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Aging-induced degradation of commercial Li-ion pouch cells with lithium nickel-manganese-cobalt-oxide-based
cathodes and graphite anodes is studied at various operating conditions (temperature and voltage) by galva-
nostatic measurements and in situ electrochemical impedance spectroscopy (EIS). A detailed equivalent electrical
circuit model, capable to fit the measured EIS spectra, is developed and validated. The work also confirms the
capacity fade dependence of the calendar-aged cells on stress factors such as temperature and state-of-charge.
The retained capacity is found to decrease linearly with >°. However, it stands out that the degradation
registered for cells held at 95% state-of-charge is lower than that for those at 70% and for the cases when
temperatures are between 25 °C and 37.5 °C, which is a not very common singularity. A high performing cal-
endar aging model is introduced accordingly. Both the electrical circuit model defined and the accurate calendar
aging model developed provide useful tools for battery management systems in order to monitor and control both

the state-of-health and the state-of-charge of these commercial cells.

1. Introduction

Li-ion batteries (LIBs) together with pumped-hydro (PH) in-
stallations are considered nowadays the leading energy storage (ES)
technologies to be used to accumulate electricity and complement the
massive penetration of intermittent renewable energy sources promoted
by the Paris Agreement in order to achieve decarbonisation by 2050 [1].
Analysing both technologies, clear geographical and physical limitations
are identified for PH beyond huge grid applications. This paves the way
to LIBs as the flagship ES solution for applications where energy density
is critical, ranging from portable consumer devices to electric vehicles
[2].

Currently, there are six consolidated families of LIBs under
commercialization worldwide, being the market clearly dominated by
three of them: nickel-manganese-cobalt-oxide (NMC), nickel-
—cobalt-aluminum- oxide (NCA) and lithium iron-phosphate (LFP)
batteries [3]. However, beyond the great effort being devoted to the
development of new active materials (at both the cathode and the anode
levels), better electrolyte formulations (introducing solid-state and
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polymeric proposals), and optimizations of the working conditions in
the last 20 years [4], all the families of LIBs still present limitations in
terms of energy density and lifetime [5,6]. Moreover, due to the non-
linear nature of the chemical reactions taking place within the LIB
cells during operation, the precise determination of certain key opera-
tional parameters, that have to be monitored continuously by the battery
management systems (BMS) standing out the state-of-charge (SoC) [7,8]
and the state-of-health (SoH) [9,10], remains a challenging task. This is
even more important in a moment in which there is an open discussion
about the best cell to implement in the skyrocketing industry of the
electric vehicle. Until now, long-range EVs models have often prefered
NCM or NCA cells but, due to safety and liability reasons, the much safer
but less energy dense LFP alternative is on the rise [11].

Under this scenario, a great attention is being paid to develop tech-
niques, methodologies, and mathematical models aiming at the proper
estimation of both SoC and SoH at every type of cell. Electrochemical
Impedance Spectroscopy (EIS) is probably the main technique used for
non-destructive diagnosis tests [12] and lately used to characterize and
model the aging phenomena of LIBs [13]. EIS measurements make it
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possible to discern between the different battery components and in-
ternal reactions, since each of them presents a characteristic frequency
of response [14]. Different studies implementing this technique to
characterize LIBs are available [15-17]. Some of them are indeed
focused on NMC/graphite Li-ion cells [18], which being the most ship-
ped chemistry, has concentrated an important part of the research. For
instance, authors in [19] evaluated the degradation of 20 Ah NMC Li-ion
pouch cells under light and heavy-duty real-life operating conditions. Or
even [20] in which the cycle aging of commercial 40 Ah NMC/graphite
pouch cells was studied at different cycling temperatures. Also, accel-
erated degradation tests combined with galvanostatic charge-discharge
cycles devoted to analyse both calendar and cycle aging are introduced
in the literature [21-24]. Calendar aging occurs when a battery is at rest
condition, i.e. no current flows through the LIBs, whereas cycle aging
takes place while the battery is being charged or discharged. In this
sense, a very interesting work on calendar aging is introduced in [25]. It
provides a comprehensive survey on the Li-ion calendar aging research
from the past twenty years of commercially available LIB with different
cathode and anode chemistries. Other works are focused on specific
cells, like [26] in which the authors analyse the calendar aging of 16 Ah
NMC/graphite pouch cells by means of Post-Mortem techniques, or the
one in [27] where the authors tested 24 cylindrical 3,5 Ah NMC nickel-
rich cells and analyzed the influence of the cells' self-discharge currents
on the voltage imbalance of a battery pack, taking the calendar aging
under consideration. A similar approach is introduced in [28] to study
the impedance change and the capacity fade of other commercial 18650
NMC cylindrical cells. This work concludes that the additional charge
throughput experienced by the cells due to the periodic electrochemical
characterization induces significant cell degradation effects that impact
the calendar aging study. Therefore, the calendar aging of this family of
Li-ion cells has been extensively studied during the last years. However,
to our knowledge, commercial 63 Ah high-energy capacity pouch cells
have not been characterized in detail so far and their calendar aging has
not been reported.

