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The identification of battery degradation is of significant importance for estimating the state of health. Loss of
lithium inventory (LLI), loss of active materials of the negative electrodes (LAMNE), and loss of active materials
of the positive electrodes (LAMPE) are three main degradation modes. This paper proposes an advanced model
based on open circuit voltage and differential voltage (DV) fitting to diagnose and quantify the degradation
modes of batteries at different stages, showing high fidelity. This physics-based model avoids solving many

partial differential equations and is not computationally demanding. Using commercial batteries with NCA/SiC
electrodes as a case study, the LLI, LAMPE, and LAMNE induced by battery cycling and storage at various
temperatures, State-of-Charge, and charging/discharging rates are systematically identified and analyzed.

1. Introduction

Lithium-ion batteries (LIBs) have played an essential role in power
storage systems, consumer electronics, the transportation industry, etc.
Presently, the growing demand for electric vehicles and electrochemical
energy storage systems continues to accelerate the large-scale applica-
tions of LIBs [1-3]. Nevertheless, the degradation of LIBs limits the
lifespan and power performance and even causes safety hazards [4-7].
The prerequisite for addressing these issues is an ability to precisely
diagnose these batteries' state of health (SoH) and degradation modes.

The degradation of LIBs can be attributed to various chemical and
physical modes that affect the various components of LIBs [8-10]. The
main degradation modes of lithium-ion batteries can be classified as
follows: loss of lithium inventory (LLI), loss of active materials of the
negative electrodes (LAMNE), and loss of active materials of the positive
electrodes (LAMPE) [11-20]. Specifically, lithium ions are consumed by
side reactions, such as SEI growth, lithium plating, etc. These ions are,
therefore, no longer available for cycling between the positive and
negative electrodes. That is denoted as an LLI and leads to capacity

losses. Lithium-ion immobilization in electronically isolated particles of
the active electrode materials can also contribute to LLI.

LAMNE means that the active material in the negative electrode
becomes unavailable for lithium insertion due to particle cracking,
binder decomposition, or the obstruction of active sites by resistive
surface layers. That degradation mechanism can result in both capacity
and power fading, as they hinder lithium ions intercalation and
deintercalation.

LAMPE means that the active material in the positive electrode be-
comes unavailable due to structural disordering, particle cracking,
transition metal dissolution, or loss of electrical contact. In addition, a
rise in electrode resistance or loss of electrode conductivity can also
affect the kinetic performance of Li-ion batteries because they affect the
electron transport rate through the electrodes, which in turn affects the
charging and discharging rate and overall performance of the batteries
[21-23].

Typically, experimentally analyzing battery degradation implies the
destructive disassembly of batteries and requires specialized laboratory
equipment, incurring long time and high financial costs. Consequently,
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Fig. 1. Schematic representation of (a) a pristine cell, (b) an LLI-induced degraded cell, (c¢) an LAMPE-induced degraded cell, and (d) an LAMNE-induced

degraded cell.

the experimental analysis is almost impossible to implement in battery
management systems of electric vehicles [5,13,16,17,24,25]. On the
other hand, non-destructive diagnostic approaches based on in-situ
measurements are widely acknowledged as a powerful and convenient
tool for extracting battery degradation characteristics. Those include
voltage fitting, incremental capacity (IC) analysis, electrochemical
impedance spectroscopy (EIS) analysis, and differential voltage (DV)
analysis.

