value of 99.8 %,
as seen in Fig. 2c. This value is similar to the reference cycling and
remains below 1, possibly indicating few or no irreversible side reac-
tions at low voltages. Moreover, the energy efficiency during the chosen
overdischarge conditions was significantly lower (with an average of
81.1 %) compared to the reference cycling (84.3 %). Meanwhile, up to
80 % SOH, the EE declined in a similar manner during the accelerated
and reference cycling. As the EE is influenced not only by capacity but
also by the internal resistance of a cell, the trend of EE particularly
provides insights into the resistance behaviour during accelerated and
reference cycling. The development of the Ohmic resistance will be
discussed in detail in 3.2. The considerable difference in EE across
cycling modes may be attributed to a greater voltage hysteresis during
the overdischarge cycles. This is supported by the observation that the
CE remains at similar values, possibly suggesting that more lithium is
being used reversibly. Another explanation is that irreversible processes
with similar charge consumptions take place, such as oxidative decom-
position of the SEI (during overdischarge) and reformation of the SEI
(during charge). These processes occur at different potentials, causing
the decreased EE during accelerated ageing. Following the accelerated
ageing, both the CE and EE amounted to values close to those of the
reference cells at a similar SOH. Specifically, the EE at 80 % SOH was
83.1% and 82.0 % after accelerated and reference ageing, respectively.
At the same SOH, the CE recorded values of 99.8 % after accelerated
ageing. This is in line with the CE of the reference ageing, which
remained relatively constant, averaging 99.8 % throughout the entire
testing period. Furthermore, as illustrated in Fig. 2c, the decline in EE
during standard cycles after accelerated ageing closely aligns with that
observed in reference cycling, reaffirming that the overdischarge cycles
induce little to no lasting damage.

In Fig. 2d the current profile and the capacity of the 30 min last-
ing CV phase at 0.5V are depicted. The current and capacity of the
first cycle differ significantly from the following cycles. The average
discharge capacity during the first CV step stated 52.5 mAh, while it
dropped to 37.4 mAh for the second CV step. Furthermore, the discharge
capacity was rather stable from the 2nd to 30th CV step, resulting in an
averaged value of 30.6 mAh. Overall, the results imply that the original
SEL, built during the formation step in the course of cell production,
was rather strongly decomposed during the first overdischarge cycle. In
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Fig. 2. Electrical behaviour during cyclic ageing. (a) Trend in capacity (C + o) according to capacity test at 1C every 10/20 cycles (accelerated/reference

group). (b) Average capacity fade (EfudE + o) determined from discharge curves only considering discharged capacity until 2.75V (¥

from data sheet) during

nin

accelerated and reference ageing. (c¢) Cycle-dependent trend in coulombic and energy efficiency (CE + 6, EE + o) during accelerated and reference ageing. (d)
Trend in average current of the CV step at 0.5V (limited to 30 min) during accelerated cycling. The inset shows the respective cycle-dependent trend in discharge

capacity (Ecv +o0) at 0.5V.

the subsequent cycling, the decomposition and reformation of the SEI
seemed less pronounced; however, they remained consistent in each
cycle. Interestingly, a detailed examination of the current trend during
these CV phases reveals a slight downward and rightward shift during
the first minute, with an increased cycle number, indicating a change
in the time constant of one or multiple processes.

3.2. Electrochemical impedance spectroscopy

The change in internal resistance during the cyclic ageing is further
characterised utilising EIS measurements. The EIS data acquired every
20 cycles (reference group) and 10 cycles (accelerated ageing group)
are depicted in Fig. 3a and 3b. A slight and steady increase in Ohmic
resistance can be seen for both groups, indicating similar degradation
in electronic and ionic conductivities of the current collectors, active
materials, and electrolyte. Herein, the electrolyte decomposition and
SEI formation/growth are believed to be significant causes for this
degradation. At the end of the ageing programmes (SOH of 80 % plus
20 full cycles), the average Ohmic resistance increased from 29 mS2
(BOL) to 33 m2 and 33.3m{2 for the accelerated and reference groups,
respectively. Overall, the impedance curves of the reference and accel-
erated ageing exhibit similar growth in terms of shape and position.
The rise in impedance is primarily indicated by the development of
a second semicircle in the Nyquist representation. Furthermore, for
the accelerated ageing group, the impedance growth neither continued
to accelerate nor recovered after overdischarging. Indeed, it closely
mimics the impedance of the reference cycling at 80 % SOH plus 20
full cycles. Therefore, it is assumed that the chosen accelerated age-
ing method imposes degradation comparable to conventional ageing
methods under laboratory conditions.

