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Abstract: For retired automotive lithium-ion batteries, state of health (SoH) is currently utilised to
grade them for a second-life application. However, researchers previously challenged this and ex-
pressed that, in addition to SoH, the actual degradation mechanism, also known as degradation
mode (DM), should be considered for grading, for efficient second-life operation. To date, there is
little evidence to support this. A validated DM detection technique for cell/module grading does
not exist. A modified DM detection technique by tracking and indexing the incremental capacity
(IC) curves was previously proposed by the authors; nevertheless, it was difficult to validate. Re-
searchers previously proposed DM identification using Electrochemical Impedance Spectroscopy
(EIS) and Differential Voltage (DV) analysis. With a direct comparison of the techniques made ex-
ploiting IC, DV, and EIS, a correlation can be made, which is presented in this article. The correlation
suggests that cells identified as having the same (or different) DM by the proposed technique also
identified as having the same (or different) DM growth by EIS technique proposed by other re-
searchers. Likewise, DV analysis suggests that the DV peak’s standard deviation of similar DM cells
is smaller than that of the different DM cells.

Keywords: second-life of lithium-ion battery; IC-DV curve; EIS; DM identification; cell grading

1. Introduction

Introducing Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs) is consid-
ered a step toward a greener world and the decarbonisation of the transportation sector
[1-3]. UK car-registration data suggest that the registration of the EVs and HEVs increased
by 88% and 43%, respectively, in 2022 from 2021 [4]. In 2018, the increase was 20% from
2017 for alternative-fuel vehicles (e.g., HEV, EV, fuel cell) [5]. These statistical data demon-
strate that sales of EVs have increased rapidly in the last few years.

A total of 20 million EVs are anticipated to be operational in Europe by 2030, and
more than 100 million by 2040 [6]. An extensive number of batteries will be phased out of
initial automobile use as the quantity of EVs increases. As a result, a circular economy
structure, including retired batteries is essential. Within a circular-economy scenario, all
the batteries should be recycled when they reach their end of life. However, for a retired
EV battery, there are various alternatives, including recycling straightway [7], reusing
without significant changes in a different application before recycling [8], and reusing
through remanufacturing [9]. The use of retired batteries through remanufacturing or re-
using (pack/module) without major changes is usually known as their second life. How-
ever, not all the batteries retired from the automotive application are suitable for second-
life applications [3]. Typically, a battery’s eligibility for second-life application is deter-
mined by estimating the maximum capacity of the battery at the time of retirement, also

Batteries 2022, 8, 274. https://doi.org/10.3390/batteries8120274

www.mdpi.com/journal/batteries



Batteries 2022, 8, 274

2 of 22

known as the state of health (SoH). In addition to capacity, SoH assessment often consists
of battery-internal-resistance measurement [10,11].

For a particular pack/module, the decision of reusing without major changes or recy-
cling can simply be made based on SoH. Often, the financial costs [12] may contribute to
this decision. In contrast, a much more complex process needs to be followed for the re-
using through remanufacturing. A remanufactured battery pack is assembled by retired
cells/modules in series/parallel configuration. Thus, the capacity, power capability, and
remaining life of the cell/module should be similar in a remanufactured pack [13]. This is
to avoid pack imbalance and degradation gradients throughout the second life. The pre-
sent technique of utilising SoH might be partly valid in determining the cell/module’s
eligibility for remanufacturing. It was previously stated in [14] and [15] that SoH as a met-
ric is insufficient to provide a decisive answer on the current status of the battery. Previ-
ously Barai et al. [14] and Dubarry et al. [15] highlighted concerns about the requirement
of degradation-mode (DM) (c.f Section 3) identification while grading the cells/modules
for remanufacturing.

How battery cells will degrade in a second-life application could be related to how
they degraded in first-life application, i.e., first-life DM. Cells could degrade at different
rates in a second-life application when exposed to the same usages conditions i.e., tem-
perature, charge-discharge current, solely because of their first-life DM was different.
However, it is not proven yet. The authors of this article are currently performing experi-
ments to generate data for this. Current DM identification techniques, such as pseudo-
open-circuit voltage (pOCV), electrochemical impedance spectroscopy (EIS), and incre-
mental capacity and differential voltage (IC-DV) can correlate battery degradation to their
physical changes to active and inactive components at both electrode and electrolyte but
are not suitable for grading of retired battery cells/modules based on degradation mode.
Therefore, a modified DM identification technique for the cells/modules should be devel-
oped. Mowri et al. [16] proposed a modified DM identification technique which might be
suitable for cell grading. In this article, the modified technique is applied to 22 cells, and
an experimental correlation of the modified technique with EIS and DVA is also pre-
sented.

The contribution of this paper is the verification of the modified DM identification
technique with other non-invasive processes (i.e., EIS and DVA). In short, we aim to de-
termine if there are any similarities between the impedance variation and the DV curve of
the cells that have been identified as the same DM cells. Alternatively, we intend to dis-
cover if there are any dissimilarities between the impedance variation and the DV curve
of the cells that have been identified as different DM cells. EIS data were gathered to ob-
serve resistance variations in each group to corroborate the cell-grouping procedure.
Moreover, DV curves are also analysed to get a correlation with the IC curves for each cell
group.

The layout of this article is as follows: Section 2 defines the capacity-measurement
technique. Section 3 explains the DM, introduces the existing DM detection techniques
(EIS, IC, and DV), and describes the modified DM detection technique. Section 4 presents
the experimental setup and methodologies employed for this research work. Using the
capacity-measurement approach described in Section 2 and the modified DM detection
technique described in Section 3, Section 5 identifies the SoH and DM of the cells. Section
6 correlates the EIS and DV curve data with the DM of the cells identified by IC curve.
Further works are presented in Section 7. The conclusion of this investigation is described
in Section 8.