The open circuit voltage (OCV) is the difference between the anode
and cathode voltages under non-loading equilibrium conditions, which
provides thermodynamic battery properties. The changes in OCV can be
used to evaluate the State-of-Charge (SoC), SoH, or degradation char-
acteristics [13-15,26-29]. Since the real OCV is not easy to measure, the
voltage profile obtained when the current is very small (less than 0.04C)
is frequently considered equivalent to the OCV profile. Such voltage is
called pseudo-OCV [10,14]. Under OCV (or pseudo-OCV) test condi-
tions, conductivity losses due to ohmic resistance or overpotential are
usually ignored. Numerous contemporary methods for OCV fitting rely
on either equivalent circuit models or data-driven models. The former
method proves challenging in comprehensively elucidating the intricate
electrochemical processes within batteries, whereas the latter method
demands a substantial volume of training data and computational re-
sources [13,30-34]. EIS tests have a relatively short duration and can
provide detailed information about the internal state of the battery when
measurements are made at specific frequencies and SoCs. But the data
analysis requires sophisticated equipment and expertise, including
fitting the models, and has high signal processing requirements.
Different batteries may require different models. IC or DV analysis, as an
alternative approach, converts voltage plateaus into apparent peaks to
extract the degradation of LIBs [31,32,35-37]. However, at high or low
(dis)charge rates, more pronounced polarization effects or noise are
prone to be generated, which needs data filtering and smoothing, further
deforming IC and DV curves and affecting the accuracy of these methods
[10,38,39]. Overall, these diagnostic methods have been successfully
used to analyze the degradation of LIBs. Still, the relation between the
degradation modes at various temperatures, (dis)charging rates, and
SoCs has not yet been systematically explained.

In this paper, a novel physics-based approach is proposed for OCV
fitting and unraveling the degradation modes, which avoids the complex
partial differential equations of traditional electrochemical models and
does not rely on large amounts of training data, thereby saving
computational resources. Moreover, this model also simultaneously in-
corporates the fitting of DV curves to improve accuracy and show high
fidelity. Subsequently, LLI, LAMPE, and LAMNE are extracted to sys-
tematically analyze calendar and cycling-induced aging under various
temperatures, SoCs, and (dis)charging rates, respectively. The research

is carried out using the latest generation of high-energy-density NCA/Si-
C cylindrical batteries.

2. Experimental
2.1. Storage measurements of cylindrical batteries

Calendar storage measurements utilized commercial 18650-type
cylindrical batteries fabricated by Tianjin Lishen Battery Co., Ltd. with
a nominal capacity of 3.2 Ah. Before the storage, all batteries underwent
cycling with a 0.3C (1C = 3.2 A) current for 50 cycles within the voltage
range of 2.7-4.2 V to establish a stable Solid Electrolyte Interphase (SEI).
That was followed by cycles with 0.01C to acquire the pseudo-open-
circuit voltage (OCV) curves. The batteries were subsequently stored
at 20 %, 50 %, and 100 % of the SoC at 25 °C. OCV assessments were
conducted every 30 days during the storage period. After that, the bat-
teries were recharged to the corresponding SoC to prolong the storage
tests. At 10 °C and 45 °C, the batteries were stored at 50 % SoC.

2.2. Cycling measurements of cylindrical batteries

Before the experiments, all 18650-type batteries underwent activa-
tion through four cycles employing constant-current constant-voltage
(CCCV) charging and constant-current (CC) discharging within a voltage
range of 2.7-4.2 V. A current of 0.3C was applied in CC mode, with a cut-
off current for CV mode set at 0.04C. Subsequently, cycles with 0.01C
were conducted to obtain pseudo-OCV curves for the batteries. After
that, cycling tests were executed with a consistent charging current of
0.3C or 1C, while the discharging C-rates of 0.1, 0.5, 1, and 2C were
used. Throughout the cycling process, all batteries underwent charging
in CCCV mode. Discharging was performed in CC mode until reaching
2.7 V. A 30-minute relaxation period was made between the charging
and discharging steps. Cycles to determine OCV curves were systemat-
ically conducted at 50 or 100 cycles during the cycling. The tempera-
tures for the cycling measurements were maintained at 10, 25, and
45 °C.