For a more precise assignment of the characteristic degradation
processes, a distribution of relaxation times analysis was performed.
The corresponding time constant (z) distributions of the reference
ageing and the accelerated ageing are shown in Fig. 3c and Fig. 3d,
respectively. Three distinct peaks are observed at about 7 1073 s,
7~ 1072 to 107!s, and 7 > 10°s.

According to peak assignments found in literature, the impact of the
SEI may be studied at approximately 10~3s [29-36]. Therefore,

~
~

~
~

the slight increase in the first peak in the DRT analysis (located at
7 & 1073s) for both the reference and accelerated ageing suggests
SEI growth [37]. Moreover, the DRT implies a rising resistance of
the process Rgg; (area under the peak), which is caused by the in-
creasing thickness of the SEI [37]. As elaborated above, since both
overdischarging and cyclic ageing primarily impact the SEI formation
and growth, this is assumed to be the main degradation mechanism of
this study. However, the most significant impedance change observed
during both ageing conditions is the growth of the second semicircle in
the Nyquist plot (see Fig. 3a and 3b) and the second peak in the DRT
analysis (Fig. 3c and 3d), respectively. This peak is located at about
7 ~ 107%s and moved to 10~!s during the cyclic ageing. According to
literature, the degradation of charge transfer processes in the electrodes
can be studied at comparable time constants (about z = 1073 to
10°s) [29,30,33,35,37]. Within this range, multiple electrochemical
processes possibly impact the impedance of a cell and a peak can have
a rather complex structure [38]. However, the main process is most
likely associated with the charge transfer resistance of the positive
electrode [29,37].

Therefore, while SEI growth is considered the principal degrada-
tion mechanism and a major contributor to the capacity fade, the
most pronounced change in impedance is attributed to an increase
in charge transfer resistance, primarily or possibly exclusively, at the
positive electrode. A possible explanation is that for the investigated
cell type, ageing has only a minor effect on the tortuosity of the SEI,
while it markedly influences the positive electrode, presumably through
alterations in the CEI [29,37].

A more detailed look regarding possible degradation modes will be
discussed in the subsequent chapter using differential voltage analysis
(see Section 3.3).

The third peak at z > 10° s (grey shaded area in Fig. 3) is associated
with relaxation and diffusion [30]. Since the DRT, by design, only
reflects capacitive-resistive processes, the diffusive part is commonly
not evaluated.

3.3. Differential voltage analysis

Selected voltage curves and differential voltage analysis, both de-
rived from the pseudo-OCV measurements of the check-ups conducted
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Fig. 3. Electrochemical impedance spectroscopy. Cycle-dependent Nyquist plots of impedance data (Z + o) received from EIS measurements at 20 °C and 50 %
SOC of (a) reference ageing and (b) accelerated ageing. DRT derived from EIS measurements of (c) reference ageing and (d) accelerated ageing.

during cyclic ageing, are presented in Fig. 4. Fig. 4a illustrates the
average discharge voltage curves of the respective ageing groups from
the first, thus, the BOL, and the last, the end-of-life (EOL), pOCV tests.
Herein, the average BOL curve is based on the BOL cells from both
groups. The voltage curves shift primarily due to the cells’ ageing-
related capacity loss (CL). A slight difference in the EOL curves, partic-
ularly in the low SOC region, can be observed, as the average capacity
— and hence SOH — of the reference cells at the end of the ageing
programme is slightly lower than that of the accelerated ageing cells.

Fig. 4b shows the DVA derived from the discharge step of the BOL,
and EOL (80 % SOH plus 20 full cycles) pOCV tests of the respective
ageing programmes. Herein, the DV curves are centred around the char-
acteristic graphite peak at about 60 % SOC (peak 4) for a better visual
differentiation between the degradation modes causing capacity loss.
Additionally, for this purpose, the characteristic peaks are enumerated
on the BOL curve. Analysing the position and height of the dV/dQ
peaks, representing the transitions between lithiation equilibria [39],
the degradation and cause of the capacity loss can be traced. Generally,
the main degradation modes of LIB cells are loss of lithium inventory
(LLI) and loss of active material (LAM). The latter one is divided into
loss of active material at the negative electrode (LAMyg) and positive
electrode (LAMpg) [40]. LLI occurs when cyclable lithium is lost due
to parasitic reactions, such as SEI growth. LAM can be traced back
to a deactivation of the electrode’s active mass, i.e., through particle
cracking and blockage of active areas. LAM can be traced using DVA by
measuring a possible decrease in the distance of two peaks associated
with the same electrode [41-44].