2. Capacity Measurement

As highlighted in Section 1, while remanufacturing a pack, overall ageing status of
the retired cells need to be same to avoid the pack imbalance. Additionally, Section 1 high-
lighted that the overall ageing status of a cell might not be determined by the first-life SoH
alone. There might be some other contributing factors e.g., DM status [14,15]; however,
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effect of DM on a remanufactured pack/module for second-life application has not been
proven yet. It was hypothesised that both SoH and DM of the cells represent the overall
ageing status of the cells. In short, it is anticipated that when the SoH and DM of the re-
tired cells in a remanufactured pack are similar, it performs best in second-life application.
Therefore, both DM and SoH need to be identified at the end of first life. According to
current practice, capacity or resistance measurement ensures the SoH of the cells. Equa-
tions 1 and 2 show the most common method of defining SoH in terms of changes in en-
ergy capacity and resistance. Equation (1) is used here to estimate the SoH of the cells. The
nominal capacity (Crominat) of a battery is the capacity guaranteed by the manufacturer for
a new cell operating under nominal conditions, such as nominal temperature (e.g., 25 C),
nominal discharge current (e.g., one-hour discharge rate (1C)), and being fully discharged
from a fully charged state [17], whereas the capacity of a particular battery cell under dif-
ferent operating circumstances will vary. It is referred to as the actual capacity (Cactua),
which will vary at different operating and ageing states [17]. Similarly, nominal resistance
(Rnominay) is the resistance value guaranteed by the manufacturer under nominal condi-
tions, and SoC Resistance rises as battery degrades, therefore, R,.t,q; is expected to in-
crease over the battery lifetime.

SoH. = Cuctuat/Crominal (1)
SoH, = Rguctuat/Rnominai 2)

SoH of the cell can be estimated by tracking the capacity or resistance of the cells. In
general, a battery reaches the EoL when capacity is 0.8 times its initial value, or resistance
is two times its initial value [18]. Previous data [19,20] suggest that resistance rises slowly
in contrast to capacity loss at the earlier stage of battery life. In the early stages of a bat-
tery’s life, capacity testing can detect degradation and offer more reliable data in compar-
ison with resistance estimation. Therefore, for this research project, the SoH of the cells is
estimated by employing the capacity test.

3. Assessment of Battery Degradation Mode

A multitude of electrochemical mechanisms causes the Li-ion cell to degrade. Many
operating conditions, such as temperature, pressure, state of charge, discharge current,
[21,22], influence and accelerate the degradation of Li-ion cells. Due to the significant in-
teraction and dependency of degradation modes, it is difficult to attribute all of the causes
to a single source of degradation. In order to ease the comprehension of the degradation
manner, Dubarry et al. [23], Birkl et al. [24], and Marongiu et al. [25] recommended cate-
gorising them into three different groups: loss of active material (LAM), loss of lithium
inventory (LLI), and conductivity loss (CL). The deterioration caused by binder dissolu-
tion or corrosion of the current collector is linked to CL [22]. Li-ions intercalate and de-
intercalate from electrodes during the charge/discharge process store and distribute elec-
trical charges within the cell. The loss of these lithium ions defines LLI [22]. Changes in
the structure of the positive and negative electrode components permit lithium intercala-
tion and de-intercalation, i.e., the formation of active materials. LAM primarily defines
loss of the active material and electrolyte components [22]. Uddin et al. [21] and Vetter et
al. [22] established the correlation between degradation causes and the most relevant DM.
A critical review of DM detection is provided in Section 3.1.

3.1. DM Detection

Several approaches identify the DM of the cells, such as pOCYV, EIS, Incremental Ca-
pacity (IC), and Differential Voltage (DV) analysis of pOCV [26]. Usually, DM is identified
from the IC-DV curve by observing the changes in the IC and/or DV curves’ peaks and
plateaus, respectively. Table 1 [15,23,27] depicts the relationship between changes in IC-
DV curves and the most relevant DM. To visualize the information provided in Table 1,
the graphical image can be found in [26,27].
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Table 1. Changes of the IC -DV curve with respect to DM.
Changes in IC . Changes in DV .
Peak Unit Peak Unit DM
Shrinkage of the Shifting of the
magnitude of the DV curves in the
1 ith irection of th
peaks.a ong wit [ARV-] and V direction o 't. e [AR] LI
the shifting in the lower capacities
direction of without shifting
higher voltages of the DV peaks
Shifting of the
'peak.s in the v Insufficient [AR] CL
direction of the change
lower voltages
Shrinkage of the Shifting of the
magnitude of the [ARV-] DV curves in the [VAR-1] LAM

peak at a nearly direction of the

persistent voltage lower capacities

EIS is a widely recognised method for measuring the impedance of a cell over a wide
frequency range (mHz to kHz). In addition to measuring the cell’s internal resistance, the
EIS test can identify the DM. Pastor-Ferndndez et al. [28] attempted to establish a link
between the resistances of the equivalent circuit model (ECM) and the DMs. In this
method, ECM resistances are monitored to identify and quantify the most relevant DMs
[28]. In that proposed technique, current collectors, connectors, and electrolyte resistance
are represented by Rom [29]. CL is caused by corrosion of current collectors and connec-
tions, as well as changes in electrolyte decomposition caused by side reactions. As a result,
the rise in Romm may be used to quantify the rise in CL. One of the most important ageing
mechanisms in Li-ion batteries is solid electrolyte interface (SEI) (formation, build-up, and
disintegration). SEI prevents Li-ion intercalation and de-intercalation between the electro-
lyte and the negative electrode. This interphase, in turn, causes irreversible Li-ion con-
sumption (LLI), resulting in significant capacity loss and increased resistance [23]. There-
fore, the rise in Rs.i is a result of LLI. Besides the SEI, LLI is responsible for additional
degrading effects, such as dendritic development and micropore clogging. From the as-
pect of the cell’s voltage-response dynamics, these effects and SEI are interpreted as a de-
crease in the charge-transfer Li-ion intercalation and de-intercalation processes [23],
which manifests as an increase in the charge-transfer resistance, Ret. Consequently, the rise
in Re is likewise a result of LLL. This indicates that LLI is associated with several re-
sistances, R«i and R.. Different concentration levels within a Li-ion particle result in diffu-
sion. This results in structural changes inside the Li-ion particle and between Li-ion par-
ticles [11,23,30]. A Warburg impedance, Zw, models the diffusion processes. Warburg re-
sistance, Ry, is dependent on the diffusion path length. Since diffusion processes are asso-
ciated with formation changes in the electrode structure, LAM may be primarily respon-
sible for the rise in R«. Table 2 displays the association between ECM resistance and the
most relevant DMs.