2.3. Coin-type cell measurements

Cylindrical batteries were disassembled within an argon-filled glove
box, and some parts of the anodes and cathodes were cut out. One side of
the anodes and cathodes underwent meticulous scraping with a sharp
blade. Foils were cut into discs of 14 mm in diameter. The anode and
cathode discs were individually assembled into coin cells, employing
metallic Li as counter electrodes. Celgard 2400 served as a separator,
while the electrolyte comprised 1 M LiPFg dissolved in a solvent mixture
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of EC:DMC:DEC (1:1:1, volume ratio). The electrochemical character-
istics of the coin cells were investigated utilizing a Neware battery test
system, spanning the voltage range of 0.01-2 V for the anode and
2.8-4.3 V for the cathode versus Li at 25 °C. Before each experiment, a
12-hour equilibration period was ensured, followed by four activation
cycles with a 0.2C-rate current (1C = 7 mA). Subsequently, the pseudo-
open-circuit voltage (OCV) was determined at 0.01C-rate.

3. Model development

Fig. 1 shows the layout of pristine and degraded cells, revealing the
changes in LLI, LAMPE, and LAMNE. The following three parameters
determine the degree of aging of a particular cell at any moment: the
maximum capacity of the negative electrode Q,,,,, the maximum ca-
pacity of the positive electrode Q;;,,, and the amount of electrochemi-
cally active lithium Qpa.x. For a cell just after production but before
activation Qmax = Qj;,, because all lithium was introduced to the Li-ion
cell by the cathode. After activation and subsequent discharge, Qmax
reduces due to lithium consumption in the solid electrolyte interphase
(SEI). The amount of charge of lithium-ions consumed in this process is
denoted qsg;, as illustrated in Fig. 1. Define

qser

Xsgr = Q[;ax-, (€)]
in which xgg; gives the fraction of initially available Li captured in SEL
Then, the total amount of electrochemically active lithium after full
activation is (1 — xsg)Q;f - Please note that a small amount of lithium
ions may remain in the negative electrode (NE) in the completely dis-
charged state due to various kinetic limitations. Usually, it is small (1-2
%) and, therefore, omitted in Fig. 1b-d.

Define Q- and Q" as the amounts of lithium stored inside the
negative and positive electrodes accordingly, at any arbitrary state, then

y= Q‘? : @
x= QQT7 ®)

where y and x are the normalized lithium content in the corresponding
electrode. Those are functions of SoC. From the mass conservation law,
it follows that at any moment in time

Q + (2Jr = Qmax- @

Therefore, the voltage of the battery must obey a system of equations

_ Qt Q
Epe(QF, =E|—) —E.( —
(@ Q) "(Q;a) (Q;,ax) ®)

Q +Q" = Quax

where E, and E, are voltages of positive and negative electrodes as a
function of x and y, respectively, and Ej, is the battery voltage. Express
Q as a function of Q" according to

Q = Qux—Q" (6)

Then substitute Eq. (6) into the first equation of the system Eq. (5) to
obtain the (equilibrium) voltage of the battery as a function of a single
variable Q*:

+ _ O+
Fra(Q") :Ep((g )fEn(Q“‘ng). @

Two other parameters are cut-off voltages E and E%®"". They
correspond to the voltages at which the battery is considered completely
charged and completely discharged accordingly. Define Qj,,, and Q;, as

n
down
solutions of the system of equations:
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+ _ 0O+
E® =, (é”") —E, (La(; Qw)

Elo — F < +0W"> _E <M)
- r n
Q,;ax Q;;ZX

Q.. corresponds to the absolute lithium content in the positive
electrode when the battery is considered to be (completely) discharged
while Q;, corresponds to the completely charged state. Then, the oper-

®

ational capacity of the battery Q. is a difference between Q, and Qj,,,»
ie.