For peak assignment, pOCV half-cell measurements of extracted BOL
electrode materials were conducted (see Figure S5a of the supporting
information). According to the corresponding DVA in Figure S5b, peaks
1-3 identified in Fig. 4b can be clearly associated with the positive
electrode, while peaks 4-6 can be attributed to the negative electrode’s
active material. Furthermore, the observed peak positions of peaks
4-6 align well with the reported values for graphite electrodes in
NMC cells at these characteristic SOCs, further confirming the peak
identification [43,45,46].

Overall, the EOL characteristics of the differential voltage curves
are very similar for both accelerated and reference ageing. A signifi-
cant decrease in the intensity of all identified peaks can be observed,
while peaks 5 and 6 disappear entirely. As the reduction of peak
heights, i.e. a smoothing out of the peaks, indicates a decrease in

the homogeneity of lithium distribution (HLD) [45,46], a considerably
inhomogeneous lithium distribution can be assumed for both the ac-
celerated and reference ageing. The lithium distribution can also affect
the capacity loss, as a low HLD leads to the discharge cutoff voltage
being reached sooner [45]. Furthermore, given that both accelerated
and reference ageing experienced capacity loss at high cell voltages,
the declining cell capacity is most likely attributed to LLI and caused by
SEI growth [43,47]. The slightly greater capacity loss in the reference
cells is presumably due to LLI as well.

The EOL differential voltage curves differ primarily in the pro-
nunciation of the central graphite peak, which is more intense after
accelerated ageing and may be ascribed to HLD [46]. Moreover, in the
high SOC region, particularly around peaks 1 and 2, the differential
voltage curve of the accelerated ageing lies slightly higher than the
reference curve, while maintaining a similar slope. This may be a result
of the recovery of a process following the accelerated ageing, as this
effect only appeared after the full-cycle ageing that followed the 30
accelerated cycles, as evidenced in Fig. 4d.

Figs. 4c and 4d illustrate the DVA derived from the pseudo-OCV
measurements conducted every 20 cycles (reference group) and every
10 cycles (accelerated ageing group), respectively. Herein, the degra-
dation path during cyclic ageing can be studied. The changes in the
pronunciations and shifts of the peaks are very similar, comparing the
accelerated to the reference ageing. The steady capacity loss results
in the shift of the entire differential voltage, and thus, the peaks to
the left. Moreover, a continuous loss/decreasing intensity is observed
in all peaks. Interestingly, however, during the accelerated ageing,
peak 4 was initially intensified, but then did not change during the
30 overdischarge cycles (Fig. 4d). Once the accelerated cycling was
stopped and the ageing was continued with full cycles, the peak height
declined slightly. The steadily decreasing pronunciation of the peak can
also be seen for the reference ageing (Fig. 4c).

During the first cycles, the distance between peaks 4 and 5 or 4 and
6 can be tracked (Fig. 4c and 4d). As the capacity decreased during
those cycles, but the peak distances remained rather similar, LAMyg
is most likely not the main degradation mechanism. This is true for
both the accelerated as well as the reference ageing. Unfortunately, the
LAMyg cannot be followed over the entire testing period as peaks 5 and
6 vanished at larger SOHs (after 20 and 80 cycles of the accelerated
and reference ageing, respectively). Although peaks 1-3 can be clearly
assigned to the positive electrode, a reliable assessment of LAMpg is
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programme (30 overdischarge followed by 20 full cycles).

very challenging, as the overlapping influences of the different peaks,
lithium inventory loss, and changes in peak intensities impede an
unambiguous interpretation.

Overall, the differential voltage analysis reveals similar characteris-
tic degradation and degradation paths for the accelerated ageing pro-
gramme compared to the reference ageing. Moreover, the degradation
during full cycles subsequent to the accelerated ageing does not seem
to be accelerated, but mostly mimics the behaviour of the reference
cycling. As elaborated above, both differential voltage curves show ca-
pacity loss mainly in the high SOC region, hence, at larger cell voltages,
while the capacity loss due to LAMyg is low. This indicates that LLI
is the main degradation mode of both ageing programmes [41], most
likely caused by SEI growth [43,47]. It is therefore very likely that the
CE during overdischarge cycles, being similar to that of the reference
cycles, results from SEI decomposition and reformation, which con-
tribute approximately equally to the current during overdischarge and
subsequent charging, although the alternative explanation — greater
utilisation of reversible lithium — may also play a role.