This work analyses the response of such commercial NMC/graphite
pouch cells and defines a novel equivalent electrical circuit (EEC) that
fits with high accuracy the spectra obtained by means of EIS measure-
ments at different SoC values. The EEC structure selected had been
previously used to study half-cells [29,30], whose behavior could not be
defined by a diffusion element because some intermediate-frequency
distortions usually arise in the form of an arc appearing just before the
low-frequency capacitive behaviour. However, this work confirms this
EEC as a valid model to describe and study the behavior of these full-
cells. Also, the cells are subjected to different stress factors (tempera-
ture of 25 °C, 37.5 °C and 50 °C, and SoC of 20%, 40%, 75% and 95%)
for more than a year. The periodic testing (including EIS and galvano-
static profiles) performed to each of the 24 cells under study allowed to
analyse the evolution of the EEC parameters, and also to derive a
mathematical calendar aging model. This provides a highly accurate
aging diagnosis to be potentially used to estimate the calendar degra-
dation of these commercial cells during their resting periods. This would
allow a BMS to optimize the charging timing and even activate some
refrigeration to prevent the battery pack from avoidable degradation.

This paper is organized as follows: Section 2 introduces the experi-
mental setup together with the test matrix and the periodical measure-
ment procedure performed to the cells. In Section 3, the resulting
equivalent circuit and the calendar aging model are presented and dis-
cussed. Some concluding remarks are finally introduced in Section 4.

2. Experimental design

The test focuses on the commercial energy dense NMC pouch cells,
model JH3, manufactured by LG Chem, Fig. 1. These cells present a non-
disclosed stoichiometry cathode made of lithium-nickel-manganese
-cobalt-oxide as active material and a graphite anode. They are manu-
factured by means of a lamination and vertical stacking process of the
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Parameter Value Unit
Nominal capacity 63 Ah
Nominal energy 233 Wh
Nominal voltage 3.7 Vv
Voltage range 3.0 to 4.2 \%
Energy density 112 Wh/1
Specific energy 198 Wh/kg
Storage temperature -30 to 60 °C
Weight 1,175 g
Volume 565 mL
Dimension (W/L/T) | 100.2 / 352.5 / 16.0 | mm
Cathode active material NMC -
Anode material Graphite -

Fig. 1. JH3 NMC pouch cell proof by LG Chem. Technical specifications.

cathode, anode and separator, instead of the usual winding process,
which according to LG Chem improves their dimensional stability and
life-cycle. Their rated capacity is 63 Ah and they are usually imple-
mented in battery packs used for stationary applications.

In order to degrade the cells, they were subjected to different
controlled and constant values of SoC and temperature during 400 days.
A CCK series compact climatic chamber from Dycometal and two lab
ovens (Indelab, model IDL.AI80) were used to control the temperature.
The climatic chamber did not control the humidity but its use was
required due to the low ambient operating temperature (25 °C) defined
for some of the cells. Moreover, 12 calibrated digital voltage sources (RS
PRO, model RS-3005D) fixed and monitored the voltage of the cells.

All the electrochemical characterization and the capacity measure-
ments were conducted in a 4-probe configuration with a PGSTAT30
potentiostat from Metrohm Autolab BV equipped with a 10 A booster
and a FRA2 impedance module. The potentiostat was controlled by Nova
1.11 software. Impedance spectra were fitted using Zview software from
Scribner Associates Inc.

2.1. Calendar aging matrix

The aging experiments were completed on a total of 24 JH3 cells.
These cells were initially characterized as received (fresh condition) by
impedance spectroscopy and capacity profiles, and then they were set up
at 12 different operational combinations of temperature and SoC for
400 days. Cells were paired in couples under each of these 12 opera-
tional frameworks. For each of the combinations, summarized in
Table 1, one cell from each couple was used as reference cell (the even
numbered cell). Reference cells were only tested every six months, an
the other cells from the pair (odd numbered in Table 1) were tested at
regular intervals every 4 weeks. The aim at dividing the cells in two
groups (reference and monthly-tested cells) was to analyse the potential
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Table 1
Test matrix of calendar aging conditions.