Table 2. The relationship between ECM resistance and the most pertinent DMs [27].

ECM-Component Unit Most Relevant DM
Growth of Roun [Q] CL
Growth of Rsei & Rt [Q] LLI

Growth of Rw [Q] LAM
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To quantify the effects of DMs over cycle number, a parameter-termed growth in
percentage is proposed in [27] to calculate the %LLI and %LAM following equations are
proposed in [27].

R —-R + (R —-R
LLIE[S,x,n (%) — ( SELx,n SEI,l,n) ( ct,x,n ct,l,n) .

100 3)
Rsgr1n + Regin

) — (RW,x,n - RW,l,n)

LAMg;g (% 100 (4)

RW,1,n
Here, X = no. of characterisation and n = no. of cell
According to Tables 1 and 2, the DM of the cells might be detected using IC-DV and

EIS, respectively. Table 2 presents the most relevant DM that correlates with the growth

in the ECM component. However, unlike Table 2, Zhu et al. [31] suggested that Romn

demonstrates a rising trend with LLI. An identical variation may also be observed on the

Rsi. This phenomenon can be explained by the production of new SEI through the con-

sumption of mobile lithium and electrolyte. The rise in R« reflects the accumulation of

SEI, while the increase in Roum is attributable to electrolyte deficiency. Zhu et al. [31] also

suggested that an increase in Rw is mainly related to cathode loss. However, Rv has a

strong mathematic relationship with LLI. However, there is hardly any validation data in

support of the relationship of the most pertinent DM with the ECM component. Thus, DM

detection using the EIS is still an immature approach, and further study is required in this

field.

Typically, ageing increases the resistance of any given cell. Consequently, if Table 2
is applied to aged cells, it is probable that their ECM component (Rom, Rsei, Ret, and Rw) will
be found to be increased. If every ECM resistive component is increased, the cell’s most
relevant DM will be a combination of LLI, LAM, and CL. Therefore, if Table 2 is applied
to the number of aged cells, it is likely that the most relevant DM for the number of aged
cells will be a combination of LLI, LAM, and CL [27,28]. If the DM of the number of aged
cells is a combination of LLI, LAM, and CL, it is hard to categorise cells based on their DM
in their first life. Therefore, Table 2 is acceptable for detecting DM but not for grouping
cells according to their DM.

Keil et al. [32] employed the half-cell data to identify the DM from the DV curves. In
that process, DM is identified from the shifting of the DV curve from a new condition to
an aged condition. This process can identify the overall DM of the cell. Previous literature
suggests that there is hardly any cell containing only LLI/LAM/CL. In most cases, DM of
the cells is a combination of LLI and LAM, or LLI, LAM, and CL [15,23,33-35]. Therefore,
if the overall DM of a cell is identified, it would be a combination of LLI and LAM, or, LLI,
LAM, and CL. The limitation of DV A with half-cell data is that it can identify a cell’s over-
all DM. It is challenging to categorise cells based on their DM in their first life only by
identifying the overall DM of the cells.

Alternatively, DM of the individual valley of the DV curve can be identified by em-
ploying the relationships in Table 1. Nonetheless, the issue with this process is that DM is
identified from the plateaus of the DV curves in that process. As plateaus are flat regions,
it is difficult to identify the shifting of the individual plateaus, as shown in Figure 1la.
Magnification of DV curves reveals comparatively prominent DV plateaus (refer to Figure
1b). The magnified plateaus are still shallow in comparison with the IC peaks, as shown
in Figure 1c. Using these shallow DV peaks, it is difficult to identify the shifting and de-
creasing of the individual plateaus DV curves. Hence, DV curves are less traceable than
IC curves. Thus, among these three non-invasive techniques, IC curve is used in this article
to identify the DM of the cells.
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Figure 1. IC-DV curve of Cell L (a) DV curve. (b) magnified view of the DV curve. (c) IC curve.

This article identifies DM from the IC curves by observing the peak changes, as men-
tioned in Table 1. Currently, IC curves are widely used for DM identification [23, 25, 27].
An IC curve can be achieved by differentiating the Q with respect to the p-OCV. The re-
sults from Dubarry et al. [15,23] and Pastor et al. [27] are used to identify the DMs using
full-cell IC curves.

To perform DM identification from IC, the origin of pOCV, OCV, and resistance
needs to be understood. It has been explained a number of times before, such as in [14],
but a short explanation is provided below. In simple terms, pOCV (Vyocv) can be derived
from the difference between pure open circuit voltage (OCV), Vo, and the voltage drop
due to Rom as given in Equation (5) [27].

VpOCV =Voc = Vonm = Voo = I.Ronm (5)

Usually, Rom represents the resistance of current collectors, electrolytes, and connec-
tions [29]. CL occurs due to the corrosion on components, such as current collectors and
connections, along with side reactions that alter the electrolyte composition. CL elucidates
voltage drop with Rom. As a result, the rise in Rom may be used to quantify the increase in
CL [27]. However, Equation (5) provides a constant Voe and L if Rown increases, Vyocv de-
creases. As mentioned previously, the rise in Rown is connected to the growth in CL. This
implies that an increase in Rom has no effect on the cell’s capacity, whereas cell voltage is
affected by this resistance increment [23,27]. Thus, in the absence of capacity fading, the
impact of CL may be shown as a shift of the IC curve toward lower voltages [23,27].
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SEl is one of the leading causes of ageing, which leads to LLI and is responsible for
capacity and power fading. When the electrolyte and anode are in contact, SEI prevents
Li-ions from being intercalated and de-intercalated. The irreversible depletion of Li-ions
occurs as a result of this interphase (LLI) [27]. Thus, the rise in Rsi is a result of LLI In
addition to SEI, lithium dendrite or micro pore-clogging are also responsible for LLIL In
terms of the cell’s voltage response, lithium dendrite or micro pore-clogging and SEI to-
gether decrease charge-transfer Li-ion intercalation and de-intercalation reactions, result-
ing in an increase in R« [27]. Reduced charge-transfer Li-ion intercalation and de-interca-
lation reactions result in a drop in Ve and charge (capacity). This is visible in the IC peaks
as a reduction in peak heights along with a move toward lower or higher voltages, respec-
tively (IC) [27].

