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Abstract: The driving and charging behaviours of Electric Vehicle (EV) users exhibit considerable
variation, which substantially impacts the battery degradation rate and its root causes. EV battery
packs undergo second-life application after first-life retirement, with SoH measurements taken before
redeployment. However, the impact of the root cause of degradation on second-life performance
remains unknown. Hence, the question remains whether it is necessary to have more than a simple
measure of state of health (SoH) before redeployment. This article presents experimental data to
investigate this. As part of the experiment, a group of cells at around 80% SoH, representing retired
EV batteries, were cycled using a representative second-life duty cycle. Cells with a similar root cause
of degradation in the first life (100–80% SoH) exhibited the same degradation rate in second life after
being cycled with the same duty cycle during the second life. When the root cause of degradation in
the first life is different, the degradation rate in the second life may not be the same. These findings
suggest that the root cause of a cell’s first-life degradation impacts how it degrades in its second
life. Postmortem analysis (photographic and SEM images) reveals the similar physical condition of
negative electrodes which have similar degradation rates in their second life cycle. This demonstrates
that cells with a similar first life SoH and root cause of degradation indeed experience a similar life
during their second life. The experimental results, along with the subsequent postmortem analysis,
suggest that relying solely on SoH assessment is insufficient. It is crucial to take into account the root
causes of cell degradation before redeployment.

Keywords: second life; lithium ion battery; degradation mode; state of health; grading

1. Introduction

At present, electric vehicles are experiencing a significant triumph over traditional
vehicles, attributable to the advancements in lithium-ion battery (LIB) and electric power-
train technology. Many believe that EVs have already been proven to be safer and more
reliable than their gasoline-powered counterparts [1–3]. EVs play a significant role in
reducing local air pollution and the overall use of fossil fuels. The average lifespan of an
EV battery is reported to range from 8 to 10 years [4]. To optimise both the environmental
and financial benefits, retired lithium-ion batteries are often being deployed in second-life
applications [5].

When the LIB of an EV reaches its end-of-life (EoL) it can be either recycled [6], directly
reused (without any changes) [7], or reused through remanufacturing [8]. Opting for
the recycling of all battery packs at the end of their first lifespan does not contribute to
extending the usage of LIBs. Direct reuse of the EoL-EV battery packs will likely incur
additional servicing downstream. In addition, a pack’s capacity and power capability will
be defined by the weakest cell/module [9]. It may also require adding additional electrical
hardware, control systems and, safety systems [10], which will add further costs and mass.
Alternatively, remanufacturing the packs may create a balanced battery pack, which can
address most of these issues.
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Modules/cells should be graded and matched in a remanufactured pack to avoid ex-
cessive pack imbalances and degradation gradients in the battery’s second life [9,11,12]. At
present, grading is performed considering the previous capacity or resistance, i.e., SoH [13,14].
Generally, a battery is considered to have reached its end of life when its capacity decreases to
0.8 times its original value or its resistance doubles from its initial level [15]. Earlier investiga-
tions [16] propose that, during the initial phase of a battery’s lifespan, resistance tends to rise
gradually, while the capacity loss becomes more apparent. Hence, capacity testing is far more
effective than resistance estimation in detecting degradation and delivering trustworthy data
during the early stage s of a battery’s lifespan. Therefore, in this study, the SoH of the cells is
assessed by utilising capacity tests. More details of the capacity test can be found in [17].

Barai et al. [18] and Dubarry et al. [19] proposed that the root cause of degradation, i.e.,
Degradation Mode (DM), in addition to SoH, might need to be considered to understand the
previous degradation. Battery degradation [19] is impacted by numerous factors, whether at
the individual cell level or the assembly level, and their effects are frequently interconnected.
When transitioning from single cells to modules and packs in a scaled-up system, the quantity
of stress factors rises, and their interdependence intensifies. Therefore, it is crucial to address
these factors as thoroughly as possible in advance. Martinez et al. [20] proposed that the
previous degradation of a cell needs to be considered before redeploying the cell for a second
life. The findings of Barai et al. [18], Dubarry et al. [19] and Martinez et al. [20] indicate that
the DM might also need to be considered in the grading process, along with SoH.

It is difficult to attribute all causes of degradation to a single source because Degra-
dation Modes interact and depend on each other significantly. In order to improve com-
prehension of the DM, Dubarry et al. [21], Birkl et al. [22], and Marongiu et al. [23] have
suggested categorizing them into three distinct groups:

1. Loss of active material (LAM);
2. Loss of lithium inventory (LLI), and;
3. Conductivity loss (CL).

Degradation resulting from binder dissolution or the corrosion of the current collector
is associated with CL [24]. During the charge/discharge process, lithium ions intercalate
and de-intercalate from electrodes, playing a crucial role in storing and distributing electri-
cal charges within the cell. The reduction in these lithium ions defines LLI [24]. Changes in
the composition of the positive and negative electrode constituents facilitate the intercala-
tion and de-intercalation of lithium, leading to the creation of active materials. The term
“LAM” primarily refers to the reduction of active material and electrolyte components [24].
More details of DMs are provided in [17].

However, until now there is no experimental evidence for the impact of first-life DM
on a battery’s second life. Hence, the question remains whether it is necessary to know
about the DM along with SoH before redeployment. In other words, whether previous-life
DM impacts second-life degradation. Therefore, before including DM identification in
the grading technique (as DM identification is a time consuming and expensive process),
knowing whether first-life DM impacts second-life ageing is required.