T/SoC 3.57V(=20%) 3.67V(x~45%) 3.85V(x70%) 4.11V(x=95%)
25°C Cl/C2 C3/C4 C5/Cé6 C7/C8
37.5°C C9/Cl10 Cl1/C12 C13/C14 C15/Cl6

50 °C C17 / C18 C19 / C20 C21 / C22 C23 / C24

effect on the aging that could be introduced by the check-up charac-
terization frequency during the whole experiment, as studied for NMC
cells in cyclindrical format in [28] or in prysmatic format in [31]. In this
way, one cell in every pair is only tested once every six months and its
resulting degradation can be compared to that of its twin cell tested six
times over the same period.

Table 1 summarizes the test matrix and the characteristics of the
operational combinations tested. Note on the one hand how the 24 NMC
cells are split in three groups of eight cells each and stored at three
constant temperatures: 25 °C, 37.5 °C and 50 °C. These values are
selected with the intention to cover the usual range of operational
temperatures experienced by cells within battery packs in most real-life
stationary applications. Only the 50 °C framework is somehow beyond
recommendations but it has been introduced to favour an accelerated
aging and, therefore, to provide results that would enrich the analysis.
On the other hand, the 8 cells at each temperature were wired in pairs
and voltage-controlled at each of the 4 SoC levels: 3.57V( ~ 20%), 3.67V
(= 45%), 3.85V( =~ 70%), and 4.11V( ~ 95%).

Also in this case, the SoC levels were defined trying to encompass all
the voltage operational range of the cells, with separation of 25% among
setpoints. Note that these setpoints are shifted towards the full charge
state because it is more usual to have the batteries operating closer to
100% SoC than fully discharged. The corresponding voltage values to be
fixed by the voltage source were defined according to the V-SoC char-
acteristic measured for this type of cell.

2.2. Characterization procedure

The fresh cells were initially charged from 3% SoC up to 98% SoC.
Then, they were fully discharged again to 3%. Both charge and discharge
intercalated various EIS measurements along each process. After that,
cells charged for a second time up to 98% and finally discharged until
the SoC level assigned to each during the experiment (according to
Table 1). All the power exchanges during the charging and discharging
galvanostatic processes were carried out under a 0.1 C-rate. These initial
cycles were performed with the objective of forming a stable SEI that
would facilitate a successful subsequent cycling performance [32], and
were profited to measure the initial actual capacity of each cell. More-
over, for an extra fresh cell (C25), this initial cycle was combined with a
series of EIS measurements in order to check their influence on the
retained capacity (in Ah) and also to generate the EEC model here
developed.

After this initial test, the cells were characterized periodically. As
previously indicated, the characterization period was either four weeks
or six months depending on the cell group. At every periodic test, each
cell underwent a new discharge-charge-discharge galvanostatic cycle (at
0.1 C) and was submitted to three EIS measurements at the corre-
sponding SoC values. The whole test procedure and the different EIS test
points performed throughout the cycle are represented in Fig. 2. Ac-
cording to it, the periodical characterization started with an initial
check-up analysis of the cell by a first EIS measurement at the designated
resting SoC of each cell. Then, the cells were discharged down until their
cut-off terminal voltage, achieved at 3.41 V. This discharge action, as
well as the rest of charge or discharge operations along the cycle, were
conducted by applying a constant current equal to +£6.3 A (C-rate = 0.1).
This value was selected to ensure the quasi-equilibrium state of the cell
after the process and to minimize the potential impact that higher C-
rates could introduce in the aging. Hence, after discharging down to that
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Fig. 2. Cell test procedure diagram.

cut-off voltage, a 45-minute relaxation period was introduced. This
allowed the open circuit voltage (OCV) of the cells to recover to 3.425 V,
which corresponds to a 3% SoC. At this point, a second EIS measurement
was carried out. Then, an almost full charging process was conducted up
to a terminal upper cut-off voltage of 4.16 V. Following the corre-
sponding 45-minute relaxation period that allowed the OCV to softly
drop down to 4.145 V (equivalent to a SoC equal to 98%), a third EIS
measurement was performed. Finally, the cell was discharged again
until it reached the initial SoC to be finally measured one more time and
sent back to the climatic chamber or to the corresponding lab oven.
Regarding the EIS measurements, it is important to note that all of
them were carried out galvanostatically, with a 5 A amplitude pertur-
bation, in a frequency range from 500 Hz to 1 mHz. The cells underwent
all these measurements and operations introduced periodically at room
temperature (around 22 °C) and each test took around 23 h per cell.

