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ARTICLE INFO ABSTRACT

Keywords: In-depth analysis of overpotentials in complex electrochemical systems such as lithium-ion batteries is necessary
Lithium-ion batteries for enhancing their energy and power density. However, dynamic operating conditions and complicated ageing
Overpotentials

mechanisms create challenges in determining the major sources of these overpotentials. We estimate the over-
potentials of cells in a dataset consisting of aged and non-aged commercial lithium iron phosphate/graphite cells
cycled under fast charging conditions. Using the pseudo-two-dimensional (P2D) model and the discharge profiles
of the first 630 cycles, we conducted an in-situ monitoring of the sources of the overpotentials of cells that
exhibited the longest, median, and shortest end of life. A derived analytical expression is used to decompose the
total overpotential into lithium concentration overpotential, electrolyte concentration overpotential, ohmic
overpotential and kinetic overpotential. The major source of overpotential is from the loss of lithium inventory
and loss of active materials during cycling. This work highlights the importance of combining big data approach

Pseudo-two-dimensional model
In-situ diagnosis
Degradation mechanisms

and physics-based models to learn from the overpotentials of complex electrochemical systems.

1. Introduction

Lithium-ion batteries (LIBs) are by far the most utilized energy
storage device in a wide range of applications owing to their high energy
and power densities, low and fast receding costs and enhanced cycle life
[1-3]. Automotive applications such as hybrid electric vehicles (HEV)
and electric vehicles (EV) require high power density for dynamic power
changes under real-life driving conditions. However, there is an over-
potential generated by the internal battery resistance, which reduces the
battery voltage during operation. Consequently, the overpotential re-
duces the expected high power density (product of discharge voltage
and discharge current) [4-6] and induce an intensive heat generation
[7] in LIBs, limiting their applications in EVs and HEVs. The value of the
generated overpotential varies depending on the type of battery, i.e., it is
much higher in Li-metal batteries than LIBs. An extensive insight into
the sources of overpotentials as a function of different ageing mecha-
nisms via a non-invasive diagnostic tool, enabled by a large experi-
mental data set, would accelerate battery optimization. For instance,
battery manufacturers can economically tune the performance of the

cell, identify new manufacturing processes and develop new cells based
on their expected power density [8-11]. It is therefore crucial to focus on
LIB overpotentials and their sources. This is challenging because they
evolve from a variety of nonlinear degradation mechanisms which are
influenced by the operating conditions of the battery [12-14].

The overpotentials in LIBs are known to originate mainly from the
transport of Li-ions in the cathode, anode and electrolyte via both
diffusion and migration processes [15-17], electrode/electrolyte inter-
facial charge transfer reactions [18-20] and electronic conduction in
electrodes and current collectors [21,22]. In addition, external factors
that influence the overpotential include the applied current density
[23,24], operating temperature [25,26], state of health (SOH) [27,28]
and the state of charge (SOC) [29,30]. Most of these factors are directly
related to the degradation of the microstructure of LIB materials which
can be visualized and quantified by new analytical techniques such as
nuclear magnetic resonance (NMR) [31-33], transmission electron mi-
croscopy (TEM) [34], X-ray photoelectron spectroscopy (XPS) [35-371,
attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) [38-40] and cryogenic electron microscopy (cyro-EM) [41].
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However, the aforementioned experimental techniques require complex
setups and analysis that render them unsuitable for real-time monitoring
of dynamic systems such as LIBs. Alternatively, electrochemical
impedance spectroscopy (EIS) can be used to analyze the performance of
LIBs and extract overpotential-dependent parameters such as the ohmic
resistance, charge transfer resistance and diffusion of Li-ion by fitting
EIS data to equivalent circuit models (ECM) [42,43]. However, EIS
measurements are highly influenced by their sensitivity to SOC, tem-
perature, and impedance wire connections [44,45], limiting their
application as an in-situ diagnosis tool for batteries due to dynamic in-
ternal chemical reactions and variable external operating conditions
[46-48].