To achieve this the first step, we must have an indexing method for DM. A suitable
indexing method for DM was not available in the current literature. Therefore, the authors
of this article previously proposed a DM identification technique [12]. Exploiting this
indexing method, this article presents an experimental research programme to ascertain
whether first-life DM influences the second-life degradation rate.

In addition to the non-invasive technique, forensic analysis is a direct method for observ-
ing cell degradation through postmortem analysis. For example, Xie et al. [25] noticed that
the new negative electrode exhibited a black surface with a uniform covering. In contrast,
the cycled negative electrode exhibited metallic grey deposits, indicating the deposition of
metallic lithium. Moreover, the appearance of wrinkles on the exterior of aged anodes can
be linked to the electrode’s expansion caused by rapid charging. Laforgue et al. [26] visually
observed whitish deposits on the cells cycled at a lower temperature. Bach et al. [27] and
Wu et al. [28] confirmed that the area’s whitish/silver-grey colour was the consequence of
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lithium plating [29]. Wu et al. [28] also showed that, in some locations, the anode material
has exfoliated off the copper foil, resulting in the loss of electrical contact between the active
material and the current collector. Hence, the outcome of the second-life experimental data is
verified using the features visible on electrodes. Electrode features are observed by performing
a postmortem analysis.

The experimental detail is outlined in Section 2. The second-life degradation rate
was analysed with and without DM in Section 3. Section 4 represents the post-mortem
analysis. Finally, future work and a summary of this research outcomes are provided in
Sections 5 and 6, respectively.

2. Experimental Details

The cells used for this experiment are cylindrical 21,700 format (capacity: 5 Ah),
consisting of NMC 811 positive electrodes and bi-component graphite SiOx as the negative
electrode. The data sheet for the cells employed for this experiment is provided in [17].

The experiment was performed on a group of cells at around 80% SoH. These cells
were cycled using a representative second-life duty cycle. The second-life duty cycle was
adopted from a real-world second-life EV battery deployed for grid services. At regular
intervals, the cell’s SoH and DM were measured, and the experimental details are provided
in Section 2.

The DM of each cell as they degraded from 100% to 80% SoH in first life was known.
This allowed these cells to be graded by employing the indexing method developed by the
authors of this article [12]. Finally, to understand the effect of first-life DM on second-life
ageing, second-life experimental data is analysed in two ways:

➢ Second-life data are analysed by considering only the first-life SoH of the cells.
➢ Second-life data are analysed by considering both first-life SoH and DM of the cells.

In these experiments, SoH of the cells is determined by assessing their energy capacity.
Table 1 displays the SoH of the cells at the end of their first life. Details of the first life test are
provided in [17]. As reported in the literature [30], cell degradation varies slightly even in a
controlled degradation experiment when exposed to the same usages and environmental
conditions. Consequently, achieving a precise 80% SoH for a group of cells based on their
first-life degradation is challenging. Furthermore, various articles have acknowledged an
error margin of 1–2% when determining cell SoH [31,32]. Hence, this research employs a
margin of ±1.5%, i.e., cells with a SoH that falls within a range of 80 ± 1.5% are regarded as
having a similar SoH. Table 1 illustrates that the SoH of the cells during their first life varies
within the range of 80% (±1.5%). Cells with SoH in the range of 78.5–81.5% are included
in this study. Only three cells (Cell 4, 14, and 15) slightly exceed this limit. As first-life
ageing aims to reduce the SoH of the cells from approximately 100% to 80%, analysis of
the first-life data is beyond the scope of this article. Hence, this article does not analyse the
first-life experimental data. Details of the first life experiment can be found in [17].

However, for post-second-life SoH analysis, the cells provided in Table 1 were used,
except for Cells 4, 14, and 15 (as these three cells slightly exceeded the ±1.5% range at the
end of the first-life experiment). The experiment was designed for the cells to reach the
same SoH level. After achieving a similar SoH level, the DM of the cells could be identified.

DM identification was performed following the process described in [17], and a de-
scription of these processes will not be repeated here. When the DM of each peak of each
cell’s IC curve is matched, the cells are in the same DM state, whereas the opposite condi-
tions result in cells being in a different DM state. The identified DM and the corresponding
IC curves are illustrated in Table 1 and Figure 1, respectively. Figure 1 shows that the DM
of the four IC peaks (e.g., 1st, 2nd, 3rd and 4th peaks are denoted as P1, P2, P3 and P4 as
shown in Figure 1d) is similar for Cells 1–4, (P1 and P3, LLI dominated, and P3 and P4,
LAM dominated). Likewise, the four IC peaks are similar for Cells 5 and 14–18 (P4 = LAM,
P3 = P2 = P1 = LLI), Cell 7–10 (P4 = PD, P3 = P2 = P1 = LLI) and Cells 6 and 11–13 (P4 = P3
= P2 = P1 = LLI).
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Table 1. End of first or starting of second-life SoH and first-life DM of the cells.

