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a b s t r a c t

A novel quantitative electrochemical aging model for lithium-ion batteries considering side reactions is
proposed in this paper. The resistance of solid electrolyte interphase and the thickness of deposited layer
caused by side reactions are utilized as degradation representatives to explicitly quantify the aging ef-
fects. The aging model is established through deriving the transfer function relationship between the
aging representatives and input current history. Therefore, the gap between macroscopic (battery
operating mode) and microscopic (aging mechanism) can be well bridged. The aging mechanisms for the
lithium-ion batteries are well identified by comprehensive post-mortem analysis. The experimental
results demonstrate that the irreversible side reactions occurring at the surface of anode particles are the
primary cause for performance degradation in this study. To verify the proposed aging model, the
comparisons are made between experimental and simulated results at both macroscopic cell-level (cell
voltage response, capacity fade, and solid-electrolyte interphase resistance increase) and microscopic-
level (deposited-layer growth). The capacity decay error is bounded to 3% up to 400 cycles. The re-
sults demonstrate that the presented transfer-function type aging model is capable of predicting battery
degradation severity precisely.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Motivation and challenges

Lithium-ion (Li-ion) batteries have dominated the market share
of power storage in electric vehicles (EVs), hybrid electric vehicles
(HEVs) and plug-in hybrid vehicles (PHEVs) in recent years due to
their improved energy and power densities compared to previous
battery chemistries [1]. Long cell lifetime is one of the key perfor-
mances ensuring EVs’ popularization [2]. However, battery aging
has become a critical issue for long lifespan required by automobile
applications [3]. The resistance growth and the capacity fade are
two immediate consequences evoked by aging process [5]. The aim
to strengthen battery performances stimulates the need for a better
understanding of battery aging mechanism.
ineering, Shanghai Jiao Tong

).
Identifying degradation mechanisms in a battery is a chal-
lenging goal. When a cell is being cycled, various aging processes
take place as a function of operating conditions and environmental
factors, which makes modelling the battery aging effects a difficult
task [6]. Therefore, this motivates us to investigate the intrinsic
battery aging mechanism thoroughly and establish a quantitative
analysis of the aging phenomenon.
1.2. Literature review

In recent years, many researchers have made considerable ef-
forts to explore the battery aging through experiments and theo-
retical/numerical studies. The side reactions leading to the solid
electrolyte interphase (SEI) growth at anode are assumed to be the
main contributor to capacity and power fade [10]. [32] When a
battery is being charged, the low potential difference between
electrode and electrolyte at the anode is inductive to side reactions
[8]. The growth of SEI consumes the electrolyte and recyclable Liþ

to form a deposited layer on the anode particle surface [9]. Due to
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poor ionic conductivity of the deposit, the overgrowth of SEI film
increases internal resistance and power fade [7]. By performing
post-mortem analysis on aged cells, it is found that the SEI displays
uneven distribution characteristics on the anode particle surface
[11]. Moreover, the growth rate of SEI could be accelerated by
raising the cycling SOC range [12] or elevating temperatures [13].
Large heat evolution during high current charge-discharge also has
a significant impact on battery degradation process [14]. Although
they provided valuable insights into battery aging, no corre-
sponding mathematical models were established to quantify these
side reactions. Given that the SEI aging process often couples with
the cell electrochemistry, aging quantitative analysis requires an
accurate electrochemical battery model. Complex full-order phys-
ics-based models are characterized by a series of highly nonlinear
partial differential equations (PDEs), which demand massive
computation resources [15]. Equivalent circuit models [3] are able
to reduce the computation burden but require tremendous
empirical parametrizations, and lack the exploration of underlying
physical process [9]. The simplified electrochemical models inte-
grated with the battery internal mechanisms provide another way
to obtain the desired computational performances. In this regard,
an averaged physics-based single particle model (SPM) with SEI
induced capacity fade was formulated but may not applicable for
high C-rates [16]. The electrolyte enhanced single particle model
(eSPM) was further simplified to obtain an analytical aging formula
considering SEI growth [6]. By using the finite analysis method and
numerical computation method, five aging characteristic parame-
ters were extracted and the aging trajectories at different temper-
atures were built [4]. A capacity degradation model with dynamic
load based on mechanistic and prognostic principles including SEI
growth was presented [5]. In Ref. [17], the capacity loss due to SEI
growth and isolation of active material were accurately described
by a computationally efficient degradation model for Li-ion battery
graphite anodes. Similarly, the mechanism of porosity modification
due to SEI growth at anode was integrated to formulate an
isothermal physics-based model [18]. The physics-based PDEs were
discretized step by step and approximated to obtain a control-
oriented incremental aging model [19]. Through dividing the SEI
growth process into two linearly combined parts: one stemming
from parts of particles covered by SEI and one contribution from
parts of the particles were the SEI layer cracked due to graphite
expansion, an aging model for moderate currents up to 1C was
derived [20]. The cubic polynomial functions were used for
approximating the electrolyte concentration and potential inside
electrodes in developing a reduced-order aging model [21]. The
pore clogging [22] or electrolyte depletion due to side reactions
[23] were assumed to cause the capacity decay from linear to
nonlinear. The temperature and variable porosity effects on battery
aging were analyzed in detail [24]. Transfer-function mathematical
model is a visualized tool in depicting the relationship between
input current and battery electrochemical variables, which could be
constructed in Simulink directly. This is helpful to produce the real-
time codes to a battery management system (BMS) [25]. However,
the battery aging dynamics are not included [26]. To fully address
the gap between battery usage history (macro-) and aging degra-
dation mechanism (micro-), the aging model should not only
consider cells’ external dynamic responses (voltage, capacity), but
also provide the solid physical evidence for battery internal
degradation mechanisms.