3.4. Post-mortem analysis

To support that the developed restricted overdischarge ageing does
avoid, as targeted, copper current collector dissolution during the
overdischarge step, an EDX analysis was performed. The determined
copper content for a new cell (BOL) and two EOL cells, one of the
accelerated, and one of the reference ageing group, are summarised in
Table 2. There are no significant deviations in the determined copper
contents between the respective groups, which is generally in line with
the results reported by Menale et al. [27]. However, for higher degrees
of overdischarge (110 and 140% DOD), they reported significantly
increased amounts of copper in the cells (by a factor of around 5).

Furthermore, we conducted a proof-of-concept experiment, in which
the lower cutoff voltage during the accelerated ageing was reduced
from 0.5V to 0.0 V. The cells overdischarged to 0.0V exhibited a very
similar ageing rate during the overdischarge cycles compared to those
overdischarged to 0.5V (see Figure S6 of the supporting informa-
tion). Interestingly, post-mortem EDX analysis revealed a significantly
higher copper content in the cell overdischarged to 0.0V — 2.0at-
%, approximately twice the value observed in the cell overdischarged

Table 2

Copper content in atomic-% in begin-of-life (BOL) and end-of-life (EOL) cells
determined by EDX analysis. Different parts of the cells were analysed, i.e., the
negative electrode (NE), the separator side which faced the negative electrode,
and the separator side which faced the positive electrode, as well as the
positive electrode (PE).

SOH of cell sample NE Separator (NE) Separator (PE) PE
BOL 1.1 0.0 0.0 0.3
EOL (ref. ageing) 1.1 0.1 0.1 0.1
EOL (0.5V acc. ageing) 1.2 0.2 0.1 0.1
EOL (0.0V acc. ageing) 2.0 0.1 0.0 0.0

to 0.5V, as well as the reference cell. These results further confirm
that the developed accelerated ageing protocol effectively prevents an
intensified copper dissolution.

Generally, it should be noted that the parameters to avoid cop-
per dissolution are only valid for the specific cell type tested here.
Multiple factors can influence these parameters, such as electrolyte
composition, as well as the loading, balancing, and type of electrode
used. Furthermore, the irreversible reactions occurring during several
overdischarge steps may result in a continuous increase in the half-
cell potential of the negative electrode at the overdischarge cutoff
conditions, potentially surpassing the onset of copper oxidation at high
overdischarge cycles. Nonetheless, according to the EDX results, the
herein applied parameters for the restrictive overdischarge successfully
avoided copper dissolution at the negative electrode.

4. Conclusion

The present study introduces an ageing programme that greatly ac-
celerates characteristic degradation of lithium-ion NMC/C cells. By em-
ploying overdischarge to 0.5V, i.e., a restricted overdischarge, during
cyclic ageing, the cells’ SOH decreased to 80 % within 30 cycles, com-
pared to 200 cycles with reference full-cycle ageing (1C, 100 % DOD).
Subsequent analysis of the electrical parameters, such as capacity fade
and efficiency, during full-cycle ageing revealed no significant differ-
ences in performance between reference and accelerated-aged cells,
indicating no lasting damage inflicted by the restricted overdischarge.
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The degradation mechanisms were evaluated using EIS measure-
ments and DRT analysis, as well as DVA during reference and accel-
erated ageing, respectively. The impedances of the cells show a very
similar development for both reference and accelerated ageing. In both
cases, the primary increase in impedance can be attributed to the
degradation of charge transfer processes, most likely in the positive
electrode. Moreover, the DRT analysis reveals the degradation of a
second process at lower time constants, indicating SEI growth. The
DV curves of both test groups show comparable trends throughout
ageing, and they converge towards similar values at the end of the
test, implying very similar degradation modes for both ageing types.
Furthermore, the DV results of both test groups indicate that the loss
of lithium inventory is the primary cause of fading capacity, pointing
to SEI growth as the main degradation mechanism. Additionally, a
substantial decrease in the homogeneity of lithium distribution was
observed during cyclic ageing for both ageing types. Herein, slight
differences between the overdischarged and reference cells are revealed
at different stages of their respective ageing programmes. Nonetheless,
the analysis suggests that the employed restricted overdischarge causes
very similar degradation modes during cyclic ageing, producing cells
that display electrochemical characteristics comparable to those of
reference-aged cells.

Finally, EDX analysis revealed no increased copper content in the
overdischarged cells, confirming that the chosen parameters of the
restricted overdischarge successfully avoid copper current collector
dissolution.

Generally, the proposed ageing method can be suitable for providing
cells with a defined SOH at a reasonable timescale with little to no
alteration of the main degradation mechanisms. Overall, restricted
overdischarge has the potential to advance research on the operation
of aged lithium-ion cells in second-life applications, as well as finding
the threshold at which extended cyclic ageing can be accelerated while
maintaining characteristic degradation phenomena.
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