Cell P4 P3 P2 P1 DM Type
End of First Life

SoH%/Starting of
Second Life SoH%

Cell 1 LAM LLI LAM LLI Type-1 80.57

Cell 2 LAM LLI LAM LLI Type-1 80.54

Cell 3 LAM LLI LAM LLI Type-1 78.76

Cell 4 LAM LLI LAM LLI Type-1 77.56

Cell 5 LAM LLI LLI LLI Type-2 79.35

Cell 6 LLI LLI LLI LLI Type-3 79.35

Cell 7 PD LLI LLI LLI Type-4 79.83

Cell 8 PD LLI LLI LLI Type-4 79.42

Cell 9 PD LLI LLI LLI Type-4 81.16

Cell 10 PD LLI LLI LLI Type-4 79.75

Cell 11 LLI LLI LLI LLI Type-3 81.16

Cell 12 LLI LLI LLI LLI Type-3 80.2

Cell 13 LLI LLI LLI LLI Type-3 78.58

Cell 14 LAM LLI LLI LLI Type-2 77.96

Cell 15 LAM LLI LLI LLI Type-2 78.36

Cell 16 LAM LLI LLI LLI Type-2 79.74

Cell 17 LAM LLI LLI LLI Type-2 79.76

Cell 18 LAM LLI LLI LLI Type-2 80.56

After DM identification, a second-life test was conducted, as detailed in Section 2.2.
As previously mentioned, the objective of this second-life test was to observe how cells
degrade during their second life. The SoH values at the end of the second-life testing are
presented in Section 3.1. Subsequently, the data were analysed in three distinct ways after
the second-life testing. The degradation during the second life was analysed considering the
first-life SoH and then considering both first-life SoH and DM. The second life experimental
flowchart is shown in Figure 2.
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Figure 2. The progression of the second life degradation test for the individual cells.

2.1. Reference Performance Test (RPT)

The RPT of the cells was performed at 25 ◦C. RPT consists of a capacity test using C/3
current and a pOCV test using C/10 current. For the capacity test, cells were charged first
following CC-CV protocol. During the CC phase, the cell underwent charging at a rate of C/3
until the charge voltage reached its designated endpoint of 4.2 V. Following this, during the
CV phase, the cells underwent charging at a voltage of 4.2 V until the current reached a value
of C/20 (0.25 A). For the p-OCV test; cells were initially discharged at 2.5 V, then charged to
4.2 V using C/10 current following the CC-CV protocol with a cutoff current of C/20 (0.25 A)
in the CV phase. C/10 discharge step is used to derive the IC curve.

2.2. Second Life Degradation Test

Second-life degradation was performed by cycling every cell using the same duty
cycle. After cycling for a full equivalent month (FEM) of real-world usage, an RPT was
performed, and cycling resumed afterwards. All cycling was carried out at an ambient
temperature of 25 ◦C. The test continued until the cells reach around 70% SoH.

The second-life duty cycle was derived from second-life battery packs performing
grid services. The original duty cycle profile is shown in Figure 3 and was provided by an
independent industrial partner. The battery pack was a first-generation Nissan leaf battery
with 33 Ah capacity. Thus, the duty cycle profile needs to be scaled down to match the
capacity level of 21,700 NMC for the cells used for this study.

The profile (Figure 3a) experienced an extended rest period, around 14 h, on that day. To
accelerate the second life experiment, this rest period can be reduced. This will reduce the
calendar life degradation and may affect the cycle life performance of the cell compared to
the real world [22]. However, this will not have a major implication for the research question
being investigated as part of this research as this study only investigates the degradation of
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cells in their second life that have undergone a similar second-life profile, and the influence of
the reduced calendar life degradation is beyond the scope of this article.
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After reducing the rest period, the duty cycle duration was reduced from 24 h to
approximately 10 h, as shown in Figure 3b. Nissan Leaf battery cells have a higher power
capability than the cells used here. Therefore, on a couple of occasions, the high current
pulse was scaled to the maximum capability of the cell used here; this profile can be seen
in Figure 3a. To create a cycling profile representing one month of real world cycling, the
profile in Figure 3b is repeated 31 times, as shown in Figure 3c. This synthesised monthly
profile is considered as one FEM. Due to the accelerated duty cycle, the degradation
mechanism of the cells can change or cause the evolution of a new degradation mechanisms.
However, it will be the same for all the cells. Hence, it is argued that it will not impact the
authors’ aim with this dataset.

After second-life testing, post-second-life test results are validated by further post-
mortem analysis. Hence, details of the cell disassembly and postmortem characterisation
technique (i.e., scanning electron microscopy) are provided below.

2.3. Cell Disassembly

To reduce the risk of cell damage and reactivity during dismantling, the cells were
discharged to 2.7 V with a continuous current of 0.5 A (C/10) until the current was reduced
to 0.2 A (C/25). After being discharged, the cells were opened in an argon-filled glove
box with a concentration of oxygen and water below 0.1 ppm. The jelly roll was unwound
gently after the cell container was opened. The outer separator, anode, inner separator, and
cathode were isolated from one another with care. For visual inspection of the jellyroll,
digital photographs were taken with a Nikon (D3400) camera (Nikon, Minato City, Tokyo)
with fixed camera settings (ISO = 800, shutter speed 1/60 s, aperture F5, white balance =
fluorescent) under similar light conditions.

2.4. Scanning Electron Microscopy (SEM)

A field-emission scanning electron microscope (FE-SEM) (Sigma, Zeiss, XmaxN 80, Ox-
ford Instruments, Abingdon, UK), integrated with an energy-dispersive X-ray spectrometer,
was utilised for SEM. To retain the microstructure, the cycled electrodes were carried to the
SEM chamber using a specially built airless transfer tool (Kammrath and Weiss, Schwerte,
Germany). During the image collection an Inlense detector, 5 kV acceleration voltage, and
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30 µm aperture were used. SEM was performed to evaluate the morphological changes of
the electrodes (aged and fresh condition).