Developing an accurate control-oriented aging model is essen-
tial for an advanced BMS. For instance, such a model can be applied
to health-aware fast charging protocol [37], fault diagnosis [38],
and available power prediction [39]. Moreover, to obtain a precise
electrochemical aging model, the mathematical relationship be-
tween input current history and battery degradation
representatives should be systematically validated through
comprehensive physical analysis at both macroscopic and micro-
scopic levels.
1.3. Novelty and main contributions

In this paper, a novel simplified transfer-function type electro-
chemical aging model considering side reactions is proposed and
verified. Growth of deposited layer and SEI resistance are selected
as degradation representatives to quantify the battery aging effects.
The mathematical relationship between these degradation repre-
sentatives and input current is established to form a simplified
transfer-function type aging model. To verify the proposed model,
the battery’s voltage response, capacity decay and SEI resistance
growth are first utilized to validate the aging model at cell level.
Then the degradation mechanism for cycled cells is identified
thoroughly via comprehensive post-mortem analysis. The experi-
mental results elucidate that the side reactions at anode are the
major cause for performance decay. Based on these observations,
the thickness of the deposited layers are measured and compared
to the simulated results to validate the correctness and effective-
ness of the aging model microscopically. The loss of electrolyte and
active materials due to side reactions over cycling are also consid-
ered. To the best of the author’s knowledge, it is the first time that
the transfer-function relationship between battery degradation and
battery input current history is directly formulated and validated
thoroughly, which provides a brand-new insight into battery aging
comprehension. In addition, the gap between batterymathematical
modelling and degradation mechanism investigation could be well
bridged.
1.4. Paper organization

This paper is organized as follows. In section 2, the electro-
chemical aging model is established. The overall experimental
procedures are introduced in section 3. The experimental and
simulated results are analyzed in section 4 for model verification.
The conclusion is drawn in section 5.
2. Electrochemical-aging model establishment

As shown in Fig. 1, the Li-ion battery is assumed to be con-
structed by two electrodes composed of a large number of uniform
radius balls and the separator. In the positive and negative elec-
trodes, the activematerials are oxidized or reduced, andmeanwhile
the Li ions are de-intercalated from or intercalated to the electrode
and migrated through the electrolyte. The particle radius of the
active materials is defined as R. The parameters are assumed to
change only in the direction of x, and L denotes the distance be-
tween the negative and positive electrode in the battery [25]. The
potentials or concentrations are related to the x position.When side
reactions occur at the interface between the electrode particles and
the electrolyte, the reaction products stick to the surface of the
anode particles to cause the over-growth of SEI and then form a
deposited layer at the interface between the anode and the sepa-
rator [7]. The deposits can clog the pores of the particles that
decrease the effective surface of the active materials. Finally, a
portion of the particles covered by the deposits are electrically
isolated and unable to participate in chemical reaction anymore
[34].

The Liþ diffusion in the solid is assumed to follow:



Fig. 1. Schematic diagram of the lithium-ion battery.
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where j denotes the reaction flux across the boundary of the solid.
Concentration of Liþ in the electrolyte ce is described as:
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Conservation of charge in the solid phase produces the gov-
erning equation for the potential in the solid phase
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Conservation of charge in the electrolyte phase gives the equa-
tion for the potential of the electrolyte phase
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The electrochemical kinetics are controlled by the Butler-
Volmer equation:
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2.1. Model simplification

Referring to Eq. (1) combined with boundary conditions and
utilizing the Laplace transform gives a transcendental transfer
function between the surface solid phase concentration and the
current density [24]. By discretizing the transcendental transfer
function via a 2nd order Pade approximation, the following
simplified expressions are obtained [26]:

~CssðsÞ
JLiðsÞ ¼ �

3
FRS

þ 2RSs
7DSF

as

 
sþ R2

S s
2

35DS

! (6)

where as is specific interfacial area, F is Faraday constant, and Ds is
solid phase Liþ diffusion coefficient.