A drop in the amplitude of the IC curve’s peaks indicates a decrease in the charge at
approximately constant Vyocv. Vyocv shifts minimally in this situation, indicating that the
system is approaching equilibrium and that the total overpotential is near zero [27]. The
movement of a small number of Li-ions is involved in this scenario from an electrochem-
ical perspective, and as a result, the majority of the phase shifts are ascribed to the disor-
dering of the active materials’ structural properties (LAMs) [23,36].

3.1.1. Modified DM Identification Technique

As it is not possible to utilise the relationships in Table 1 to group the cells based on
their DM, a modified DM identification technique was proposed in [16], and a summary
of the modified DM identification technique is given below.

DM of the cells is identified by following the shifting and decreasing of the IC peaks.
After plotting a number of IC curves in the same plot in [16], it is noticed that all peaks
are shifting along the x-axis by a few mV, while their intensities are altering along the y-
axis by a few mAhV-1. Hence, it is difficult to get a number of IC peaks which are exactly
at the same position. To overcome these challenges and differentiate the evolution of DM,
selection of a threshold point is required.

In [16] 5 mV (abscissas) or 5 mAhV-! (ordinates), the peak-position difference is taken
as the threshold point to perveivethe changes of the IC peaks. It is assumed that 5 mV or
5 mAhV~ deviation is insignificant and can be considered almost negligible, and peaks
with a 5 mV difference can be considered constant. Jia et al. demonstrated in [37] that as
long as the difference between two cells’ OCVs is less than 6 mV, the difference has a
negligible effect on the cells” OCV-50C or OCV-Capacity curves. This indicates that a 5
mV difference in OCV has no discernible effect on the OCV-capacity curve. If the OCV-
capacity curves are identical, the IC curves generated by the OCV-capacity curves should
also be identical. Thus, the 5 mV difference between the peaks of two IC curves can be
treated as a constant voltage; it has a negligible effect on ageing and can be ignored. 6 mV
can be selected as a threshold point. Nonetheless, instead of 6 mV, 5 mV is selected here
to minimise the measurement error. To determine the impact of altering the 5 mV, a sta-
tistical study was conducted on around 430 IC peaks. The study shows that, if the limit is
dropped to 4 mV, 7% of peaks change their DM status (which was identified with 5 mV
limit), and if the limit is increased to 6 mV, approximately 4.5% of peaks change their DM
status. Hence, the research reveals that changes of £1 mV in the limit value will not signif-
icantly affect the existing result. Following the relationship in Table 1, two conditions are
assumed in the modified DM identification technique:

Assumption 1. If the difference between horizontal-axis peak points (i.e., (1) and (2) from
Figure 2b) is 25 mV, peaks are shifted. If the difference is <56 mV, then it is considered that peaks
are not shifted, i.e., peaks are at a constant voltage [16].

Assumption 2. If the difference between vertical-axis peak points (i.e., 3) and (4) from Fig-
ure 2b) is 25 mAhV~1, peaks are reduced. If the difference is <56 mAhV-! then it is considered that
peaks are not reduced [16].
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Figure 2. IC curve of a cell (a) at new (0 cycle) and aged (600 cycle) condition (b) magnified 4th IC
peak (P-4). Adapted from [16].

(D & (2) represent the horizontal position of the IC peaks. Figure 2b reveals that dif-
ference between (1) & (2) is 31.55 mV (i.e., 4th IC peak is shifted by 31.55 mV) after cycle
600. Inversely, (3) & (4) delineate the vertical position of the IC peaks. The difference be-
tween (3) & (@) is 1372.5 mAhV-!, which indicates that IC peak decreased by 1372.5
mAhV-1. The changes of the IC peak display, the ‘peak shift’ is greater than 5 mV also
‘peak decrease’ is >5 mAhV-'. As P-4 is both shifted and decreased; thus, according to
Table 1, it is believed that P-4 is LLI dominated.

Although P1-P4 might be labelled either as LLI or LAM, it is likely a mix of LLI and
LAM. However, by labelling a peak as LLI or LAM, it is inferred that LLI or LAM is dom-
inant for that peak. This simplification allows implementation of DM (or dominant DM)
for cell grading. To reiterate, the primary objective of this research is to identify a group
of cells at the same ageing stage. Same ageing state can be ensured by maintaining a sim-
ilar SoH level and IC curve pattern [14,15]. If the IC curves are identical, it is assumed that
the degradation is identical; if they are not identical, the degradation is different [14]. IC
curves consist of a similar peak number, position, and similar peak changes might be con-
sidered identical. The number and position of any IC peak are visible from the IC curves.
Therefore, tracking the changes in IC peaks makes it possible to identify the identical IC
curves [15,23,35]. Henceforth, it is believed that similar changes in the IC peak may rep-
resent the similar DM of the IC peaks. Table 1 provides the most pertinent DM of the cells
based on the changes in the IC peaks. Thus, it was hypothesised that IC curves consisting
of similar IC peak position, number, and DM might be identical. Alternatively, IC curves
consisting of different IC peak positions or numbers or DM might be different. By using
the above technique, the cells identified as same DM cells surely share similar a SoH level,
IC curve, and eventually the same ageing pattern.