3. Results and Discussion
3.1. Second-Life SoH Analysis Considering Only First Life SoH

At the beginning of the second-life testing, the SoH of the 15 cells (except Cells 4, 14,
and 15) were within the ±1.5% range. However, in the post-second-life test, the cell’s SoH
variations exceeded the ±1.5% range, as shown in Figure 4. In Figure 4, RPT 0 represents
the SoH of the cell at the beginning of the second-life testing, and RPT 7 represents the SoH
of the cell at the end of the second-life testing. However, at the end of the second-life test,
the lowest SoH is recorded for Cell 10, at 67.54%, while the highest SoH is observed for Cell
2, reaching 78.16%. Post-second-life test SoH data (Figure 4) reveal the SoH of Cells 1, 2, 3,
11, 12, and 18; 5, 6, 7, and 13; or 9, 10, 16, and 17 within the ±1.5% range. Post-second-life
test SoH data also reveal that the SoH of Cells 1, 5, and 10; Cell 2, 5, and 8; or 3, 7, and 16
exceeded the ±1.5% range.

Upon examining the post-second-life SoH, it becomes evident that, when cells are
classified solely based on their initial SoH, there is approximately a 20% to 30% likelihood
of achieving similar SoH levels during the cell’s second life. As the post-second-life test
SoH variations exceeded the ±1.5% range, it is suggested that relying solely on first-life
SoH estimation before a second-life application is insufficient to maintain SoH variations
within the ±1.5% range during the second-life phase. The wide variation observed in
post-second-life SoH underscores that cells with only similar SoH values at the end of the
first life do not consistently demonstrate similar ageing characteristics during their second
life. Hence, to obtain similar ageing characteristics during the second life, the DMs of the
cells need be considered, and cells should be grouped based on the first-life SoH and DM
at approximately 80% SoH. Details of the analysis are discussed in the following section.
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3.2. Second-Life SoH Analysis Considering First-Life SoH and DM at Approximately 80% SoH

In this section, the second-life SoH of the cells are analysed based on cell’s first-life SoH
and DM at approximately 80% SoH. All the cells provided in Table 1 are considered for
analysis. However, though most of the cells provided in Table 1 are within the ±1.5% range
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of SoH, there is variation among the cell’s DMs. Table 1 reveals that four DM types (Type 1, 2,
3, and 4) are mainly observed, and the cells are categorised based on DM. Group 1, Group 2,
Group 3, and Group 4 comprise cells of DM types 1, 2, 3, and 4, respectively, as provided in
Table 2.

Table 2. Cell grading considering first-life SoH and DM (identified at 80% SoH).

Group DM Type

Group 1 Cell 1 Cell 2 Cell 3 Cell 4 Type-1

Group 2 Cell 5 Cell 14 Cell 15 Cell 16 Cell 17 Cell 18 Type-2

Group 3 Cell 6 Cell 11 Cell 12 Cell 13 Type-3

Group 4 Cell 7 Cell 8 Cell 9 Cell 10 Type-4

Group 1 cells’ second-life degradation patterns are depicted in Figure 5. It reveals
that, in the second life, Cell 1, 2, and 3 degraded almost linearly from RPT 1 to RPT 3; a
sharp decrease is observed from RPT 3 to RPT 4. The SoH of these three cells are again
slightly increased from RPT 4 to RPT 5, and finally almost linearly decreased from RPT 5
to RPT 7. On the other hand, the SoH of Cell 4 decreased sharply from RPT 1 to RPT 4,
slightly increased from RPT 4 to RPT 5, and rapidly decreased from RPT 5 to RPT 7. Given
the SoH vs. RPT pattern, it can be inferred that Cell 4 underwent different ageing in its
second life in comparison with Cell 1, 2, and 3. Furthermore, Figure 5 suggests that, if cells
are graded based on first-life SoH and DM at 80% SoH, among the four cells, three cells
degrade similarly during their second life.

The second-life degradation patterns for the cells in Group 2 are shown in Figure 6.
Figure 6 illustrates that the SoH for Cells 14, 16, and 17 experiences a moderate degradation
from RPT 1 to RPT 7. Notably, for Cell 16, the SoH remains consistent between RPT 2
and 3, resulting in a flat line instead of a decline during that period. Nevertheless, when
examining the second-life SoH vs. RPT pattern for Cells 14, 16, and 17, it becomes evident
that these three cells share a remarkably similar degradation pattern. This suggests that
these cells underwent similar levels of degradation during their second life. However,
Figure 6 illustrates that the second-life SoH vs. RPT patterns for Cells 5, 15, and 18 display
noticeable dissimilarities, indicating that these three cells experienced distinct forms of
degradation during their second life. This finding indicates that, among the six cells from
Group 2, 50% of the cells aged similarly during their second life.
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The degradation pattern of Group 3 cells during their second life is illustrated in
Figure 7. Figure 7 indicates that the SoH for Cell 7 and 8 experienced nearly linear degrada-
tion with a moderate decrease, while for Cell 9 and 10, SoH exhibited a decline following a
polynomial order (y = ax2 + bx + c). Consequently, when examining the second-life SoH vs.
RPT pattern, it becomes evident that Cell 7 and 8/Cell 9 and 10 share a similar profile. This
suggests that Cell 7 and 8/Cell 9 and 10 underwent similar types of degradation during
their second life. In the case of Group 3, two cells (either Cell 11 and 12 or 6 and 13) out of
four display a similar second-life degradation.
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Figure 8 illustrates the degradation pattern of Group 4 cells during their second life. It reveals
that the SoH pattern of these four cells degraded randomly and differed from each other.