3. Results and discussion
3.1. Equivalent circuit model determination

The EEC model definition was based on the results achieved for cell
C25 in its initial characterization test. Fig. 3 shows the resulting voltage
characteristic profiles as well as the corresponding incremental capac-
ity/differential voltage (IC/DV) curves obtained for this cell. This
characterization test started with an initial cell discharge down to 3%
SoC. Then, the test proceeded with a galvanostatic charge cycle, up to
the upper cut-off voltage of 4.16 V, and a discharge, down again to the
low cut-off limit set at 3.41 V, as observed in Fig. 3a. The cell underwent
various EIS measurements throughout both processes, marked as
squares in Fig. 3a. Finally, a new charge process (red line) was per-
formed and the capacity measured again to verify that the electrodes
had not changed nor been damaged during the previous initial EIS
measurements.

This initialization process was introduced to all the cells. The ca-
pacity registered during the second charging process varied from 57.68
Ah to 58.34 Ah, depending on the cell. No significant variations between
the measurement during the EIS cycle and the measurement after them
was registered for any cell. Thus, if the voltage range used for the test
cycle is taken into account versus the whole operational range of these
cells, calculations return a total extrapolated capacity for the 24 cells
ranging from 60.7 Ah to 61.41 Ah, approaching their commercial rated
values.

Regarding the specific results for cell C25, although it is quite diffi-
cult to infer the different reactions occurring within the cell at varying
voltage levels from the voltage profiles represented in Fig. 3a, they can
be split into three different sections: (i) below 3.50 V, with a significant
voltage vs. capacity slope; (ii) between 3.50 and 3.70 V, where the slope
of the curve flattens; and (iii) between 3.70 and 4.16 V, where the
voltage linearly increases/decreases with the capacity. The shape of
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Fig. 3. Results of the initial test performed to cell C25. (a) Selected potentials and charge state during the galvanostatic cycles; (b) IC/DV curves during the charge

and the discharge process.

these curves is consistent with that previously reported for NMC cath-
odes vs. graphite anodes [33]. Besides, Fig. 3b displays the way the IC/
DV evolves as a function of the operating cell voltage (V) for both the
charging and the discharging process. It is important to remember that
the area between the curve and the horizontal axis indicates the capacity
that the cell admits at the corresponding voltage interval. Note how the
voltage plateau in the charge/discharge curve in Fig. 3a now presents
the typical NMC peaks in the IC/DV curve [34]. The peaks indicate
different phase transitions at both anode and cathode (effects over-
lapped on the figure). Analyzing in detail the evolution of the IC/DV
curves, a first sharp redox peak at 3.52 V (C1) followed by the main peak
at 3.72 V (C2) during the charge reaction are mainly identified. These
peaks correspond to the change in the oxidation state of Ni upon lith-
iation, which correlates with the flattened region of the voltage profiles
in Fig. 3a. Authors in [35] associated C1 and C2 processes in NMC/
graphite cells to the lithiation of graphite (C6 — LiC,) and the H1 — M
(thombohedral to monoclinic) phase transition of the NMC cathode
[36]. Then, around 3.80 V (C3), the M — H2 reversible phase transition
takes place. Above it, the IC/DV rate decreases progressively until the
voltage cut-off limit is reached. The IC/DV is always positive throughout
this interval, which implies that some electrochemical reactions might
be occurring. Although it is difficult to analyse them because the cut-off
voltage of the test was too low, these reactions could be irreversible and
potentially associated with the formation of both the SEI and the cath-
ode electrolyte interface (CEI). Regarding the discharge reaction, only
two clear peaks are observed. The predominant signal, observed at 3.54
V (D1), corresponds to the intermediate plateau in the galvanostatic
discharge and is located at the same potential as C1. This comprehends
both the phase transition M — H1 and the delithiation of graphite, which
are the inverse reactions to those generating C1 and C2. On the other
hand, D2 corresponds to the reversible H2 — M phase transition of the
NMC at 3.80 V. Finally, note that due to the limited voltage range
analyzed in this test, defined by the manufacturer in the safety datasheet
to avoid irreversible damage to the cells during use, it was not possible
to distinguish the peak below 3.40 V ascribed to the anode in the liter-
ature [33].