A comparison of the modified DM identification technique with other techniques is
given in Table 3, which shows that DM was identified through visual inspection in the
previous DM identification method [11,13-15]. Through visual inspection, it would be
hard to quantify the DM of the cells via the previous method. In contrast, DM is identified
in the modified DM identification technique by measuring the difference between the IC
peaks at aged and new conditions. Therefore, the modified DM identification technique
will probably be used to grade the cells.
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Table 3. Comparison of modified DM identification technique with other techniques.
Modified DM
Characteristics Dubarry Method Carlos Method Identification
Method
e LLI, LAMdePE, LAMIi®E,
Definition of DMs LAMdeNE, LAMINE LAM, LLI and CL LAM, LLI and CL
. From IC peak
Assumption of DM From IC peak change From IC peak change
change
Measurement of the
D i fl I iti
etection of IC Visual Inspection Not Defined C peak positions at
peak change the new and aged
condition
Suitable .for cell Not Defined Not Defined Could be us.ed for
grading cell grading

The DM identified using the modified DM detection technique requires further in-
vestigation for verification. The verification can be done by employing the post-mortem
analysis technique or applying any other non-invasive techniques which can identify DM
of the cells. Post-mortem techniques range from scanning electron microscopy (SEM), X-
ray diffraction (XRD), to X-ray fluorescence (XRF). However, all the techniques provide
information regarding the physical changes of the cells. For example, SEM images provide
useful information on the microstructure dynamics in the battery electrode. In combina-
tion with other methods, SEM can provide significant information for determining the
surface-degradation processes of this material. SEM was used to investigate the formation
of the solid electrolyte interface (SEI) on the surface of graphite particles during ageing
[38, 39]. The electrolyte dissolution that occurs with age and the growth of the SEI is the
cause of Li loss and, consequently, a decrease in capacity [38—41]. XRD peaks provide in-
formation about the material compounds and phases formed during the charging and
discharging of the batteries. XRD has been widely employed in diagnosing degradation
mechanisms because it gives information on the structural changes that active crystalline
materials can undergo during ageing [39,42,43]. Post-mortem techniques can correlate the
DM identified with the physical changes to the electrode materials. However, most post-
mortem findings cannot provide temporal resolution and relationship with the underly-
ing process. Moreover, the assessments are sometimes equivocal on cause-and-effect de-
velopment (due to the absence of a temporal relationship), which may result in path-de-
pendent deterioration [44]. Other non-invasive techniques, such as DVA or EIS, can verify
the DM of the cell. However, these techniques lack the ability to generate evidence of the
physical correlation between the cells and have their limitations, as explained earlier. As
the authors intend to expose these cells to further degradation using a second-life duty
cycle, instead of destructive post-mortem analysis, other non-invasive techniques, i.e.,
DVA and EIS, are used here to verify the DM of the cells.

4. Experimental Details

The experiment in this study investigates the DM of the individual cells. The overall
test of ageing consists of two stages.: the constant cycling (c.f. Section 4.2) and the refer-
ence performance test (RPT) (c.f. Section 4.3). Cells were continuously charged-discharged
using different current rates under a constant-cycling step. Individual cells were subjected
to a set of experiments named the RPT prior to beginning the cycling procedure and the
constant-cycling interval. The following sections present the experimental setup, charge-
discharge process, and RPT.



Batteries 2022, 8, 274

10 of 22

4.1. Cell Specification and Experimental Setup

A total of twenty-two commercially available lithium-ion LGM 50 cylindrical 21,700
format cells were used in this experiment. The rated capacity of the individual cell was 5
Ah, which consists of the NMC 811 positive electrode and bi-component Graphite-SiOx
negative electrode. The standard charge and discharge voltage are 4.2 V and 2.5 V, respec-
tively. The cells were denoted as Cell A, Cell B, Cell C......... Cell V, respectively.

To perform testing of the individual cell, both positive and negative terminals of the
cells were spot-welded with aluminium tabs. During both constant cycling and RPT, cells
were submerged in a liquid cooling bath at a constant temperature of 25 °C. The liquid—
cooling bath provided active cooling, which was essential to maintain the temperature at
25 °C. All charge-discharge was conducted employing a commercial Digatron battery cy-
cler (MCT 10-6-192 HD). A schematic and real picture of the experimental setup is shown
in Figure 3a.

. 10 AMP LEAD TO DIGATRON
AMP LEAD TO DIGATRON

Figure 3. Experiment setup (a) the schematic diagram. (b) top view of the real setup. (c) cells inside
the setup.

4.2. Ageing Test

The flowchart of the test is illustrated in Figure 4. At the beginning of the ageing test,
RPT of the individual cells (new condition) was performed. Following that, a number of
constant current charge-discharge cycles were performed (the number of cycles varied for
different cycling conditions shown in Table 4, after which RPT of the cells was done. This
process was repeated until the cells reached 80% SoH.
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| RPT at 0 cycle I

!

Perform X number of
charge/discharge cvcle

|

RPT after cycling

Cell SoH <80+1.5%

Figure 4. The progression of the ageing test of the individual cell.

For constant-current cycling, cells were charged using the constant current—constant
voltage (CC-CV) procedure, then discharged using a constant current. The charge-dis-
charge current rates for five-cycling conditions are illustrated in Table 4, and the temper-
ature during cycling was 25 °C. During charge, the cells were charged to 4.2 V using a
constant current and then in the CV step, when the current dropped below C/20 (0.25 A),
charge was stopped. After an hour of rest, cells were discharged at their respective rate
(e.g., 0.3C/0.5C/1C/1.5C) until the cell voltage dropped to 2.5 V. After discharge, another
one-hour rest period was added before the charge-discharge process was repeated. Ini-
tially, it was expected that cells cycled with different C-rate might provide different DM.
Hence, cells were cycled with five different C-rates to reach the end of their first life (80%
SoH).

Table 4. Test matrices of this experiment.

S1 No Cycling Condition (Ch-Dch)
0.5C_1C
0.7C_0.3C
0.7C_0.5C
0.7C_1C
0.7C_1.5C

QL |[W|N |-

4.3. Reference Performance Test

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. Prior to the capacity test, cells were initially
charged by following CC-CV approach, where C/3 current is employed for the CC phase
to 4.2 V and C/20 cut-off current at the CV phase. For capacity test, cells were discharged
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to 2.5 V using C/10 current, then charged to 4.2 V using C/10 current. Then, cells were
again discharged using 1C to 2.5 V and charged using 1C to 4.2 V. There was a 1 h rest
period between every charge and discharge step. Data from the C/10 discharge step are
used to derive the incremental capacity (IC) curve.

4.4. Electrochemical Impedance Spectroscopy (EIS)

To understand the change of impedance, and verify DM, EIS of the cells was done
when cells were new and when they reached 80% SoH. EIS tests were performed at 50%
SoC at 25 °C. The SoC adjustment was made by employing a commercial cell cycler (Mac-
cor) and an environmental chamber (Espec). The adjustment protocol includes charging
the cell to the manufacturer-defined charge voltage (4.2 V, defined as 100% SoC). After
charging, a one-hour rest period is applied. Then, cells are discharged employing 1C cur-
rent until 3.6 V is reached (50% SoC). Another four-hour rest time was included to allow
the cells to achieve electrochemical equilibrium. After that, EIS was performed on the cells.