QCUP = Q;own - Qu+p (C)]

The capacity of the battery, as given by Eq. (10) is a function of Q;/ .,

Q..o and Quax, but, strictly speaking, also depends on Xmin, Xsgr, E? and
Edown i e,

Qcap = Qcap (Qrt)aw Qr;ax’ Qmax; Xmin , XSEI', Eup7 Edown) . (10)

This analytical model is highly flexible and can explain a variety of
scenarios. However, due to the design of our aging experiments, the last
four parameters can usually be regarded as constants. Thus,

-+ _ O
Ebut(Q+) :Ep (QQJr > _En (ngfQ>~

The layered Li[NizCopAl;_o.5]02 (NCA) is one of the most promising
materials used for positive electrodes due to its high energy density,
good stability, and low cost [40-42]. By increasing the Ni content and
reducing the Co content, the demand for higher energy density and
lower cost of transition metal layered oxide cathode materials can be
met. However, the increase in Ni content is accompanied by decreased
structural and thermal stability due to weaker Ni—O bonds, leading to
poorer cycling performance and accelerated material failure at high
voltages [43-45]. For the negative electrode, graphite-based composite
materials such as graphite-Si or graphite-SiO, are widely used to
improve energy densities [46]. In this paper, the positive and negative
materials of the studied batteries are Li[NCA]O5 and blended SiC,
respectively. It is worth noting that there should be a minimum number
Xmin of x since lithium ions in the layered cathode materials can not be
extracted fully to maintain structural stability and avoid safety hazards.
For instance, X, can be around 0.55 for LiCoO, [47,48] and about 0.3
for NCA [49].

The equilibrium voltages measured with respect to a Li reference
electrode as a function of extracted charge, i.e. a set of pairs (¢;",E;") and
(q; ,E;), is shown in Fig. S1 from the supporting file. The red line rep-
resents the NCA electrode, and the blue line is the composite SiC elec-
trode. The lithium content is recovered from the extracted charge
according to

Q,<Q <Q, a1

max(q; ) - g;

12
max(q; ) a2

Yi=

for the negative electrode and

O
XninT e i
max(q; )

1—Xmin —Xsg1

X = (13)

for the positive electrode. By direct substitution, it is easy to see that for

the negative electrode q; = 0 implies y; = 1 (fully lithiated material)

and g; =max(q;) implies y; = 0. For the positive electrode g =0
1

implies that x; = xmin and g = m?x(qi+ ), implying that x; = 1 — Xggr.

That corresponds to the situation when both electrodes can be fully
charged and discharged, but the lithium ions immobilized in SEI are
removed from (dis)charging cycles. Thus, the experimental data is
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Fig. 2. Simulated (red curves) and experimental (black curves) results of the (pseudo) OCV curve (a) for a battery at 50 % SoC that underwent calendar aging of 200
days at 45 °C, and (b) for a battery after 200 cycles (dis)charged at 0.5C, 25 °C. Insets are the simulated and experimental results for the differential voltage curves.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

transformed into sets of pairs (x;,E;") and (y;,E; ). Define two functions to
perform interpolation on the base of (x;,E;) and (y;,E; ), namely Ep(x)
and E,(y). Outside of the sampling interval, linear extrapolation is
adopted, which simplifies programming and gives more stable calcula-
tions.

Finally, the operational capacity and voltage are related to Q. .,
Qnx» and  Qmax, which correspond to LAMPE, LAMNE, and LLI,
respectively. The fitting procedure was executed in MATLAB utilizing
the fminsearch optimization function. In addition, the corresponding
differential voltage curves were simultaneously taken into consideration
to improve the accuracy of this model further. The root-mean-square
error (RMSE) of OCV and DV, shown in Egs. (14) and (15), are calcu-
lated firstly, according to

RMSEocy = % > (ocv; - ocv;)?, 14)
i=1

—e—10°C
—e—25°C
—e—45°C

LBC

) &
&

-
o
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—~
o)
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Degradation (%)

0 100 200
Calendar days

300

1 n
RMSEpy =y [ > (DVi - DVy)?, (15)

i=1

where OCV'; denotes the modeled values of the OCV curve, OCV; rep-
resents the experimental values and n is the number of measured values.
The same holds for DV'; and DV;. The summation of these terms is used
for the optimization process, i.e.