The intercalation current density at the negative and positive
electrodes are assumed to be proportional to the input current:

JnðsÞ¼ IðsÞ
AFd�as

(7)

JpðsÞ¼ � IðsÞ
AFdþas

(8)

where A is electrode area, d�=þ is the thickness of negative elec-
trode or positive electrode.

The governing Eq. (4) for electrolyte concentration is solved at
three domains-anode, separator and cathode, respectively. At each
domain, the partial differential equation is simplified into ordinary
differential equation [25]. With the Laplace transformation and
Pade approximation, we obtain the transfer function between the
electrolyte concentration and the input current [41]:
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where Deff
e ¼ Deε

1:5
e is the effective electrolyte diffusion coefficient.

The electrolyte potential can be calculated by deriving the Laplace
transform of Eq. (4) with the boundary conditions:
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Applying the Laplace transform to Eq. (5) and the Taylor
expression ex ¼ 1þ xþ oðxÞ produce the following expression be-
tween the intercalation current density and overpotential [7]: Here
it is assumed that the truncation error o(x) could not have a sig-
nificant impact on themodel precision and the overpotential is very
small compared with the cell terminal voltage.

hnðsÞ¼
RT

Fi0ðaa þ acÞJnðsÞ (12)

hpðsÞ¼
RT

Fi0ðaa þ acÞJpðsÞ (13)

where aa and ac represent symmetric anodic and cathodic reaction
charge transfer coefficient, respectively. i0 ¼
kðCeÞaa ðCs;max � CssÞaa ðCs;max � CssÞac .

Based on the above simplified equations, the cell voltage is
calculated as:

VcellðsÞ¼
�
Up

�
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�
�Un

�
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��
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�þð~FeðL; sÞ� ~Feð0; sÞÞ�Rf IðsÞ (14)

where Up and Un are the open circuit voltage of positive and
negative electrode, respectively. They are functions of surface solid
concentration. Rf is the battery internal resistance.

Before developing a degradation model, the following assump-
tions are made in this paper:

C Electrode volume change, structure deformation and particle
cracks caused by internal mechanical stress are not consid-
ered and modelled in this work.

C The cathode aging process and its effects on battery overall
performances are neglected.

C No overcharge or undercharge is considered.
2.2. Aging formula considering side reactions

The desired intercalation current density is represented as jint.
When side reactions jside take place at the interface between the
electrode particles and the electrolyte, the growth of SEI is induced
as shown in Eq. (15) [10].
Sþ2Liþ þ 2e�d/P (15)

where S denotes lithium ions and the solvent of electrolyte, and P
denotes the product deposited at the anode. The total volumetric
current density jtotal is the sum of the current of the above two
reactions:

jtotal ¼ jint þ jside (16)

To save computational time, the local current density of side
reactions is calculated by the linearized expression as follows:

jside ¼
i0;sideac;sidensideF

RT
hside (17)

where iside is the exchange current density of side reactions and
nside is the number of ions involved in side reactions. Overpotential
of side reactions hside is described as:

hside ¼4s � 4e � Ueq;side �
jLin
ans

RSEI (18)

where Ueq;side is the equilibrium potential of side reactions.
The loss of ions consumed by side reaction Qionloss is defined as

the integration of the side reaction rate over the volume of com-
posite anode with time:

QionlossðtÞ¼ �
ðd�

x¼0

0@ ðt
t¼0

jsideðx; tÞasdt
1AAdx (19)

where d� denotes the thickness of composite anode (m), t is the
total operating time (s), A is the electrode plate area, and as is active
surface area per electrode unit volume [24]. The resistance of SEI
and deposit layer are defined as [7]:

RSEIðt; xÞ¼
~VSEI

kSEInsideF

ðt
t¼0

jsideðx; tÞasdt (20a)

dDL ¼
~VDL

nsideF

ðt
t¼0

jside;x¼d�asdt (20b)

From Eq. (5) and Eq. (18), we can observe the coupled nature of
the SEI aging and electrochemical intercalationmodels. Moreover, a
new expression for side reaction overpotential is obtained:

hside ¼ hn þ Un
�
css;n

�� Ueq;side (21)

Linearizing the open circuit voltage of negative electrode via
Taylor expansion at equilibrium produces:

Un
�
css;n

�¼Un;eq þ vUn

vcss;n
~css;nðtÞ (22)

where Un,eq is the open circuit voltage at equilibrium. ~css;n ¼ css;n �
ceqss;n and ceqss;n indicates the average concentration at equilibrium
SOC. Substituting Eq. (22) into Eq. (21) and simplifying:

hside ¼ hn þ C1~css;nðtÞ þ C2 (23)

where tilde represents the minor perturbation from the equilib-
rium state, C1 ¼ vUn

vcss;n
;C2 ¼ Un;eq � Ueq;side. To exclude the influence

of constant on model simplification, we assume that the open
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circuit voltage expression is linearized at the equilibrium point
where Un;eq ¼ Ueq;side, which sets C2 to zero.