Some further insights can be introduced around the kinetic limita-
tions inferred from the resistive processes occurring during the cell
operation. They are derived from the Nyquist spectra plots obtained
with the EIS measurements performed to the cell, and pointed out in
Fig. 3a. The frequency response of the cells at four of the analyzed SoC is
represented in Fig. 4a. Note how the Nyquist spectra exhibit two main
features at different time constants associated with the corresponding
specific electrochemical mechanisms: a semicircle obtained at high-
frequencies (related to the electrode/electrolyte interfacial processes),
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Fig. 4. (a) EIS Nyquist spectra at various SOCs; (b) developed EEC.

and a tilted line at low frequencies (that correlates to the mechanisms to
store/deliver electrochemical energy). For the rest, the middle fre-
quencies would correspond to the Li" diffusion process.

Taking into account these spectra, and after analyzing previous
models described in the literature for NMC cathodes using Li metal as
both the counter and the reference electrode [29,30], the proposal in
this work is an EEC for these commercial NMC/graphite Li-ion cells as
the one represented in Fig. 4b. This EEC fits the experimental impedance
spectra with low error, as appreciated in the figure, and properly de-
scribes the physical and chemical processes (such as the electrochemical
reactions, diffusion, migration of lithium and ohmic action) inside the
cells.

Starting at high frequencies, the EEC includes an inductance, L,
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which models the inductive behavior of the cell caused by its geometry
and windings [37]. The parameter L ~ 0.33 uH is constant during both
charge and discharge processes, and hardly influences the cell's perfor-
mance [12,28]. Then, the EEC presents a resistance, R, which is ascribed
to the ionic resistance of the electrolyte and to the electronic resistance
of the current collectors [28,38]. This is known as the ohmic resistance
and corresponds in Fig. 4a to the minimum value for the real part of the
impedance, i.e. R; = 0.4 mQ. As frequency decreases, only one semicircle
is observed in the Nyquist diagram while two would be expected [33].
This is due to the fact that the partial and individual effects at each
electrode cannot be discerned separately. The first expected semicircle
would be associated to the SEI layer and to the charge transfer at both
electrodes. It has been previously reported that solid films are formed on
lithiated transition-metal oxides (TMOs) because of the rich surface
chemistry in alkyl carbonate electrolyte solutions and LiPFg salts [39]. In
order to represent this part of the spectrum, a sub circuit formed by a
resistance, Ry, in parallel with a non-ideal capacitor (a constant phase
element, CPE, with exponent defined between 0.8 and 1), Cy, is used.
The values registered for these parameters are Ry ~ 0.4 m2 and Cys ~ 8
F, which also remain voltage independent.

At intermediate-to-high frequencies, the second overlapped semi-
circle would be related to the electrical processes at the active particles
interface in both electrodes. This is defined by the charge-transfer
resistance, Ry, and by the double layer capacitance, Cq4, associated
with the porosity of both graphite and NMC electrodes. This semicircle is
rather voltage-independent, with R, ~ 1.7 m<2 and the Cy value mainly
varying between 50 kF and 65 kF during both discharge and charge
processes. In this case, Cq represents again a non-ideal capacitor.

At low frequencies, the expected phenomena are a solid-state diffu-
sion process and a capacitive behavior associated with the Li" storage
into the anode. Therefore, due to the difficulty in associating this part of
the resulting Nyquist spectra with a Warburg-like pattern (identified by
slopes of 45 degrees in the diffusion tail), the proposed EEC just in-
troduces a resistance, Ry, in series with a capacitor, C,. Ry is usually
attributed to the different reaction rates limiting mechanisms inside the
electrode particles, regardless of the underlying microscopic mechanism
(ion diffusion and/or reaction), and C, represents the chemical capaci-
tance. The transport limitations could be related to the solid-state
diffusion of Li" ions within the host material or, also, to the hindrance
of the resistive elements in electrochemical Li* alloying and conversion
within the oxide matrices [15,38,40]. It should be equally noted that
there is an additional capacitive behavior at low frequencies, modeled
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by the non-ideal capacitor Cy;:, which is related to the Li* that have not
reached the stable positions within the matrix yet [40,41]. This effect is
observed in the change of the spectra near the elbow, distinguishing it
from a Warburg classical pattern, followed by the true capacitive
behavior, C,. The chemical capacitance is correlated with the differen-
tial change in the electrode charge upon voltage variation [41,42] and
explains the ability of the oxide matrix to react with Li" ions.