RMSE = (DR.MSE()CV + (1 — a))RMSEDV, (16)
where @ represents the weight factor adjusting the fitting results in
favour of the OCV or DV. Moreover, a multi-start optimization approach
was implemented to enhance the capacity for identifying the global
minimum. A Monte Carlo algorithm was employed for the generation of
diverse starting values, and the Nelder-Mead algorithm was subse-
quently applied to each initial value, from which the optimal solution
was selected.
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Fig. 3. Degradation of (a) total battery capacity, (b) LLIL, (c) LAMPE, and (d) LAMNE for the batteries at 50 % SoC during calendar aging at different indicated

temperatures.
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Fig. 4. Battery degradation at (a) 0, (b) 50, (c) 80, and (d) 100 % SoC at 25 °C.
4. Results and discussion

The OCV and DV curves for all experimental results are reconstructed
based on the proposed model described above. A typical example of the
modeled and experimental results is shown in Fig. 2. Fig. 2a illustrates
the (pseudo) OCV curves of the battery at 50 % SoC that underwent
calendar aging of 200 days at 45 °C. Fig. 2b shows the results of another
battery after 200 cycles with a (dis)charge current of 0.5C at 25 °C. The
inset images are the corresponding DV curves. The red lines represent
the simulations, and the black lines are the experimental results. It can
be observed that both the OCV and DV curves are fitted very well,
regardless of calendar aging or cycling-induced aging. Specifically, the
errors between the modeled and experimental OCV of both plots are no
more than 0.2 %. The precise fit for OCV and DV ensures the accuracy of
the extracted battery degradation modes.
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4.1. Storage-induced degradation

The degradation modes of commercial 18650 batteries at the same
SoC during calendar aging at different temperatures are analyzed using
the proposed diagnostic method. All degradation (capacity loss) per-
centages are normalized with respect to the pristine battery capacity and
are shown in Fig. 3. Fig. 3a shows the battery capacity loss (LBC) during
calendar aging. It is evident that the higher the temperature during
storage, the faster the battery degradation occurs. Battery capacity
degradation after 300 days of storage was 4.8, 6.5, and 13.3 % at 10, 25,
and 45 °C, respectively. That is because the high temperature accelerates
many side reactions, such as the SEI growth and the electrolyte
decomposition, and promotes the dissolution of electrode materials
[50-52]. As shown in Fig. 3a, the capacity decay rate stabilizes in the
later stages at storage temperatures of 10 and 25 °C. However, this trend
was not observed at 45 °C, where the battery degrades at a higher rate.
LLL, LAMNE, and LAMPE are shown in Fig. 3b-d, respectively. In general,
all three degraded the most at 45 °C. As shown in Fig. 3, degradation due
to LLI is larger than that of LAMNE and LAMPE because the electrode
material structure does not change much without cycling. The trend of
LLI is also the closest to LBC, indicating that LLI is the main factor of
battery degradation. The consumption of recyclable lithium ions can be
attributed mainly to the continuous SEI growth [24,53,54]. High tem-
peratures accelerate this electrochemical process because of the higher
rate of electron tunneling induced by a lower energy barrier [50].

The degradation of batteries stored at different SoCs at 25 °C is
plotted in Fig. 4. The capacity of all batteries declines over time, but the
rate of capacity decline slows down. Previous publications also show this
nonlinear relation [55-57]. From Fig. 4, it can be seen that the storage-
induced capacity loss is sensitive to the SoC. After 300 days of storage,
the battery capacity loss is around 7.1, 7.5, 10.2, and 11.8 %, for 0, 50,
80, and 100 % SoC, respectively. Operation at higher SoC accelerates
degradation, which is attributable to the correlation between the elec-
trode potentials and the rate of parasitic side reactions [58,59]. Fig. 4
also suggests that higher SoC leads to a faster decline of LLI and LAM.
That has been attributed to particle fracture, lithium plating, structural
change [26,52,60,61], etc. More specifically, the NCA is prone to
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20 1
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—e—2.0C
0d
0 200 400 600 800
(d) 30
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Fig. 5. Battery degradation upon cycling at various discharging currents at 25 °C for (a) LBC, (b) LLI, (c) LAMPE, and (d) LAMNE as a function of cycle number. The

batteries are all charged at a current of 0.3 C.
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Fig. 6. 3D plots with extrapolation to zero current and zero time for the (a) LBC, (b) LLI, (c) LAMPE, and (d) LAMNE at various discharging currents at 25 °C as a
function of cycle number and cycling time. The batteries are all charged at a current of 0.3C.

decomposition since the high degrees of delithiation cause thermody-
namic instability and loss of the lattice oxygen.