Approaches adopting the use of electrochemical models (EMs) to
conduct a detailed analysis of the relationship between overpotentials,
and battery degradation factors are essential. EMs use a large set of
parameters with specific physical meanings, making them appropriate
for internal state characterization of degradation mechanisms. The sin-
gle particle model (SPM) with 17 parameters is the simplest EM used for
in-situ characterization of battery degradation mechanisms [49-51].
Although very effective for online SOH estimation, SPM does not
consider variations in Li concentration and overpotentials in the elec-
trolyte within the separator. This limits the application of SPM at high
current densities [52] where overpotentials are significant. An alterna-
tive is the use of the pseudo-two-dimensional (P2D) model developed by
Doyle et al. [53], which accounts for both solid and solution phase po-
tentials and currents, using governing equations derived from first
principles and over 30 parameters. A growing body of literature applies
the P2D model to monitor overpotentials, by validating the model pre-
dictions with limited number of experimental data obtained from
commercial cells or laboratory assembled cells [23,54-57]. The main
limiting factor of these approaches is the different description of the
various overpotentials which leads to apparently contrasting results. An
example is the description of the electrolyte overpotential which is
referred to as the potential difference of the electrolyte across an entire
battery stack [56,58] and as the electrolyte potential drop across the
separator [23,59]. In addition, the Li diffusion, ohmic and kinetic
overpotential usually have different descriptions [56,58,59]. To
harmonize the generally accepted definitions with respect to analysis of
overpotentials in LIBs, Chen et al. [6], derived mathematical expressions
based on the P2D model to study the overpotentials in a graphite-based
porous electrode and Li metal counter electrode battery. However,
achieving a complete picture of the overpotential status in LIBs requires
modelling a full cell with porous cathode and anode, a state-of-the-art
electrolyte, and parametrizing it with a large set of experimental data
obtained at different operating conditions.

In this work, we adopted the P2D model to conduct an in-situ anal-
ysis on the sources of overpotentials in an aged and non-aged com-
mercial LiFePOg4/graphite cells based on the first 630 cycles using the
notations for overpotential given by Chen et al. [6]. We used an openly
available data set of a variety of cells with various fast charging condi-
tions and a cycle life ranging from 150 and 2300 cycles [60]. For a
quantitative analysis of the overpotentials, we categorized the cells into
those that exhibited longest, median, and shortest cycle life. We derived
a mathematical expression using the governing equations in the P2D
model to classify the total overpotential into lithium concentration
overpotential, electrolyte concentration overpotential, ohmic over-
potential and kinetic overpotential. Based on the analysis conducted on
the cells at the 630th cycle, we demonstrate the correlation between the
overpotentials and the degradation mechanisms such as the loss of
lithium-ion inventory (LLI) and loss of active materials in the cathode
(LAMgepg) during cycling in LiFePO4/graphite LIBs. These results show
the relevance of combining data generation and physics-based models to
unravel the sources of overpotentials in dynamic complex systems such
as LIBs in a non-invasive manner.
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2. Data and methods

The data used in this work is an open-source dataset created by [60].
The dataset consists of commercial 124 LiFePO4/graphite Li-ion batte-
ries (A123 Systems, APR18650M1A) with a nominal capacity of 1.1 Ah
cycled in a temperature-controlled chamber at 30 °C. All batteries are
charged with one- or two-step fast-charging schemes ranging from 3.0C
to 8.0C to 80 % SOC, followed by a uniform 1C CC-CV charging step. All
the cells were discharged at 4C to a lower cut-off voltage of 2.0 V. The
cells exhibited a wide range of total lifetimes from 150 to 2300 cycles.
The dataset is divided into three batches of cells that were cycled at
different times. The last batch was cycled a year later than the first two
batches after being stored at room temperature, resulting in a difference
in calendar ageing between batches. The original dataset contains 41
and 40 cells for the non-aged and aged batch respectively. Due to intra-
chemistry differences between batteries, even batteries with the same
charging regime have a different EOL, making the aggregation of e.g. the
overpotential trajectory as a simple average intractable. To be able to
compare cells with similar charge/discharge regimens we therefore
focus on exemplary batteries.

The aged batteries include 2018-04-12- b3c10 (labelled as Battery-
AS), 2018-04-12- b3cl6 (labelled as Battery-AM) and 2018-04-12-
b3c7 (labelled as Battery-AL), with a cycle life of 1078, 1638 and
1836 respectively. The non-aged batteries include 2017-05-12-b1c20
(labelled as Battery-NS), 2017-05-12-b1c17 (labelled as Battery-NM)
and 2017-05-12-b1c4 (labelled as Battery-NL), with a cycle life of 636,
719 and 870 respectively. All batteries are charged with a charging
speed of 4.8C until 80 % SOC (except for Battery-NM, being charged
with an average charging speed of 4.8C composed of 5.4C until 60 %
SOC and subsequently 3C until 80 % SOC due to no additional battery
being charged with a uniform 4.8C). Considering that the analysis for
Battery-NM is consistent with the remaining batteries charged at iden-
tical speed this does not seem to impact the results.