With the Laplace transformation of Eq. (21), we obtain the
transfer function of side reaction potential over input current:

hsideðsÞ
JnðsÞ ¼ hnðsÞ

JnðsÞ þ C1
~css;nðsÞ
JnðsÞ (24)
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Substituting Eq. (25) into Eq. (17) and applying Laplace trans-
formation gives the transfer function of side reaction rate over
input current density:
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Substituting Eq. (26) into Eq. (19), Eq. (20a) and Eq. (20b) with
Laplace transformation derive the transfer function of loss of ions,
SEI resistance growth, and deposited layer growth over input cur-
rent density, respectively:
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The electrochemical model parameters in this study are listed in
Table 1. To verify the aging model and parameters listed in Table 1,
the comprehensive experimental setups are required to be carefully
designed and introduced.
3. Experimental setup

3.1. Cycling tests

The lithium-ion cells used in this study are the commercial
18,650 cylindrical cells with 3.12 Ah nominal capacity. Anodes and
cathodes of the cells consist of graphite and NCA, respectively. The
cell voltage range is 2.5e4.2 V. The 18,650-type cells are placed
inside the thermal chamber at an ambient temperature of 25 �C.
The standard constant current/constant voltage (CC-CV) charging
protocols followed by a 3C discharge are used to cycle the battery.
In CC-CV stage, the cells were charged at a constant current until a
cell voltage of 4.2 V is reached followed by a constant voltage phase
until the current drops below 0.15A (0.05C). For every cycle, the
battery is rested for 10 min between being charged and discharged.
The discharge capacity is measured every 20 cycles via 1C
discharge. The charge throughput during the 1C discharge process
is defined as the capacity of the battery. Four cells corresponding to
1C CC-CV cycle, 2C CC-CV cycle, and 3C CC-CV cycle, respectively,
are investigated in this study. The cycling test stops until the cycle
number reaches 400. After 400 cycles, the relative capacity for 1C,
2C, and 3C drop to 74.8%, 71.8%, and 64%, respectively.

3.2. Electrochemical impedance spectroscopy (EIS)

After the cycling tests, the aged cells at 50% SOC are sent to the
EIS test station to measure their impedance spectra. The mea-
surements are performed in galvanostatic mode with 0.5A pertur-
bation amplitude inside 10,000e0.1 Hz frequency range.
Impedance spectra are tested for the fresh and cycled cells.

3.3. Post-mortem analysis

The discharged full cells were disassembled in the glove box
filled with argon. The electrodes were studied visually both in a
macroscopic and microscopic scale. Samples were taken from the
electrodes and washed clearly with dimethyl carbonate (DMC) to
remove the electrolyte salt residues. In addition to morphological
analysis, the components of the aged electrodes are investigated by
X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD)
analysis. The flow chart shown in Fig. 2 summarizes the procedures
of testing.

4. Experimental validation at macroscopic & microscopic
levels

4.1. Voltage behavior examination

All the simulations are performed with SIMULINK in MATLAB.
The cycle number 60, 220, and 340 are chosen to evaluate the cell’s
output responses at different aging status. The aging representa-
tives are calculated online to update the model parameters peri-
odically based on Eq. (30)e(32). Extra 1C discharge-resting-charge
cycles are applied to test the battery’s capacity in every 20 cycles. To
validate the effectiveness of the proposed electrochemical aging
model, the current curves during 1C capacity tests under 1C, 2C,
and 3C cycling conditions are used as input to benchmark the
battery model. Fig. 3 compares the voltage response of the exper-
iments and model simulation as a function of charging C-rates. The
electrochemical aging model fits the experimental results very well
during most of the operating range. As the cycle number increases,
the cell voltage decreases and the discharge duration become
shorter as a result of capacity decay. The RMS error of voltage
response with 1C, 2C, and 3C charging C-rates after different cycles
are summarized in Table 2. After 340 cycles, the RMS error at 1C, 2C,



Table 1
Electrochemical parameters of the 18,650 NCM battery.