5. Results
5.1. SoH Measurement

In general, an EV battery reaches the first EoL at 70-80% of its initial capacity
[3,45,46]. Hence, this article considers 78 + 1.5% to 80 + 1.5% SoH to be the end of the first
life. Nonetheless, it is unlikely to get a group of cells precisely at the same SoH. SoH of the
cell could vary due to measurement error or cell-to-cell variation. Numerous articles have
been published in which researchers acknowledged an error margin of 1-2% [10,47] when
determining the SoH of cells. Thus, a margin of +1.5% is employed in this article. Equation
(1) is used here to calculate the SoH of the cells at the end of their first life. SoH of the cells
is provided in Table 5.

Though the SoH of the cells is almost (+1.5%) identical, their ageing status may differ,
as discussed in Section 1. SoH of a cell only represents the capacity degradation of the
cells; it does not reflect the causes that underpin the degradation [15]. Therefore, a more
systematic approach is required to decipher a change in the physical processes of the cells.
This can be done by identifying the DM of the cells. However, the DM detection methods
that are now in use are not intended to grade the cells or module after their first life.
Henceforth a modified DM detection process is proposed in [16]. Applying the modified
DM detection technique, DM of the cells given in Table 5 are identified.

Table 5. DM of the cells.

Cell P4 P3 P2 P1 SoH%
Cell A LAM LLI LAM LLI 80.58
Cell B LAM LLI LAM LLI 80.54
Cell C LLI LLI LAM LLI 79
Cell D LAM LLI LAM LLI 81.16
Cell E LAM LLI LAM LLI 78.76
Cell F LAM LLI LAM LLI 77.56
Cell G PD (Peak LLI LAM LLI 78.58

Disappeared)

Cell H LAM LLI LLI LLI 79.35
Cell I LLI LLI LLI LLI 78.51
Cell J PD LLI LAM LLI 81.56
Cell K LAM LLI LAM LLI 79.14
Cell L LLI LLI LLI LLI 76.95

Cell M LLI LLI LLI LLI 78.56

Cell N LLI LLI LLI LLI 78.4

Cell O LLI LLI LLI LLI 76.75
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Cell P LAM LLI LLI LLI 77.96
CellQ LAM LLI LLI LLI 78.36
Cell R LAM LLI LLI LLI 79.74
Cell S LAM LLI LLI LLI 76.95
Cell T LAM LLI LLI LLI 79.76
CellU PD LLI LLI LLI 80.76
Cell V LAM LLI LLI LLI 80.56

5.2. DM Detection

DM is identified by employing Table 1 and following the process described in Section
3.1.1. The identified DM is given in Table 5, and the corresponding IC curves of the cells
are shown in Section 6.2. In Table 5, P1, P2, P3, and P4 represent the 1st, 2nd, 3rd, and 4th
peak positions of the IC curves, respectively, as shown in Figure 2a.

The experiment was designed to get the cells at the same SoH level. After getting a
similar SoH level, DM of the cells is identified. According to a prior investigation [16],
when each peak of each cell of the IC curve is resembled, the cells are in the same DM
state; however, when the circumstances are opposite, the cells are in a different DM state.
The same DM and different DM cell groupings are formed based on those conditions.
Table 5 provides that IC peaks of the Cell A, B, D, E, F and K are similar. For all these six
cells (Cell A, B, D, E, F), 4th IC peak(P4) = LAM, 3rd IC peak (P3) = 2nd LLI, 2nd IC peak
(P2) = LAM and 1st IC peak (P1) = LLL The peaks for all these six cells are similar; thus,
these six cells are considered the same DM cells. Likewise, Table 5 depicts that four IC
peaks are similar for Cell H, P-T & V (P4=LAM, P3=P2=P1 =LLI) and Cell L-O (P4=P3
=P2=P1=LLI).

Table 5 also depicts that IC peaks of the Cell G, K and U are different. Among these
three cells (Cell G, K, and U), P3 & P1 = LLI for all three cells. Alternatively, P4 = PD is
observed for Cells G and U, whereas P4 = LAM is noted for Cell K. Furthermore, P2 =
LAM is recorded for Cells G and K, while P2 = LLI is observed for Cell U. The above
analysis shows that, for Cells G, K, and U, two peaks (P3 & P1) are similar for all three
cell. Nonetheless, there are variations between P4 and P2 among the three cells. A previ-
ous study [16] suggests that, if the peak of each cell is not matched, the cells might be in
at different DM state. Thus Cell G, K, and U are considered as different DM cells. Likewise,
Cell C, D, ], and I are also considered as different DM cells. Though SoH and DM of the
Cell A, B, D, E, F, and K are similar, Cells A, B, E, and F are the members of the same DM
cell group; Cells D and K are used to make different DM cell groups.

The groups which consists of the same and different DM cells are denoted as cell
same (CS) and cell different (CD). The three same DM cell groups are denoted as CS1,
CS2, and CS3, and two different DM cell groups are denoted as CD1 and CD2. The same
DM and different DM cell groups are shown in Table 6.

If all the cells with similar SoH and DM are put into the same pack for a second-life
application, and therefore, exposed to the same duty cycle, it is assumed their degradation
will be the same. However, previous literature [3,48] suggests that cells with similar age-
ing history are expected to provide similar life or performance in the second-life applica-
tion. Table 5 suggest that SoH and DM of the Cells A, B, D, E, F, and K, Cells H, P-T, and
V, and Cells L-O are similar. Therefore, it is expected that the second-life performance of
these cells will be similar. In contrast, DM of the Cells C, D, ], and I, and, Cells G, K, and
U is different. Hence, it is expected that the second-life performance of these cells will be
different. This cell grouping is required to check the second-life performance of the same
and different DM cell groups (data generation of the second-life performance is still going
on).
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Table 6. Same and Different DM cell Groups.