Comparing the second-life SoH of the cells across these four groups, it becomes evident
that approximately 50–75% of the cells exhibited a similar second-life degradation rate
when categorised based on their similar first-life SoH and DM at 80% SoH. Though the first
life SoH and DM at 80% SoH was similar for the cells in Group 4, the second-life ageing
pattern of the Group 4′s cells were different from each other.
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In this section, cells are clustered based on first life SoH and DM at 80% SoH. Due to
variations in usage patterns in the first life, different DMs might have been activated at different
stages of the first life, which may not have been captured when the DM was identified at only
80% SoH. This could explain witnessing different second life ageing patterns for cells which
had a similar first life SoH and DM at 80% SoH. Therefore, the authors wanted to investigate a
scenario in which the DMs at certain intervals during first life (100–80% SoH) are available for
the grading process, which is discussed in the following section.

3.3. Second Life SoH Analysis Considering First Life SoH and DM at Approximately 95%, 90%,
85% and 80% SoH

Utilising the Table 3. DM of the cells from Group 1 at around 95%, 90%, 85%, and
80% SoH, Table 2 can be revised. The DMs of cells from Group 1 across four distinct SoH
levels are identified, as summarised in Table 3. Table 3 suggests that, although Cell 4 was
included with Cell 1, 2, and 3 based on its DM at 80% SoH, when DMs at 85, 90, and 95%
SoH were considered, it no longer belonged to this group. This is because, for Cell 1, 2, and
3, peak 4 (P4) DM was dominated by LLI, LLI, LLIs and LAM at approximately 95%, 90%,
85% and 80% SoH, but for Cell 4 it was dominated by LLI, LLI, LAMs, and LAM at the
same SoH intervals. For P2 and P1, dissimilarities were seen over the same SoH intervals.
Consequently, it can be said that the DM of Cell 4 at different SoH was different from Cell
1, 2, and 3. Thus, Cell 4 aged differently in its second life (Figure 5). The DMs of Cell 1, 2,
and 3 were similar at different SoH levels (i.e., approximately 95%, 90%, 85%, and 80%),
thus Cell 1, 2, and 3 displayed similar ageing patterns (Figure 5).

At 95 and 90% SoH, the peak P1 and P2 height increased instead of decreased. The
increase in peak height is also mentioned by Dubarry et al. [33], and the most pertinent DM to
the increase in peak height has yet to be identified. However, peak height should decrease
according to the Degradation Mode identification technique [12,17,34]. Thus, when peak
height increases, those peaks are defined as unidentified peaks (U) in this article.

A consistent pattern emerges when assessing the DM of Group 2’s cells at approx-
imately 95%, 90%, 85%, and 80% SoH: the DM profiles for Cell 14, 16, and 17 closely
resemble each other. Only P4 in Cell 16 at 95% SoH differs from Cells 14 and 17 (Table 4).
Given the consistent DM profiles observed during a cell’s first lifespan, it can be inferred
that Cell 14, 16, and 17 underwent similar ageing in their first life. Table 4 also depicts that,
for Cell 15, LAM, LLI, LLI and LAM are observed for P4 at approximately 95%, 90%, 85%,
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and 80% SoH, and U, U, LLI, and LLI are observed for P1; whereas, for Cell 18, LLI, LLI,
LAM, and LAM are observed for P4 and U, U, U, and LLI are observed for P1. This finding
indicates that three IC peaks are different between Cell 15 and 18. Considering that uniform
DM profiles are not consistently observed during a cells’ first lifespan, it can be deduced
that Cell 15 and Cell 18 experienced distinct ageing in their first life compared to Cell 14, 16,
and 17. As shown in Figure 6, Cell 15 and Cell 18 exhibited distinct ageing patterns in their
second life compared to Cell 14, 16, and 17, as evidenced by the disparities in their DM at
different SoH levels. In contrast, Cell 14, 16, and 17 exhibited similar ageing characteristics
in their second life, as depicted in Figure 6. Their DMs were similar at different SoH levels.
The 90% and 85% SoH data sets are not available for Cell 5. Hence, it was not possible to
compare its 90% and 85% DM with other cells.

Table 3. DM of the cells from Group 1 at around 95%, 90%, 85%, and 80% SoH.

Cell Cycle SoH P4 P3 P2 P1

1 120 94.17 LLI LAM U U
355 90.38 LLI LLI LAM U
585 84.15 LLI LLI LAM LLI
596 80.58 LAM LLI LAM LLI

2 120 94.55 LLI LAM U U
355 90.74 LLI LLI LAM U
585 84.07 LLI LLI LAM LLI
596 80.54 LAM LLI LAM LLI

3 120 94.07 LLI LAM U U
355 90.28 LLI LLI LAM U
585 83.33 LLI LLI LAM LLI
596 78.76 LAM LLI LAM LLI
120 94.51 LLI LAM U U

4 355 90.58 LLI LLI U U
505 85.57 LAM LLI LAM U
525 77.56 LAM LLI LAM LLI

Table 4. DM of the cells from Group 2 at around 95%, 90%, 85%, and 80% SoH.