On the other hand, particle fracturing and/or volume expansion of
SiC induced at high SoC results in accelerated LAMNE [11,59,62,63].
That is because the volume change is more significant at high SoCs since
more lithium ions are intercalated in the silicon lattice. Consequently,
this drastic volume change leads to larger mechanical stresses, resulting
in particles cracking. In addition, at high SoCs, the SEI layer is more
prone to exfoliation and continuous growth, resulting in isolating the
silicon particles from participating in electrochemical reactions, thus
further contributing to LAMNE. However, LAMPE and LAMNE have a
much larger impact on battery power than on battery capacity, and LLI is
usually considered the main contribution to the LBC [64-67]. It can be
noticed in Fig. 4 that LLI is the most dominant factor of degradation. The
more severe lithium plating induced at high SoC and the continued SEI
growth immobilize and consume large amounts of recyclable lithium,
resulting in the loss of lithium inventory and, consequently, battery
degradation.

4.2. Cycling-induced degradation

Cycling-induced battery degradation is shown in Fig. 5 at different
discharging currents. All batteries were charged at 0.3C and then dis-
charged at 0.1, 0.5, 1.0 and 2.0C. It can be seen that degradation at all
currents increases with the number of cycles. LAMPE is smaller than
LAMNE in this cycling scenario, indicating that the NCA-rate perfor-
mance is better than that of the SiC electrode. That may be due to the
presence of Si, which causes more severe volume expansion and particle
crushing. However, there is no significant dependence between the
various discharging currents and the number of cycles. As can be seen
from Fig. 5, the fastest degradation is observed at a low discharging

current of 0.1C, which is most pronounced for LBC and LLI. In contrast,
the degradation with the largest discharging current of 2C is moderate.
In addition, at the same number of cycles, the effect of different cycling
currents on LAMPE and LAMNE is even less noticeable.

Fig. 6 shows a three-dimensional representation of the degradation
dependence on the number of cycles and cycling time as a function of
cycling current at 25 °C. It can be inferred that, unlike the number of
cycles, the cycling current at a given cycle time affects the battery
degradation, i.e., the capacity loss shows a clear dependence on the
cycling current. The higher the discharging current, the more severe LLI,
LAMPE, and LAMNE degradation is as a function of cycling time. That is
because batteries at large currents complete more cycles in the same
cycling time. In addition, a proficient application of mathematical
extrapolation to zero current is executed to discern the temporal impact
on cumulative battery degradation while mitigating the influence of
cycling effects [68]. For example, the irreversible LBC ascertained
through linear extrapolation at low C-rates towards zero current is pure
calendar aging, as illustrated in magenta in Fig. 6a. It depends on the
cycling time instead of cycling currents or cycle number. Likewise, to
mitigate the impact of calendar aging and isolate the exclusive influence
of cycling, the cumulative LBC is subjected to mathematical extrapola-
tion to zero time, as delineated by the blue region in Fig. 6a. It increases
obviously with the number of cycles and is attributed to the continuous
SEI growth. Details of this mathematical extrapolation can be found in
the supporting information. The extrapolation clearly reveals that pure
cycling-induced battery degradation is much larger than the degrada-
tion caused by pure calendar aging. This convenient mathematical
extrapolation method allows the effects of cycling time and cycle
numbers to be extracted independently from traditional battery cycling
experiments, contributing to the analysis of battery aging in greater
depth. Figs. 6b-d show that this extrapolation was first applied to
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The batteries are all discharged at a current of 0.5 C.

analyze LLI, LAMPE, and LAMNE. It is worth noting that LAMNE grows
more slowly in the early stages when extrapolated to zero current. It
indicates that the Si/C anode material used in this battery has good
stability during the initial period of pure calendar aging.