The analysis of the data was carried out in Python. All code is openly
available, and results can be reproduced with the code made available in
[61]. To obtain the charge and discharge overpotential, we estimated
the average cell voltage during charging and discharging at each cycle
and subtracted it from the average open circuit voltage (OCV) described
in Fig. 2b. To study the degradation mechanisms from the discharge
profile of each cell at the 1st and 630th cycle, we used a sparse non-
linear optimizer (SNOPT) to fit the experimental discharge profiles to
those of the model predictions and extracted the capacity fading pa-
rameters. This task was conducted in COMSOL Multiphysics. A sche-
matic diagram of the methodology employed to ascertain the correlation
between the degradation mechanisms and overpotentials of aged and
non-aged cells with different cycle life is presented in Fig. 1.

3. Pseudo-two-dimensional model development

To conduct an in-situ analysis of the cells via parameter identifica-
tion, we adopted the P2D model developed by Doyle et al. [53]. The
layout of a P2D model for the porous graphite anode and LiFePO4
cathode with a porous separator filled with a liquid electrolyte is pre-
sented in Fig. 2a. L, denotes the thickness of the anode, L-L, is the
thickness of the separator and L,-LsLj is the thickness of the cathode.
The model equations used in this work are well described in previous
work by [62]. In summary, they are related to the material balance in
the electrolyte [Egs. (A3), (A8) and (A12)], potential in the solution
phase [Egs. (A4), (A9) and (A13)] and solid phase [Egs. (A2) and (A11)],
the Butler-Volmer equation for the kinetic reaction [Egs. (A5) and
(A14)] and the transport of ions in the spherical particles in the anode
[Eq. (A1)] and cathode [Eq. (10)]. Table 1 shows a summary of the
governing equations, boundary, and initial conditions. The parameters
used in the model are presented in Table 2.