Same DM Cell Group

CS1 Cell L CellM CellN  CellO

CS2 Cell A Cell B Cell E Cell F

CS3 Cell H Cell P Cell Q CellR Cell S Cell T Cell V
Different DM cell Group

CD1 CellC CellD CellJ Cell

CD2 Cell G Cell K CellU

6. Correlation with EIS and DV Curve

EIS does not provide any peaks; thus, peak-by-peak validation is not is not a possible
way to utilise the EIS data. EIS results can reveal the overall DM of the cells. Thus, to
observe the similarities and dissimilarities among the EIS results of the cells, their DM
were quantified by another technique developed by another research group [27]. The tech-
nique utilises Equations (3) and (4) to obtain the growth of DM (i.e., the growth of %LLI
and %LAM).

While utilising the same dataset as IC, the peaks of DVA indicate different physical
processes within the cell [14]. If the existing DM detection technique by DV curve can be
modified in the same manner as the DM detection technique by IC curve, then the DM of
each IC peak might be validated using the updated DV curve approach. Due to the limi-
tation (flat region c.f. Section 3.1) of the DV curve technique, it is challenging to modify
the current DM detection technique of the DV curve. Henceforth, the DV curve also could
not verify the DM of each peak of the IC curves. However, it is difficult to verify the IC
peak’s DM by using EIS and DV techniques. Thus, the authors tried to determine any
similarities among the EIS data and DV curves of the same DM cell group. This article
grouped cells based on the first-life SoH and DM. Therefore, it is assumed that there might
be similarities among the first-life EIS data and the DV curve of the same DM cell group.
Alternately, differences between the 1st life EIS data and the DV curve of the different DM
cell groups are anticipated. Similarities in the EIS data and DV curve may indicate a sim-
ilar physical change at the first life.

6.1. EIS Data Analysis

The growth of LLI and LAM calculated from the EIS data for the cells of the same
DM group (CS1 and CS2) is given in Table 7. EIS data are collected at 50% SoC. In Table
7, %LLI and %LAM are calculated from the variations of the Rsi, Rct, and Rw resistance at
the new and aged conditions. Equations (3) and (4) (c.f. Section 3.1) are used to estimate
the %LLI and %LAM from the EIS data. Nyquist plot of the cells presented in Table 7 and
8 are provided in Figure 5.

Table 7. EIS data of the cells for the same DM group.

Cs1 cs2
LLI% LAMY atoof LLI% LAM®% Ratio of LAM
o (1) (1] (1] (1)
©eSeC Cell ki) (m1s) LAILVIL;‘“d Cell  k1s) (EIS)  andLLI
L 30422 27273 893 A 9459 12564 1.32
s, M 3L02 28386 915 B 9276 139.22 1.50
° N 3176 28497 897 E 10138 10027 0.98
O 68449 27440  0.40 F 7863 10528 1.33




Batteries 2022, 8, 274

15 of 22

Similar DM is identified for the cell L, M, N, and O by IC curve analysis. EIS data of
these three cells also suggest that, the ratio of LLI and LAM of these three cells is approx-
imately the same. Although the DM of Cell O is identical to those of Cells L, M, and N, the
EIS data of this cell differ from those of the other cells in this group. This discrepancy may
be due to a measurement error during the EIS test of this Cell O. Nyquist plot of Cell O
(Figure 5b) supports this suspicion, which shows an unusual shape of the Nyquest plot,
likely due to a faulty EIS cable. As the EIS test was done using an automated process, this
was not identified (and rectified) during the experiment. Furthermore, the study of IC
curves revealed similar DM for Cells A, B, E, and F. The EIS results for these four cells
indicate that the LAM growth rate is greater for all four cells (c.f. Table 7). The ratio of LLI
to LAM is almost similar in all four cells. In short, using the modified DM identification
technique, the cells determined to be identical DM cells also provide similar DM growth
(e.g., for Cells L, M, and N, the ratio of LAM and LLI is nearly 9; for Cells A, B, E, and F,
the ratio of LAM and LLI is nearly 1) using the EIS technique developed by other research-
ers [27].

Table 8 displays that DM of Cells M, A, and H are different. Though the DM of Cells
M, A, and H are different, the ratio of LAM and LLI is very close for Cells A and H. Nev-
ertheless, EIS data of these three cells suggest that their %LLI and %LAM are significantly
different. In short, using the modified DM identification technique, the cells determined
to be different DM cells also provide different DM growth using the EIS technique devel-
oped by other researchers [27].

Table 8. EIS data of the cells for different DM groups.

LLI% LAM% .
%S0C Cell o s; (EI 5)0 Ratio of LAM and LLI
M 31.02 283.86 9.15
50% A 94.59 125.64 1.32
H 53.366 80.806 151
= CellA
a)-000s; 2 [ 1 e b) 0010, . celm
- ——Call F - —s— Call N
. v CelO
-0.008 A -0.008 1 v
a 5 = -7 ¥
~ iy C: 3 ] Y 5
E -0.004 1 F N noee i %02 ;
T i Eo004) - ¥ 7
-0.002 . ,: v'" ‘_.,-‘ -0.01 iJ
m‘ 000z w .,i 0.00
oooal . & ‘ . " 002 004 0.06
T7U0.025 0030 0035 0.040 000072 Tz P R0
Re Z (£) Re Z (Q))
C)-O.DOS* = CellA
& e CellH
o & ceolM
-0.006 1 .
N 0,004 4
E £
| i
-0.002 1 i
g
0.000 1 Psd , ; \
0025 0030 0035  0.040
Re Z {((})

Figure 5. Nyquist plot for (a) CS1 (b) CS2 and (c) Different DM cells.
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EIS data indicate that the resistance variance (% LLI and % LAM are estimated from
Rsei, Ret, and Rw of the EIS result) is almost similar for cells with the same DM and distinct
for cells with different DM. Similarities in the ratio of the LLI and LAM indicate that there
are similarities among the resistances (Rsi, Ret, and Rw) of the cells of the same DM group.
Similarities among the resistance values might be an indication of the similar physical
changes in their previous life. Although the results of the EIS and IC curve are not directly
correlated, there are a few similarities in the EIS data for cells within the same DM group.