Finally, in order to validate the consistency of the proposed EEC and
its qualification to monitor the working conditions of the cells, two
check-up actions were introduced. First, the resulting impedance values
of the EEC with varying frequencies at each of the characterized SoCs
were compared with the Nyquist spectra defined with the corresponding
EIS measurements. Results for this comparison can be appreciated in the
fitted lines in Fig. 4a and also on the 3D representation introduced in
Fig. 5 for each the SoC levels taken into consideration during the initial
test characterization. Note how the EEC model frequency response (solid
line) perfectly reproduces all the experimental features measured
(spheres), showing fitting errors for the parameters of the model below
10% all along the voltage range of the cell. Table 2 summarizes the
values obtained for these parameters at various of the SoC (among all
those measured and represented in Fig. 5) so that the model can be
reproduced. The second check-up consist on comparing the chemical
capacitance values obtained by the EIS with those calculated from the
IC/DV curve. Results can be appreciated in Fig. 6. Note how the resulting
C, presents a shape similar to that of the measured values as well as
reaction peaks very close to those (C1 and C2) associated with the
overall reversible reaction: Li,((Ni}ZfCo:z3 +anltty_z)02 o (Ni*TCo**Mn*h)
O, + xLi™ + xe™ [42]. It should be noticed that a voltage shift between
both curves arises, which is possibly due to the kinetic limitations that
appear when the scan rates are not low enough during the continuous
charging experiment, and this takes the system out-of-equilibrium. To
sum up, the approach followed here enabled a proper differentiation
between the two interfacial electrochemical processes and showed that
it could be possible to monitor a commercial cell aging through EIS.

3.2. Aging evolution of the model parameters

The cells were periodically characterized according to the procedure
introduced in Fig. 2. Therefore, new EIS measurements were routinely
performed at three different SoC values: 3%, 98%, and the resting SoC of
the cell. These measurements allowed us to analyse how the EEC model
parameters evolved with time as a function of the storage temperatures

Fig. 5. 3D plot of the C25 cell Nyquist response spectra measured (spheres), and fitted model (lines), at the different SoC during the galvanostatic charge (a) and

discharge (b).
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Table 2
Obtained values for the parameters of the EEC model at various SoC.
Charge Discharge
SOC 5% 25% 55% 75% 95% 95% 75% 55% 25% 5%
v(V) 3.46 3.60 3.72 3.90 4.11 4.11 3.90 3.72 3.60 3.46
L(uH) 0.34 0.34 0.33 0.33 0.34 0.34 0.33 0.33 0.33 0.34
Ry(mQ) 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Re(mQ) 0.6 0.4 0.3 0.2 0.3 0.3 0.3 0.3 0.4 0.4
Cst(F) 8.6 7.1 8.1 8.8 7.5 8.0 9.6 8.3 7.7 10.0
Re(mQ) 1.1 2.0 1.9 1.5 1.3 1.4 2.1 1.2 1.0 1.2
Cai(kF) 26.1 51.7 51.6 65.7 53.5 51.0 56.3 54.7 55.3 34
Ry(mQ) 3.6 18.7 17.6 18.0 26.5 39.2 18.0 15.7 18.7 9.9
Cpi, (kF) 52.4 67.8 61.3 73.0 66.5 66.5 73.0 113 214 152
Cu(kF) 125 222 187 219 177 177 218 276 275 171
conditions (C23 and C24). When comparing their values with those
5x10° T T T T T T T obtained for the cells subjected to lower temperatures, it can be verified
that lower values were identified, in the order of 0.1mQ. Meanwhile, the
Cq values also persisted practically constant with a slight decrease when
4x10° - PN ] increasing storage temperature.
/’, R . __ Finally, in relation to the parameters used to emulate the low fre-
s o5 N e~ g o quencies response, it stands out that both Rj and Cy;+ also present a flat
i | S evolution. No large changes are registered in their values for the
— . /' \y different cells. Only the case of C,, representing the chemical capaci-
®) 2%105 - ; - L A | tance, presents a noticeable reduction. This is barely null for cells C1 and
i / = / '\\.\. C2 while the reduction achieves values of around 20% for cells C23 and
)y \\/,» C24, in agreement with the different capacity reductions experienced by
1x10° | alt | each of the cells and introduced in the coming section.
, —=—C, (EIS fitting) It can be concluded that, in opposition to the results obtained by
¢ -e- C (d/dV) other authors such as Schmitt et al. in [28], which analyse in their work
0 I I I I I L 1 the calendar aging of 18650 NMC cylindrical cells, the degradation
34 35 36 37 38 39 40 41 42