Cell Cycle SoH P4 P3 P2 P1

5 52 95.59 LLI LAM LAM U
230 79.54 LAM LLI LLI LLI

14 80 94.15 LAM LAM LLI U
125 89.52 LLI LLI LLI U
175 84.47 LAM LLI LLI LLI
187 77.96 LAM LLI LLI LLI

15 80 94.37 LAM LAM LAM U
175 89.18 LLI LLI LLI U
230 85.37 LLI LLI LLI LLI
285 78.36 LAM LLI LLI LLI

16 80 94.31 LLI LAM LLI U
125 90.06 LLI LLI LLI U
175 83.65 LAM LLI LLI LLI
182 79.74 LAM LLI LLI LLI
80 94.11 LAM LAM LLI U

17 125 89.18 LLI LLI LLI U
175 83.17 LAM LLI LLI LLI
183 79.76 LAM LLI LLI LLI

18 100 93.39 LLI LAM LAM U
180 89.38 LLI LLI LLI U
245 84.37 LAM LLI LLI U
280 80.56 LAM LLI LLI LLI
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For Group 3, it is found that the first-life DMs of Cell 7 and 8 at 95% and 80% SoH
are similar, as shown in Table 5. Meanwhile, the first-life DMs of Cell 9 and 10 at approx-
imately 95%, 90%, 85%, and 80% SoH are almost the same, as shown in Table 5 (only P1
at approximately 90% SoH varied). Figure 7 illustrates that the ageing patterns of Cell 7
and 8 or Cell 9 and 10 were similar, and Table 5 confirms that the DMs of Cell 7 and 8 or
Cell 9 and 10 at different SoH levels were also similar. Hence, it can be concluded that, if
first-life SoH and DM at different SoH levels are similar, cells experience similar ageing in
their second life.

Table 5. DMs of the cells from Group 3 at around 95%, 90%, 85%, and 80% SoH.

Cell Cycle SoH % P4 P3 P2 P1

7 52 95.25 LAM LAM U U
225 81.30 LLI LLI LLI LLI
230 79.72 PD LLI LLI LLI

8 52 95.11 LAM LAM U U
225 81.24 LLI LLI LLI LLI
230 79.26 PD LLI LLI LLI
150 94.39 LLI LAM LAM U
170 89.98 LLI LAM LLI U

9 220 85.57 PD LLI LAM LLI
250 81.16 PD LLI LLI LLI
150 94.34 LLI LAM LAM U
170 88.98 LLI LAM LLI LLI

10 220 84.37 PD LLI LAM LLI
250 79.76 PD LLI LLI LLI

The DMs of Group 4’s cells at different SoH levels are provided in Table 6. Table 6
illustrates that, for Cell 11, P4 is dominated by LLI, LLI, LLI, and LLI and P2 is dominated
by LLI, LAM, LAM, and LLI at approximately 95%, 90%, 85%, and 80% SoH. Figure 8
illustrates that the second-life ageing patterns of Cell 11 and 12 are different. Table 6
confirms that the DMs of Cell 11 and 12 are different at approximately 95%, 90%, and 85%
SoH. DM similarity is only observed at 80% SoH. This finding indicates that, DM similarity
at 80% SoH is not enough to experience a similar degradation in the next life. The 90% and
85% SoH data set is not available for Cell 6 or Cell 13; it was not possible to compare their
90% and 85% DMs with other cells.

Table 6. DMs of the cells from Group 4 at around 95%, 90%, 85%, and 80% SoH.

Cell Cycle SoH % P4 P3 P2 P1

6 52 95.45 LAM LAM LAM U
247 79.56 LLI LLI LLI LLI

11 150 94.28 LLI LAM LAM U
300 91.88 LLI LAM LLI U
70 85.97 LLI LLI LAM LLI
103 81.16 LLI LLI LLI LLI

12 40 95.87 LAM LAM LAM U
120 89.58 LAM LAM LAM U
190 84.23 LAM LLI LLI LLI
201 80.2 LLI LLI LLI LLI

13 40 96.13 LAM LAM LAM U
120 78.58 LLI LLI LLI LLI

Analysing the first-life DM at different SoH levels and second-life ageing patterns
(discussed in Section 3.2), it can be concluded that, if the cell’s first-life SoH and DM (one or
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two IC peak could vary) at different SoH levels (i.e., 95%, 90%, 85%, etc.) are similar, cells
age similarly in their second life.

From a practical point of view, it is ideal to identify the DM at 80% SoH or at the end
of the first life; however, additional measures of DM might also be available from the first
life. This could be the case when a battery is serviced yearly (e.g., with battery health test
offered by Tesla [35]). This health test is a long-duration test; thus it is believed that, during
a battery health test, cells are charged and discharged at a low C-rate. This low C-rate data
can be used to identify the DM at different SoH levels.

4. Postmortem Analysis

In addition to non-invasive techniques, cell disassembly provides a direct method for
investigating the cell’s internal changes through postmortem analysis. Cells provided in
Table 2 are disassembled, and the photographic and SEM images of these are collected
following the process described in Sections 2.3 and 2.4, respectively. After that, images of
the cells from each group are compared with each other to observe any similarities and
dissimilarities among the images of the cells.

4.1. Cell Disassembly

In this article, cells undergo disassembly using the procedure outlined in Section 2.3.
After disassembly and the separation of the anode, cathode, and separator components,
each anode and cathode sheet is divided into three segments: a front section measuring
21 cm (AF-21), a middle section measuring 30 cm (AM-30), and an end section also measur-
ing 30 cm (AE-30), as depicted in Figure 9. This division is necessary because capturing the
entire 81 cm long electrode in a single image is challenging. Upon visual inspection, no
discernible changes are noted in the cathode of the aged cells, in line with findings by Bach
et al. [27] and Xie et al. [25] In contrast, substantial alterations are observed in the aged
anode. Consequently, photographic images of the anode are provided for reference.

Figure 9. Magnified version of anode from Cell 3.