Symbol Units Negative Separator Positive

Ds m2s�1 3.7 � 10�13 9.9 � 10�9

De m2s�1 2.25 � 10�12 4.2165 � 10�11 2.08 � 10�11

L m 9 � 10�5 1.5 � 10�5 6 � 10�5

R m 8 � 10�6 9 � 10�6

A m2 0.0779 0.0779 0.0779
k S m�1 1.7626 0.0779 0.0779
εs 0.356 0.3
εe 0.3653 0.5 0.3653
tþ0 0.363 0.363 0.363
Cs, max mol m�3 25.6 � 104 28.2 � 104

Ce,0 mol m�3 1200 1200 1200
a 0.5 0.5
k mol�1/2m5/2 s�1 5.39 � 10�12 2.31 � 10�11

Stoichiometry at 0% SOC 0.03 0.7136
Stoichiometry at 100% SOC 0.39 0.3612fVe m3mol�1 1.8

~VSEI m3mol�1 2 � 10�5

~VDL m3mol�1 4.14 � 10�4

Uq
eq;side

0.21

kSEI S m�1 2 � 10�5

kDL S m�1 1.89 � 10�5

i0;side Am�2 0.55 � 10�5

ac;side 0.7
aiso 0.75
nside 2

Fig. 2. Flow chart of experiment.
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and 3C are 36.3 mV, 39.5 mV, and 42.0 mV, respectively. The results
show that the aging model could maintain sufficient accuracy in
terms of voltage response prediction [4].
4.2. Capacity fade

The capacity drop could be mainly resulted from the electrolyte
depletion and massive loss of Lithium ions caused by the side re-
actions [23]. Therefore, the loss of electrolyte solvent and the
decrease of initial anode SOC are considered as key parameters to
reformulate the accurate cycle life model. The loss of electrolyte
solvent Dεe consumed by side reactions is modelled using the
volume fraction of electrolyte as follows:
Dεe ¼ � afVeQionloss

Ad�F
(30)

where a is assumed to be 1 in this paper, indicating that 1 mol of
electrolyte is consumed when 1 mol of lithium ion is consumed. ~Ve

is the molar volume of electrolyte. In addition, the newly-formed
layer produced by the side reactions could isolate some particles,
leading to the loss of active materials, which plays a significant role
in capacity modelling and should be considered [10]. This phe-
nomenon is described as:

Dεs ¼ dDLasaiso (31)



Fig. 3. 1C discharge characteristics of the degraded cells after different cycles at 1C
CCCV (a), 2C CCCV (b), and 3C CCCV cycles (c).

Table 2
Voltage RMS error (mV) with 1C, 2C, and 3C charging C-rates.

1C 2C 3C

60 cycles 24.6 27.8 29.7
220 cycles 31.0 32.7 35.2
340 cycles 36.3 39.5 42.0
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where aiso is a dimensionless coefficient representing that the
isolation rate from the side reactions. The initial anode SOC (stoi-
chiometric number) is reduced due to the loss of ions caused by the
side reactions and the effect can be calculated as [7]:

Dsocn ¼ Qionloss

εsd�Acs;max;nF
(32)

The loss of ions, decrease of the volume fraction of electrolyte
and active materials at the anode/separator interphase, and the
increase of resistance of SEI and deposited layer after different
number of cycles at 3C charge C-rate are calculated and plotted in
Fig. 4. It can be noted in Fig. 4a that the loss of ions increase in the
cycling process because of the consumption by the side reactions.
Meanwhile, the electrolyte, as one of the reactants, is consumed
continuously leading to the decrease of electrolyte volume fraction
as shown in Fig. 4b. After 400 cycles, εe of the cell with 3C charging
C-rate near the anode/separator interface becomes 0.248, indi-
cating a great likelihood of the electrolyte exhaustion. The similar
trend could be observed for the volume fraction of active material
as shown in Fig. 4c. The reduction of εs is mainly induced by the
isolation from the growing film. These isolated particles are unable
to take part in the electrochemical reactions andmight detach from
the current collector, leading to a severe capacity fade [10]. The
other major cause of degradation is the impedance rise of SEI and
deposited layer due to side reactions as is shown in Fig. 4d and e,
respectively. The accumulating rate of deposit layer resistance
could be described as:

DRDL¼
dDL
kDL

(33)

where kDL is the inonic conductivity of the deposited layer. The
increased resistance could lead to serious capacity and power fade
in the cycling process [22].