The output voltage of the battery (Vjq) is described by Eq. (A19). By
substituting Egs. (A7) and (A16) for the anode and cathode
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Fig. 1. A schematic diagram of the methodology employed to ascertain the correlation between the degradation mechanisms and overpotentials of aged and non-
aged cells with different cycle life.
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Fig. 2. (a) Schematic diagram of P2D model for graphite anode and LiFePO, cathode Li-ion battery. (b) Estimated open circuit voltage (OCV) of LiFePO,/
Graphite cell.
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Table 1
P2D model governing equations for LiFePO,4/Graphite battery.
Region Governing equations Eq. Boundary or initial condition
No.
Anode Diffusion in solid particles din D lg rzdcli,[ Al c1(r,0) |[ 0 = C?.n
oa Mo\ Tor b %in T )
—D 0= 1 =]
o | U
Potential in solid phase P . A2 0P
olffn e ;" = a1 nFjn O1n|x=1, =0 —O1n 0x" o =0
Material bal i luti A3 =
aterial balance in solution Ez.ndcz,n 9 15D2 ndcz,. . (1 B f?)“l,njn Cileg =€
phase ot ox ox 0Can Iopp(1 —t)
—Dan 3 ="
X | _o F
dc: ac:
Don Bi" =Dasep az;.
Potential in solution phase 0 15, 0412" 2RT(1—1%) 0 [ ;5 olnc, B A4 0Dy o0k 0Dy — 0D sep
T ox\ Gk ) F ax\F2n" o ) = " ox x=Ln 3 x=Ly
ai ,F
Butler-Volmer kinetics X ﬁ 0. 5F 0 5F A5 -
Jn = exp RT —exp RT i
i?l = Fkn (Cl,n,max - Cl.n.surf)o'sco l.n.surfcg:z A6 -
Nt =Dy — Pop— UL A7 -
Separator ~ Material balance in solution B dy 0 5D acy A8 Calig = €5
phase Pt T ox ‘eP 25 O dca dco acy dca
DZ"@X x=L, = D2sep—=— P 2505 et = Dapg - -
Potential in solution phase a 5K‘)4’2-S€P 2RT(1 - tﬂ)él s olncy A9 Kscprﬁl’z | p0<1’2p B
P ox F s o ox 0x |y,
Ka¢2.n _ 0¢2.sep
ox [ 0x |y,
Cathode Diffusion in solid particles ac1p _ l 2 ,205141 Al10 c1p(r,0) ‘r:o = C(l)p
o0 2 or\” Tor dcy acy
— Dl.pT'P r—0 =0 —D1p &rp =Jp
r=Rpp
Potential in solid phase PP All 0dy 00,
S%;”l.pdizl.p = aipFjp iy Pt =0 —o1p,— 2 o 2 . =Igp
x=L
Material balance in solution dcy, 7} dca, . Al12 dca, dcy, dca,
phase €2p atp = z?x( 15Dz p) p) + (1 - t?,)al.p]p _DZ,pTJ(p . = O,Dz.sepTXp x=t, = Dap—o L -
Potential in solution phase 9 0<I>2 0B, 2RT(1-1%) 9 olnc A13 e 0Dy 0 0Py, B 0<1§2 D259
ajpFp
Butler-Volmer kinetics . i;? 0.5F 0.5F Al4 -
= en(25) - en( 25,
05 -
= Fkp (C1pmax — C1psuy) €5 Zp,swfczﬁp Al5
n;r =y by U A16 -
Diffusion coefficient b DI_P Al17
Y 71+ 800)"
Reaction rate constant kP = kgexp( —3x80C) Al8
Battery Output voltage Ve = @1 ‘X:Lp — @ ‘x:o — Rylgpp A19 -
overpotential respectively, Eq. (18) can be expanded to
Table 2
P2D model parameters for LiFePO,/Graphite battery. Vs = ((pz,p|x:L,, n <p2v”|x,o> n (Up ( C‘;_,,) e, — U, ( ClI,n) 70)
Parameter Value Parameter Value - (@)
+(m: _a )7R1
L, 58x 10 % m T 298 K My lx=Lp = M | =0 rLapp
Ly 25x 106 m 9 0.248
L7 40% 105 m Iy’ 4A where @, and @, , are the electrolyte potential and U, and U, are the
Ry’ 1.7x10%m xo” 0.10 equilibrium potential in the cathode and anode respectively. 7 and 7
a 6 b K
Rg, 25x10°m Yo 0.99 are the charge transfer overpotential at the cathode and anode respec-
Dy’ 3.02x 10718 m? 5! c3' 1200 mol m~3 . . .
Di b S8 101 m2 1 o o1Sm 1 tively. Ryis the sum of the contact resistance between the electrodes and
1.n 8 x m s 1p m . .
Dy 35% 1010 m? 51 o1n 100§ m-1 Furrent col}ectors and the ohmic re51.stances of the current collectors. Iy,
P 0.4 Clnmax 30537 mol m-3 is the applied current and the Vjq is the output voltage of the cell.
o0 0.30 R 8.314J mol-! K-1 The overall overpotential of the battery, 7, is the described as the
Esep’ 0.37 F 96487 C mol ! difference between the output voltage of the battery and the equilibrium
e1p’ 0.43 kp” 2x10 M mst potential of the battery and is expressed as
e10" 0.645 k" 2x 10 1 ms?
€1 pmax 22836 mol m3

2 Parameter set in cell design of identical battery chemistry [62].
b Fitted parameter.
¢ Obtained from COMSOL library.

4 parameters based on literature [59,62].
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Electrolyte overpotential (17, )
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Li concentration overpotential (q‘l )

(b =) -
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Kinetic overpotential (")

(2

The four major components of the battery overpotential are (i) the
difference in the electrolyte potential between the cathode/current
collector and the anode/current collector interfaces (electrolyte over-
potential (17,)), (ii) the difference between the electrode potential at the
cathode/current collector and the anode/current collector interfaces
due to inhomogeneity in Li concentrations in the electrode (Li concen-
tration overpotential (3$)), (iii) the potential difference due to charge-
transfer limitations at the cathode/current collector and the anode/
current collector interfaces (kinetic overpotential (5*)) and (iv) the
ohmic overpotential (7{) generated by the contact and electrode ohmic
resistance.