Previous research explored changes in the colour of aged electrodes. The authors
noted that the anode’s colour transitioned to whitish, metallic grey, or metallic sheen after
ageing [25,27,28]. Regardless of the specific colour descriptions, the underlying cause of
this change is attributed to either lithium deposition or lithium plating. However, limited
literature addresses the specific shape of the regions in which colour changes occur. In
most of the published articles, authors often present images of a specific small area of the
electrode rather than providing a complete view of the entire electrode. When only a small
portion of the electrode is examined, it can be challenging to discern the shape of the areas
where the colour change has taken place. For example, when focusing on a particular
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region of Cell 3’s anode rather than the complete electrode, just the change in colour may
be perceived, but the shape remains indistinguishable, as depicted in Figure 9.

In Group 1, the photographic analysis (Figure 10) reveals the distinct characteristics of
the cells. Cell 1, 2, and 3 display cone-shaped black and white shaded areas, while Cell 4
exhibits a whitish oval-shaped region at the end of the jelly roll, with a few whitish dots in
the middle. Notably, some copper foil is exposed at the front of all four cells, potentially
occurring during the separation of the anode and separator. The photographic image
analysis shows that the changes in the anodes of Cell 1, 2, and 3 are similar, while Cell
4’s anode differs from the others. This observation aligns with the findings in Sections 3.2
and 3.3. It is known from the previous section that Cell 1, 2, and 3 had similar first-life
ageing, with similar initial SoH and DM values. Consequently, the second-life ageing of
these cells is also similar, as depicted in Figure 5. The photographic images of these three
cells confirm that their internal changes during second-life ageing align, indicating that
there is a correlation, in that Cell 1, 2, and 3 indeed underwent similar ageing during their
second life, while Cell 4 experienced different ageing.

Photographic images of the Group 2 cells reveal distinct characteristics. Specifically,
Cell 14, 16, and 17 display oval-shaped whitish areas at the ends of their jelly rolls with
irregular patterns in the middle, while the frontal part remains mostly unaffected, except for
a few tiny, exposed copper foil areas. In contrast, Cell 15 and 18 have less prominent whitish
cone-shaped regions at the end of their jelly rolls, with no significant colour changes in the
rest. Visually, Cell 14, 16, and 17 have similar colour-change areas, suggesting extensive
lithium plating [25]. Table 1 shows that Cell 14, 16, and 17 exhibited similar ageing in
their first life, sharing similar-first life SoH and DM values. Moreover, their second-life
ageing patterns are also similar, as illustrated in Figure 6. Photographic evidence of these
three cells affirms that their internal changes during second-life ageing align, suggesting
a correlation, and confirming that Cell 14, 16, and 17 indeed underwent similar ageing
experiences during their second life. Cell 15 and 18, on the other hand, exhibit distinct
ageing characteristics. An exception is Cell 5, which visually resembles Cell 14, 16, and 17,
with an oval-shaped whitish area at the end of the jelly roll and irregular pattern. However,
as Table 4 notes, Cell 5’s first-life ageing differs from the other three, leading to divergent
second-life ageing pattern (Figure 6). Nevertheless, the similarity in colour change in their
jelly rolls remains unexplained and requires further investigation.

Images of the Group 3 cells exhibit distinguishing characteristics. For example, Cell 7
and 8 have irregular whitish areas at the end of their jelly rolls (as depicted in Figure 10),
and vertical stripes in the middle and irregular patterns on the jelly roll’s front area. Cell
9 and 10 exhibit U-shaped whitish regions at the ends of their jelly rolls, with no visible
colour change throughout the remainder of the jelly roll. Analysing the photographic
images of Group 3’s cells reveals that the anode changes in Cell 7 and 8 are quite similar,
while the anode changes in Cell 9 and 10 are similar but different from those in Cell 7
and 8. As described in Table 5 and Figure 7, Cell 7 and 8 experienced similar ageing during
their first and second life. The photographic images of these cells reveal that their internal
changes also correspond, indicating that Cell 7 and 8, as well as Cell 9 and 10, underwent
similar ageing processes in their second life.

The photographs of Group 4’s cells suggest that at the end of the jelly roll, an irregular
whitish area is observed for Cell 6, a grey and white shaded area is observed for Cell 13, a
cone-shaped grey and white shaded area is observed for Cell 12, and U-shaped whitish
area is observed for Cell 11. Details of the visual observation of all the cells are provided in
Figure 10. Analysing the photographic image of Group 4’s cells, it is evident that changes
in the anode for Cell 6, 11, 12 and 13 are quite different. Moreover, Table 6 and Figure 8
suggest that the first DM and second-life ageing of Cell 6, 11, 12 and 13 are also different.

No signs of degradation were observed on the positive electrode; all the aged positive
electrodes remained uniformly black. However, since the photographic images of the cathodes
did not offer any valuable information about cell degradation, they were not utilized for further
analysis. Summarising the above discussion, it is observed that cells had similar first-life
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SoH and DM and similar second-life degradation, show similar colour and shape changes at
the anode. In order to gather additional evidence supporting the likeness between cells that
underwent similar ageing experiences in both their first and second lives, as well as those that
exhibited similar photographic images of their anodes, SEM images were acquired for a few
cells, which are provided in the following section. Cell 1, 2, 3; Cell 14, 16, 17; Cell 7 and 8;
and Cell 9 and 10 experienced similar first- and second-life ageing and presented with similar
photographic anode images. Among them, SEM images of Cell 1, 2; Cell 14, 16, 17; and Cell 7
and 8 were collected and are described below.

4.2. Scanning Electron Microscopy (SEM)

In this article, SEM images were obtained from the end section of the jelly roll; the
precise sampling location is indicated by a red circle. SEM images of Cell 1 and 2 display a
spider-web-shaped area, as shown in Figure 11a,b.