Moreover, as demonstrated in Fig. 6, the contribution of LLI still
plays the dominant role in the capacity loss at 25 °C. Similarly, it is
known from the extrapolation region that the LLI due to pure cycling is
higher than that due to calendar storage. During the cycling process,
volume changes in the anode material cause the SEI to crack, allowing
part of the anode surface to be re-exposed to the electrolyte. That in-
duces the continued formation and growth of the SEI layer, consuming a
large amount of recyclable lithium [69-71]. High cycling currents and
long cycle times facilitate this process. In general, since the battery
discharge capacity is equal to the number of cyclable lithium ions
moving from the anode to the cathode, LLI is the main factor affecting
the discharge capacity of lithium-ion batteries [18,64].

Fig. 7 shows battery degradation at the same discharging current
(0.3C) but at various charging rates (0.1, 0.3, and 1.0C) at 25 °C. The
curves indicate that high charging rates induce more severe battery
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degradation than high discharging rates, as shown in Fig. 7. The LBC is
more than 30 % after 600 cycles with a charging current of 1C, while it is
around 23 % with the same discharging current. LLI and LAMNE are
greater than LAMPE at higher charging currents, implying that the
cathode material of this Li-ion battery has a better rate performance.
High charging currents seem to promote lithium plating and SEI growth
[72], thereby consuming lithium inventory.

Additionally, the volume change of the SiC electrode is larger at
higher charging rates, leading to particle fracture, isolation, and struc-
tural collapse. There are, therefore, not enough sites in the active material
to accommodate lithium ions, which results in LAMNE [73]. Further-
more, this process prevents some of the lithium ions inside the active
material from being recycled and increases LLI. It can be concluded that
the LLI still dominates battery degradation under these conditions.

LBC, LLI, LAMPE, and LAMNE are shown in Fig. 8 at different tem-
peratures during cycling with 0.3C charging and 0.5C discharging. It is
clear to see that the capacity loss at 45 °C is about twice that at 10 °C. LLI
and LAMPE worsen at increasing temperatures since high temperatures
accelerate the SEI growth and decomposition of the positive electrodes
[50,52]. It is worth noting that higher temperatures have a more pro-
nounced effect on LAMNE. Degradation resulting from LAMNE plays a
more pronounced role when batteries are cycled at high temperatures.
The diminished diffusion coefficient typically induces increased
diffusion-induced stress due to larger lithium concentration gradients
within the particles at low temperatures. That causes particle crack and
isolation [74-76]. That could explain why LAMNE is worse at 10 °C than
at 25 °C. But at higher temperatures of 45 °C, LAMNE declines more
quickly. That can be attributed to accelerated side reactions occurring at
the positive electrode, transition metals migrating to the positive elec-
trode, thereby blocking the active lithiation sites [77,78].

5. Conclusions

This paper presents a compact and efficient model for diagnosing
battery degradation. LLI, LAMPE, and LAMNE degradation modes for
commercial batteries with NCA/SiC electrodes at various temperatures
and (dis)charging rates are systematically investigated and quantified by
reconstructing the OCV and DV curves. The experimental and modeling
results agree very well with each other. Moreover, the degradation due
to calendar aging at various temperatures and SoC is also investigated. It
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Fig. 8. Battery degradation at various temperatures for (a) LBC, (b) LLI, (c) LAMPE, and (d) LAMNE as a function of cycle number.
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can be concluded that battery degradation is accelerated under high
temperatures, high SoC, and high (dis)charging rates. LLI is the most
dominant degradation mode in most cases, while degradation due to
LAMNE is more pronounced when cycling occurs at higher tempera-
tures. The proposed model allows a facile and non-destructive deter-
mination of aging modes. That ensures an easy and efficient degradation
estimation, which can be adopted for all lithium-ion chemistries.
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