Potential (V)

Fig. 6. Chemical capacitance of the JH3 cell obtained from -dQ/dV of the
charge measurements at 0.1 C, and C, calculated for the EEC at the various EIS
measurements.

and the resting SoC. The nine parameters from the model are divided
into the 3 groups defined in the previous section as a function of the
frequency ranges and represented in Fig. 4a: L, Ry, Ry, and Cy for high
frequencies, R and Cq for medium frequencies, and C,, Ryr and Cy;: for
low frequencies.

Regarding the high frequency parameters, both L and Cy showed a
smooth increasing trend that ended up hardly doubling their values. On
the contrary, although R; was completely flat, Ry even tended to
decrease to around 50% of its initial value. Therefore, the overall
resistive trend was towards reducing its value at these frequencies.
However, although these changes constitute an evolution in relative
terms, the absolute value of these parameters was kept so low that the
cells' performances were not impacted. In fact, the most important
change that would be expected according to previous works, an increase
in R; and Ry as degradation advances and SEI grows [43], respectively,
was not identified in this experiment. This can be associated to the high
quality of the cells under analysis that did not significantly age during
the calendar experiment. Harder operational conditions with hundreds
of repeated cycling patterns should have been performed to be able to
measure changes in R [44].

Concerning the medium frequency parameters, although the
impedance should typically also increase with the aging in this fre-
quency range [44], mainly due to the effect of the charging and dis-
charging processes on the charge transfer capability and on the double
layer, both R, and Cg remained quite constant in our analysis too. In
fact, since only 12 cycles were performed throughout the calendar aging
experiment, the R, values persisted within the same order of magnitude
during the whole study even for the cells subjected to the most extreme

experienced by the JH3 pouch cells in our study is not significant. Nearly
no increase of the ohmic and total polarization resistances is recorded
with storage duration, and the whole cell impedance is basically unal-
tered along the experiments. Also, it is important to highlight that no
significant differences were appreciated between the two groups of cells
(periodically tested and reference cells). This implies that the impact of
both the electrochemical characterization and the 10 extra galvanostatic
cycles introduced at each check up to the periodically tested cells, with
regard to those in the reference group, was negligible over the calendar
aging.

3.3. Calendar aging model

The periodic tests performed also provided information on the
retained capacity that the different cells presented along the experiment.
Fig. 7 shows the capacity fade evolution experienced by each of the 24
cells stored at the three different temperatures (50 °C, 37.5 °C, and 25
°C, respectively) and four resting SoC levels. Results on each graph show
the retained capacity values measured (during the charge performed
from 3% to 98% SoC) for the four periodically tested cells (represented
by continuous colored lines with dots) and for the four reference cells
(represented by independent triangles) at the corresponding test tem-
peratures. Also, colored dashed lines represent the linear dependence
trend with >° in each of the graphs. Note how the linear relation is
confirmed, based on the high R? values obtained in the fitting done for
most of the cells. Only for cells at temperatures of 25°C and 37.5°C and
SoC of 20% and 45% these R values are low. This is due to the also low
degree of aging experienced by these cells during the experiment. It is
also important to highlight the importance of the anode overhang
reversible effect, identified by other authors for NMC an LFP cells in
previous works such as [45,46], respectively. This could be responsible
for the capacity increase registered for low SoC cells after the initial
capacity check up. Finally, note that the aging of the cells is clearly
dependent on the SoC level in agreement with the literature (the greater
the SoC the greater the aging). However, this general trend is broken by
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Fig. 7. Linear dependence of the measured retained capacity on t>° at (a) 50
°C, (b) 37.5 °C, and (c) 25 °C.
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the cells at 25 °C or 37.5 °C and SoC of 70% and 95%. Contrary to ex-
pectations, the aging expercienced by cells resting at 95% SoC is similar
or even lower than that at 70% SoC. This surprising behavior was also
obtained for the reference cells, C14 and C16, showing the sooner (at
70% SoC) lower retained capacity than the latter (at 95% SoC) at their
third check-up test (12 months after the beginning of the experiment).
The phenomenon was already somehow anticipated, although not dis-
cussed, by other authors in [25]. These two facts allows us to confirm the
special and interesting response of this type of commercial cells at high
SoC.