6.2. DV Analysis

To validate the IC curve analysis, DV curve of the same and different DM cells are
analysed. However, a visual inspection of the IC-DV curve of the same and different DM
cell groups may provide useful information regarding the similarities and dissimilarities
of the IC-DV curves. Thus, IC-DV curves of the cells provided in Table 6 are plotted in
Section 6.2. Further analysis of the DV curves is performed by observing the changes in
the DV peak positions (x-axis, y-axis). Figure 6 represents that the X-axis of the DV curve
is the capacity (Q) and Y-axis is dV/dQ. Figure 5 also represents that the peak positions of
the DV curves are P1, P2, and P3. One way to observe the changes in the DV peaks is to
observe the peak change from new conditions to aged conditions. However, peaks in the
DV curves are not as sharp as IC peaks; thus, it is difficult to identify the peak changes
from new conditions to aged conditions. Therefore, the authors tried to identify the stand-
ard deviation (SD) of the aged cells’ DV peak (P1, P2 and P3) positions for the cells with
the same and different DM.

—Cell A

.
e
a

e
N

P1 P2 P3

dvidQ(vAh™)
s !
w

.
S
IS

-0.5
0 0.5 1 1.5 2 25 3 3.5 4

Cell capacity (Ah)

Figure 6. DV curve with peak position for Cell A.

Figures 7 and 8 represent the IC-DV curves of the same and different DM cell group.
Observing the IC and DV curves in Figures 7 and 8, it is clear that, while cells have similar
DM, their IC and DV curves are visually same. In contrast, the pattern varies for different
DM cells. Red and purple circle of the IC-DV curve (in Figure 8) respectively, represents
the uneven peaks. The magnified view of those uneven peaks are displayed in Figure 9.
A similar IC—DV curve is a sign of similar physical changes [14,15]. Thus, a similar IC
curve of the cells from the same DM cell groups indicates their physical changes were
similar in their first life.
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Figure 7. IC-DV curve of the Same DM cell group (a) IC (b) DV curve of L, M, N & O (c) IC (d) DV
curveof A, B, E& F (e) IC (f) DV curveof H,P,Q,R,S, T & V.
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Figure 8. IC-DV curve of different DM cell groups (a) IC (b) DV curve of cell Cell C, D, I & J (c) IC
(d) DV curve of Cell G, K & U.

Standard Deviation (SD) of the P1,P2, and P3 of the DV curves shown in Figures 7
and 8 are provided in Table 9. In Table 9, Qso_SD and dV/dQso_SD define the SD of the
capacity (X-axis)and SD of dV/dQso (Y-axis), respectively, at the end of their first life. The
SD of the capacity and dV/dQso are calculated by using Equation (6).

_ (x; — )2
D= |=—— (6)

xi = the ith value in the data set

= the population mean

N = the total number of observations. Here i =1,2,3 or 4 and N = 3 or 4 (depending
on the cell number in group)

Table 9. Standard deviation of the peak positions (P-1, P-2 and P-3) of the cells.

Qso_SD (x-Axis)

dV/dQso_SD (y-Axis)

P1 0.013 0.004
Cs1 P2 0.029 0.003
P3 0.032 0.003
P1 0.010 0.005
CS2 P2 0.011 0.004
P3 0.041 0.003
P1 0.026 0.009
CS3 P2 0.039 0.005
P3 0.063 0.005
P1 0.031 0.014
CD1 P2 0.067 0.004
P3 0.082 0.001
P1 0.021 0.009
CD2 P2 0.116 0.008
P3 0.072 0.006

Table 9 shows that Qso_SD of the P2 for CS-1, CS-2, and CS-3 is 0.029, 0.011, and 0.039,

respectively, whereas P2 for CD1 and CD2 are 0.067 and 0.116. This finding indicates that
the standard deviation is smaller for the same DM cell group and larger for the distinct
DM cell groups. Moreover, similar behaviour is also noticed for P3; Qso SD is lower for
identical DM cell groups and greater for different DM cell groups. Figure 9 depicts a mag-
nified view of P1, P2, and P3 for the purpose of elucidating the variance in SD across cells
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with the same and different DM. Figure 9 demonstrates that the peak locations of the dif-
ferent DM cell groups (CD1 and CD2) differ from those of the same DM cell groupings
(CS1, CS2 and CS3). These uneven peaks (refer to Figure 8) of the DV might indicate that
cells in the different DM cell groups experienced different physical changes in their first
life. In contrast, smooth peaks are noticed for the same DM cell groups in Figure 8. These
smooth peaks of the DV curve might indicate that cells in the same DM cell groups expe-
rienced similar physical changes in the first life.
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Figure 9. Magnified view of the DV curves.

7. Further Work

The EIS and DV curve analysis presented here correlates with the modified DM iden-
tification technique (IC curve) results. However, the validation of the modified DM iden-
tification technique is still required. Ex-situ post-mortem analysis, such as SEM, EDS, and
XRD, can be employed to quantify such inaccuracies and corroborate the data obtained.
Moreover, in this work, EIS was performed on only nine cells. To obtain better confidence
in the correlation between EIS and improved DM identification technique, EIS needs to be
performed on more cells. The modified DM identification technique is applied only on
LGM-50 (NMC 811 positive electrode and bi-component Graphite-SiOx negative
electrode) cells. However, the technique might be applicable to other cell chemistry and
format after changing the threshold limit. In addition, the proposed modified DM identi-
fication technique can be automated and scalable to the system level; further work is going
on to make the system automated and scalable.

8. Conclusions

This study correlates the updated DM identification approach with the EIS and DV
analyses. The improved DM identification method was developed based on the analysis
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of the IC curve. The authors attempted to correlate EIS and DV data with modified DM
identification-technique findings. The comparison indicates that cells identified as similar
(or different) DM cells by a modified DM identification method exhibit almost similar (or
different) DM growth while being assessed with the EIS technique. Additionally, the SD
of the DV peaks is smaller for cells with identical DM. The cells identified as different DM
cells (by a modified DM identification approach) have an EIS-obtained resistance varia-
tion that differs from that of the cells classified as the same DM cell. In addition, the SD of
the DV peaks is greater for cells with different DM.
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