The simulated discharge capacity is obtained by updating the
aforementioned degradation parameters at discharging with 1C
rate for every 20 cycles at 25 �C. The detailed capacity decay
modeling and calculation process can be referred in Ref. [10,29].
Experimentally measured and theoretically predicted discharge
capacity versus number of cycles under four different charging C-
rates are summarized in Fig. 5. The light blue area bounded by two
red lines in the upper subplot of Fig. 5 denotes the absolute error
range (±3%). The numerical results are found to match the exper-
imental values reasonably well up to 400 cycles. It is noted that
more severe degradation is observed and predicted at higher
charging C-rates. The side reaction rate with high C-rates could be
more aggressive, which could result in intensive consumption of
ions, electrolyte, and active materials [5]. As is shown in Fig. 5d, the
absolute error of the simulated values are maintained below 3%,
which demonstrates the aging model is able to predict the capacity
decay over the battery lifespan [4].
4.3. Resistance increase-electrochemical impedance spectroscopy
analysis

The impedance spectra under different C-rates at the 0th, 200th
and 400th cycle are plotted in Fig. 6a, c and e as Nyquist plots (-Im
(Z) vs. Re (Z)). The shapes of the measured spectra differ, showing
one semi-circle (fresh, 1C, and 2C) or two partly overlapping semi-
circles (3C). In general, the semi-circles in Nyquist plots are deter-
mined by the electrochemical processes at electrodes. To evaluate
the impedance clearly, an equivalent circuit model (2nd RC) for EIS
fitting is utilized to extract a set of electrochemical parameters as
shown in Fig. 6b, d and f [13,34]. The cell’s ohmic resistance (Ro)
caused by electrolyte, separator, current collector and electrode
equals to the spectrum’s high frequency intercept with Re(Z) axis.
R1 and C1 represent SEI resistance and capacitance at anode,
respectively, which control the shape of the first semi-circle. R2 and
C2 are charge transfer resistance and double layer capacity,
respectively. They dominate the shape of the second semi-circle [7].
The SEI growth is considered as one of the most relevant parame-
ters to battery aging in this paper, therefore, it is extracted and
plotted in Fig. 6bed together with the simulated SEI resistance
values. It is observed that the simulation results tend to follow the
experimental data with some deviations. Generally, the SEI resis-
tance resulted from the accumulated side reaction products in-
creases more with higher C-rate.

The aforementioned three validation processes are based on the
cell-level external dynamic response. To present a comprehensive
verification of the proposed agingmodel, the cells are disassembled
and investigated microscopically on morphologies and
components.
4.4. Deposited layer quantification

To investigate the changes of material compositions and mor-
phologies of the aged cells, the cycled cells are discharged and
opened up. Macroscopic pictures of cathodes and anodes under 1C,
2C and 3C are listed in Fig. 7a. While the new cell shows homo-
geneous and smooth anode surfaces, the cycled anodes have a
striking variation in appearance. There is no obvious visual change
regarding the cathode surface taken from the aged cells. For all
cycled negative electrodes, the detachment of graphite from the
copper current collector can be observed. As explained previously,



Fig. 4. Loss of ions (a), loss of active electrolyte (b), loss of active materials (c), and increase of SEI (d) and deposited layer resistance (e) with increased cycle number at 3C charging
rate.

Fig. 5. Simulated and experimental capacity fade vs cycle number at 1C (a), 2C (b), 3C (c) charging C-rates, and the absolute simulation error (d).
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the overgrowth of deposited layer can isolate some of the active
particles and prevent them from intercalation or de-intercalation
reactions. As a result, the loss of adhesion could occur [12].
Moreover, the cycled anode surfaces with 1C, 2C, and 3C are
covered with a white light deposited layer, compared to the fresh
anode. Scanning Electron Microscopy (SEM) is used to investigate