Similar results can be observed in Fig. 8 which respresents in this
case the retained capacity measurements at each temperature and SoC
versus time (in days), and connects them by the corresponding fitted
surface. The evolution of the capacity fade with time during the exper-
iment can be clearly observed.

Based on the retained capacity data of these cells, a semi-empirical
lifetime model can be developed. Such models represent mathematical
descriptions of the aging processes taking place within cells as a function
of a combination of stress factors. In terms of calendar aging, the stress
factors are the storage temperature and the resting SoC. According to
some previous works, both stress factors influence the aging on the basis
of the Eyring's law [47]. This law extends the Arrhenius law, often used
to predict the time-to-fail as a function of temperature, to other stress
factors such as voltage. In the Eyring law, each additional stress factor is
added to the exponential function [48]. Similar recent proposals also
identify an exponential or even a polynomial relation between those
stress factors and the calendar aging [49]. We have analyzed the accu-
racy of up to 8 different mathematical models that combine polynomial
and exponential relations, which are listed and specified in Table 3.

The first model, taken as reference, was already published for NMC
cells in [50]. For the others, number 7 stands out due to its high R? value
and its low root-mean-square error (RMSE). Therefore, this is the semi-
empirical mathematical model proposed to estimate the calendar aging
experienced by the commercial pouch cells under analysis.

The retained capacity estimation obtained with this model, for each
of the combinations of stress factors analyzed, is also represented in
Fig. 8. Note in this sense the colored continuous lines displayed together
with the surfaces connecting the experimental measurements. Note how
the model projections fit the experimental measurements quite accu-
rately, with the exception of the aforementioned region at 25 °C or 37.5
°C and high SoC levels. At these temperatures, this figure shows again
how they retain a similar or even more capacity when resting at 95%
SoC than at 70% SoC, breaking the usual trend identified in the litera-
ture for most of the Li-ion cell types. This non-linearty is very difficult to
model with semi-empirical mathematical models trying to cope with all
the potential operation conditions of the cells. Therefore, taking into
account this peculiarity, the model is accepted because its liability
ascend to a R? = 0.943 value and a RMSE = 0.635, when that peculiar
region is not considered. In conclusion, we determine the calendar aging
process of NMC/graphite pouch cells is properly estimated by the pro-
posed model.

4. Conclusions

This work analyzed the calendar aging experienced by JH3 com-
mercial pouch NMC/graphite Li-ion cells from LG Chem. To do it, 24
cells were subjected to regular and periodic testing to evaluate their
status while being aged at three different resting temperatures and four
different states-of-charge. Tests consisted of EIS measurements at
different SoC levels and a complete galvanostatic charge-discharge
cycle.

EIS spectra obtained in the initial tests performed to fresh cells were
fitted by an equivalent electrical circuit model which adapted the
measured data and represented the internal effects of the cells, such as:
the ohmic resistance, the polarization resistances, the capacitive effects
and the diffusion processes. The evolution of parameters in the



H. Beltran et al.

Retained Capcity (%)

20 30 40 50 60

Journal of Energy Storage 52 (2022) 104747

100

\ 200
0 Time (Days)

Fig. 8. Measured retained capacity at each temperature (surfaces) and resulting estimations of retained capacity (colored lines) obtained with aging model number 7.

Table 3

Mathematical models analyzed to characterize the calendar aging.
Model Equation for Crae(V, T, O a Vi 7 R? RMSE
0 a-(V—y)-e?T. .07 3.02 x 10° 6976 3.15 0.8273 1.079
1 a-(V—y)-e?T. {7 3.02 x 10° 6976 3.3 0.7342 1.353
2 a-(V—y)-eT. (7 3.02 x 10° 6976 3.0 0.7671 1.255
3 a-(V—y)-e?T. .07 1.082 x 10° 6337 3.51 0.6845 1.480
4 a-(V—yp)-e/T. 05 4.237 x 10° 6355 3.51 0.8282 1.085
5 a- Ve T 08 0.013 6319 13.425 0.7610 1.281
6 a- Ve T 0TS 0.0028 6300 13.543 0.6290 1.603
7 a-SoCr . e PT. 05 4004 6396 1.414 0.9091 0.781
8 a - SoCr . e P/T. (075 978 6377 1.424 0.8233 1.102

equivalent circuit model was analyzed versus aging. The ohmic and the Acknowledgment
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