It is presumed that the lithium dendrites have become interconnected, forming a spider-
web-like structure [27]. Since Energy Dispersive X-ray (EDX) is not suitable for lithium
detection, the confirmation of lithium deposition comes from the layer observed in the
photographic images of the anodes in Cells 1 and 2. However, the typical appearance of
lithium deposition is usually more whitish or shiny, as shown in Figure 10 (Cell 1 and 2).
The greyish deposition observed in these cells can be explained through EDX analysis. The
analysis of Cell 1 and 2 (see Appendix A, Figures A2 and A3) indicates a nickel (Ni) transition
from the cathode side, but the Ni deposition is <0.5% wt for these cells. Despite the detected
nickel quantity, it is not considered a primary contributor [26]. Bach et al. [27] observed that
the deposition appears to be less white when NMC does not play a major role. Therefore, the
presence of a grey colour in Cell 1 and 2, rather than white, can be ascribed to this occurrence.
Thus, a greyish deposition is noticed for Cells 1 and 2 instead of a whitish one.
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Figure 10. Negative Electrode images after second life testing.

SEM images of Cell 14, 16, and 17 reveal a noticeable rough surface, as illustrated in
Figure 11c–e. EDX analysis further confirms (c.f. Figures A4–A6) the presence of nickel (Ni),
manganese (Mn), and cobalt (C) with Ni concentrations exceeding 0.5% on the rough surface
of Cell 14, 16, and 17. The nickel content observed in these three cells is a primary contributing
factor [26]. However, electrode images of these three cells confirm the presence of lithium
deposition. Hence, it is evident that the whitish layer consists of Lithium, Ni, Mn and Co. The
reason behind the white colour of the deposition on the electrode is the existence of an NMC
element with lithium. As a result of this substantial electrode deposition, a rough surface layer
is evident in the SEM images. Bach et al. also obtained SEM images from areas with whitish
deposits, which displayed a similar rough surface texture [27]. Small amounts of Ni, Mn and
Co are recognised to dissolve from the positive electrode and subsequently accumulate on the
graphite electrode [27]. This occurs because lithiated graphite rapidly reduces many metal
ions to their metallic state [36]. It is widely believed that these deposits significantly impact
the ageing of graphite and the formation of surface films.

In the case of Cell 7 and 8, some scattered mossy-like substances were observed on
the surface of graphite particles (refer to Figure 11f,g). Xie et al. [25] also observed similar
mossy-like substances. It was hypothesised that these substances predominantly consisted
of lithium plating induced by the high current during charging [37,38]. During their first
life cycling, Cell 7 and 8 were charged at a rate of 0.7 C, which corresponds to the maximum
charge current specified in the data sheet for these cells. However, this high current caused
the once pristine appearance of the graphite particles to become blurred, with occasional
amorphous deposits forming on the graphite surfaces due to parasitic reactions between
the plated lithium and the electrolyte [25].
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5. Further Work

The second-life experiment continued until cells reached around 70% SoH. In terms
of time, most cells took eight months. However, previous literature mentions that a cell’s
second life ends when cells reach 40% SoH [5]. Hence, the test might be required to continue
until cells reach 40% SoH, and further analysis is required when cells reach 40% SoH.

Furthermore, in this article, only cell-level second-life experimental results are provided;
module-level experimental results are required to gain more confidence about the effect of
first-life DM on second-life degradation. From this experiment, it is known that Cells with
similar first-life SoH and DM at approximately 95%, 90%, 85%, and 80% SoH experienced
similar second-life degradation. Hence, if a module is manufactured by employing the cells
with similar first-life SoH and DM at approximately 95%, 90%, 85%, and 80% SoH, it is
expected that the life of the module would be extended compared to the cells with a similar
first-life SoH but a different DM at approximately 95%, 90%, 85%, and 80% SoH.
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6. Conclusions

In this work, a second-life test was conducted, and the results were analysed with
respect to various scenarios: considering only the first-life SoH, the first SoH along with
DM at approximately 80% SoH, and the first-life SoH along with DM at approximately
95%, 90%, 85%, and 80% SoH. The results show that, among the cells that only had similar
first-life SoH levels before the second-life test, only 20% to 30% experienced similar second-
life degradation. In contrast, for cells with similar first-life SoH and DM at 80% SoH before
the second-life test, 62% of these cells demonstrated comparable second-life degradation.
Furthermore, cells with a similar first-life SoH and DM at different stages of first life (in this
article measured at 95%, 90%, 85%, and 80% SoH) exhibited similar degradation in their
second life. The postmortem analysis found that these cell’s electrodes displayed similar
visible patterns on their photographic and SEM images.

Hence, it can be concluded that, if DM is considered before a second-life test, it is
observed that cells with similar first-life SoH and DM provide a similar second-life SoH or
degradation. Postmortem analysis of the second-life-degraded cells verified that the cells
degraded similarly, as similarities were observed among these electrode’s photographic
and SEM images. Conversely, cells that shared a similar first-life SoH but had a different
DM at approximately 95%, 90%, 85%, and 80% SoH exhibited a distinct second-life SoH or
degradation. A postmortem analysis of these cells confirmed that cells degraded differently,
with disparities being evident in the electrode and SEM images of these cells.

Finally, it can be stated that the first-life DM of a cell significantly impacts the cell’s
second-life ageing. Experimental evidence demonstrates that the likelihood of achieving
similar second-life ageing increases when the first-life DM is taken into account, along with
SoH, before the second-life application.
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