Fig. 6. Impedance characteristics measured by EIS, SEI resistance estimated by EIS and simulation results for new and aged cells after 400 cycles with 1C (a, b), 2C (c, d), and 3C (e, f)
charging C-rates.
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both the positive and negative electrodes microscopically. The SEM
images of the fresh and degraded cells are shown in Fig. 7b. Some
cracks are observed for the cathode particles of cycled cells
compared to the fresh ones, which might be caused by the me-
chanical stress generated by the Liþ diffusion in the electrode
particles during charge and discharge [27]. In this paper, the
cathode aging effects are neglected in the modeling and calculation
process. The anode particles of the cycled cells are coated by
distinct white deposits, which are dispersed randomly all over the
carbon surface. It is evident that the coverage ratio of deposited
layer changes with cycling C-rates and the cycled cell at 3C expe-
riences the most serious degradation process. To quantify the
severity of battery aging, the cross-section images of the anode
electrodes taken by SEM integrated with TOF-SIMS are shown in
Fig. 7. The color distribution represents the concentration of the
elements. The bright-blue area represents the layered graphite
particles cross-section parts. The red region means that Li is
massively accumulated. The deeper the color demonstrates, the
more concentration of Li element that exists in those place. As for
the bright-red region as circuited in Fig. 7, it is assumed that Li is
mostly deposited, which indicates the location and morphology of
the deposited layer [40]. To obtain an unbiased evaluation of the
thicknesses, over 50 measurements are carried out. Fig. 8 displays
the distribution of the thickness of the deposited layer at 1C, 2C and
3C charging C-rates. Fig. 8a shows that dDL at 1C are in the range of
0.25 mme1.83 mm. The curve in the histogram represents the
probability of dDL. Fig. 8b compares the distribution of dDL at 1C with
a standard normally distributed data, and the result indicates that
the dDL is almost normally distributed with 95% confidence in-
tervals. For every cycling condition, over 50 samples are randomly
measured, indicating that the tested dDL are not likely to include any
outliers and the comparison among dDL with different charging C-
rates are credible. Two key parameters of the normal distribution,
which are the mean value (m) and the variance (d) of Fig. 8aec are
summarized and compared to the simulated values of dDL in Table 3.
It is noted that all the simulated values of dDL at 1C, 2C, and 3C are
within the ‘1-d-interval’ (m-d, mþd) as depicted in Fig. 8g, which
mean that the simulation results are near the mean value. This il-
lustrates that the calculated value is reliable in capturing the
deposited layer growth inside the battery [35,36].

To identify the components of the deposited layer on the anode
surface, X-ray diffraction (XRD) patterns for cathode and anode
from fresh and degraded cells are shown in Fig. 9aeb. As it can be
seen from Fig. 9a and b, almost all the diffraction peaks are over-
lapping, indicating that no new phase formation or obvious struc-
ture change can be detected both on the anode and cathode surface
[28]. The surface compounds from fresh and aged cells under 3C are
further investigated using XPS, spectrums fromwhich are shown in
Fig. 9ced. The elements C, O, and Li are detected both on anodes
and cathodes. However, it is to be noticed in Table 4 that the mass
coefficient of O and Li at anode are almost two times larger than
that at cathode. Thus, it can be concluded that the side reaction
occurring at anode is the severest [29]. By examining the binding
energies for Li1s, C1s and O1s at aged anodes and those charac-
terized in Li2CO3 as summarized in Table 5, it is found that the
deposited layer on anode surface should have a major component
of Li2CO3, which mainly constitutes the SEI as well [30].

Based on the comparisons between aging model and experi-
mental values, it is verified that the proposed battery agingmodel is
capable of estimating the battery degradation over the battery



Fig. 7. Photographs of the anodes and the cathodes after 400 cycles (a), SEM pictures of anodes and cathodes surface (b), Cross-section pictures of aged anodes after 400 cycles with
SEM (upper) and TOF- SIMS (below) (c).
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Fig. 8. Thickness of deposited layer of aged cells after 400 cycles with 1C (a, b), 2C (c, d) and 3C (e, f) charging C-rates, comparison of the thickness of the deposited layer between
simulated values and measured values of aged cells after 400 cycles (g).
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Table 3
Thickness of deposited layers on the anode particle surface.

Charging C-rate m (mm) d (mm) (m-d, mþd) Simulated dDL(mm)

1C 0.70523 0.33351 (0.37172, 1.03874) 0.68645
2C 0.77259 0.24407 (0.52158, 0.99942) 0.75709
3C 0.82756 0.16765 (0.65991, 0.99521) 0.94933

Table 4
Mass coefficient (%) of Li 1s and O 1s from anode and cathode surface.

Li 1s O 1s

Fresh Aged at 3C Fresh Aged at 3C

Cathode 8.44 10.91 15.76 18.59
Anode 17.52 20.58 24.58 30.37

Table 5
Binding energies(eV) for Li2CO3.

Investigator C1s Li1s O1s

Our work 290.3 54.92 531.52
Reference [7] 289.8 55.23 531.73

X. Zhang et al. / Electrochimica Acta 343 (2020) 13607012
lifespan. Since the aging model is based on the transfer-function
relationship, it is easy to implement the model in Simulink. This
is particularly useful, because the Simulink Coder can automatically
produce embedded C and Cþþ code, which can be implemented in
an embedded battery-management system (BMS) [31]. Therefore,
the degradation aging model is very likely to be used for the real
applications in evaluating the overall state-of-health of on-board
batteries, including the capacity fade, resistance increase, loss of
electrolyte solvent and active materials.
5. Conclusions

A novel electrochemical simplified aging model is proposed via
solving for the transfer function between the aging representatives
and input current. Three representative aging parameters are
chosen to quantify the aging effects caused by battery side re-
actions, which are capacity loss, deposited layer growth and SEI
resistance. Post-mortem analysis on material degradation of aged
cells after 400 cycles using Electrochemical impedance spectros-
copy, X-ray diffraction, X-ray photoelectron spectroscopy and
Scanning electron microscopy have revealed that the side reactions
at anode are themajor cause for performance degradation. The side
reactions lead to the overgrowth of solid-electrolyte interphase and
Fig. 9. XRD spectra of anodes (a) and cathodes (b) surface from new and aged cells at 3C afte
at 3C.
produce an apparent deposited layer on the anode particle surface.
Comparison with experimental voltage response of aged cells after
400 cycles shows that the reduced-order electrochemical aging
model is able to operate up to 3C CCCV charge-3C discharge cycles.
The capacity loss caused by side reactions and the deposited layer
growth are predicted by the aging model and compared to the
experimental results from 2 months of cycling tests with three
different C-rates. The RMS voltage error is within 42 mV and the
capacity decay error is bounded to 3%. The results demonstrate that
aging model is successfully validated both at cell level and micro-
scopic mechanism level. Besides, the proposed aging model pro-
vides significant insights into the battery degradation process. In
the future, we will extend the simplified cell model to a pack-level
and module-level at different driving conditions.
r 400 cycles; XPS spectra of anodes (c) and cathodes (d) surface from new and aged cells
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Nomenclature

A: sandwich area of the cell(m2)
d: Thickness of negative electrode(m)
tþ0: cation transference number
Rs: particle radius of active material(m)
as;i : specific surface area of electrode(m�1)
Ds: diffusion coefficient in the solid phase(m2s�1)
cs: lithium concentration in the solid phase(mol m�3)
k: reaction rate constant of electrode (mol�1/2m5/2 s�1)
aa: transfer coefficient for anode reaction

http://refhub.elsevier.com/S0013-4686(20)30462-X/sref1
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref1
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref1
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref2
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref2
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref2
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref2
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref3
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref3
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref3
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref4
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref4
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref4
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref4
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref5
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref5
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref5
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref5
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref6
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref6
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref6
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref7
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref7
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref7
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref7
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref8
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref8
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref8
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref8
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref9
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref9
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref9
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref9
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref10
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref10
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref10
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref10
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref11
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref11
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref11
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref11
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref11
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref11
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref11
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref11
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref12
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref12
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref12
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref12
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref12
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref13
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref13
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref13
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref13
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref13
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref14
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref14
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref14
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref14
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref15
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref15
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref15
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref15
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref16
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref16
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref16
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref16
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref17
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref17
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref17
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref17
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref18
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref18
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref18
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref18
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref18
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref19
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref19
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref19
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref19
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref20
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref20
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref20
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref20
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref21
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref21
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref21
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref21
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref21
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref22
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref22
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref22
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref22
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref23
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref23
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref23
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref23
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref23
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref24
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref24
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref24
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref25
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref25
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref25
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref25
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref25
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref26
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref26
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref26
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref26
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref26
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref27
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref27
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref27
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref27
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref28
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref28
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref28
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref28
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref29
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref29
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref29
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref29
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref30
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref30
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref30
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref30
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref30
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref30
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref31
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref31
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref31
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref31
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref32
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref32
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref32
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref32
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref34
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref34
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref34
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref34
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref35
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref35
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref35
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref35
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref36
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref36
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref36
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref36
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref36
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref37
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref37
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref37
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref37
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref38
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref38
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref38
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref38
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref39
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref39
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref39
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref39
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref40
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref40
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref40
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref40
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref41
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref41
http://refhub.elsevier.com/S0013-4686(20)30462-X/sref41


X. Zhang et al. / Electrochimica Acta 343 (2020) 13607014
ф: potential in the electrolyte
~VSEI : molar volume of SEI
jside: current density of side reactions
RSEI : resistance of SEI
R: universal gas constant (8.3143j mol�1k�1) or resistance
F: faraday constant(96487c mol�1)
L: length between cu collector and al collector(m)
εs: volume fraction of solid phase
εe: volume fraction of liquid phase
De: diffusion coefficient in the liquid phase(m2s�1)
ce: lithium concentration in the liquid phase (mol m�3)
k: ionic conductivity (s m�1)
ac: transfer coefficient for cathode reaction
Q: capacity
i0: exchange current density(Am�2)
jint: current density of intercalation reactions
dDL: thickness of deposited layer(m)
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