The electrolyte overpotential was derived from Egs. (A4), (A9) and
(A13), which are the electrolyte potential in the cathode, separator, and
anode respectively. Integrating Egs. (A4), (A9) and (A13) along the x-
axis results in the expression

Npan =

Rf I, app
N——

Electrode ohmic overpotential (;7? )

N, = ¢)2.p|x:Lp - ¢)2,n =0

I . L dx 1 [
_ / b (.X, t)dx — Dsep - Lp (.X, T)dx+
Kefr.n Jo Ly Keffsep  Keffp JL,

2RT (%
F Jo

(1 =) dinc, (x, 1)

3)

Eq. (3) can be divided into the electrolyte concentration over-
potential (75) and the electrolyte ohmic overpotential (73) and are
expressed as

=15 +15 4.1)
~ 2RT (%
ny =" | (1=19)dinc,(x,1) (4.2)
FJy
1 Ly . ) L dx 1 Ly .
’TzQ = - / Lon (.X, Z)dx - lZ.:ep - / lZ.p (X, t)dx (4~3)
Keffn Jo L, Keffsep  Keffp JL

where F is the Faraday constant, R is the gas law constant, T is the
operating temperature and iy is the current density in the solution phase.
The thickness of the electrodes (L, and L) and separator (L) as well as
the operating temperature (T) are assumed to be constant.

The Li concentration overpotential (11?) is defined as the difference
between the potential at the surface of the particles and the equilibrium
potential at the current collector/electrode interface and is expressed for
the anode and cathode respectively as

nh = Ua(ce) | —Ui(cra) (5.1)

x=0

~U,(@,) (5.2)

X=Lpos

My = Un(c))
The total Li concentration overpotential can then be expressed as

= (Up (c;'_p) r, — Uy () |x:L,,) - (U,, (cj”) lco — Un () L:o)

(5.3)

where ¢f is the concentration of Li at the surface of the particles and
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varies along the x-axis in the porous electrode, and ¢, and ¢;, is the
average concentration of the electrode under equilibrium conditions for
the anode and cathode respectively.

The charge transfer overpotential between the current collector/
electrode interfaces is represented as the kinetic overpotential, #** in Eq.
(2) (¢ and r]f,‘), can be obtained from the Butler Volmer kinetics, Egs.
(A5) and (A15) for the anode/electrolyte interface and cathode/elec-
trolyte interface respectively and is expressed as

¢ - Fju

0 =G, (TO) 6.1)
‘ Fj
ct __ -1 P

77,;/ — Ga,,,F/(RT) <?> (6.2)

The overall kinetic overpotential is then given as

Fj,

_1 n

- Ga,F/(RT) lT
n

U G;.IF/(RT) 0 (6.3

x=0

where and G~ is the inverse of a function G defined as

G- <exp<gn) fexp<f%n> ) ©6.4)

The electrode ohmic overpotential, 7 = IRy = I(Rsgr + Reont), 1S
described as the overpotential due to the contact resistance between the
composite electrode and current collector, and the ohmic resistance of
the solid-electrolyte interphase. These resistances are treated as an
empirical constant in this work, and it depends on the film resistance, Ry
obtained during the degradation parameter estimation.

The total overpotential of the LiFePO4/graphite cell is described by
the combination of all the derived overpotential expressions and is
represented as

Noarr = Viarr — Upan
= mtm @
= ng st g
The P2D model was solved using the Battery module in COMSOL
Multiphysics.

4. Results and discussion
4.1. Experimental data analysis

Fig. 3a, b shows the average discharge overpotential of aged and
non-aged batteries as a function of number of cycles. The absolute
average discharge overpotential of the long-lived aged batteries (Bat-
tery-AL), was slightly higher than that of the non-aged battery (Battery-
NL) during cycling. A similar trend was observed for batteries with
medium (Battery-AM and Battery-NM) and short (Battery-AS and
Battery-NS) cycle life. The absolute average discharge overpotential for
the long, medium, and short-lived aged batteries increased at a slow rate
for ca. 1500, ca. 1300 and ca. 700 cycles respectively and accelerated at
the last stages of cycling (Fig. 3a). The absolute average discharge
overpotential of the long, medium and short lived non-aged batteries
increased at a relatively slower rate for the first ca. 500 cycles and
accelerated until the end of their cycle life (Fig. 3b) with a faster rate of
acceleration for Battery-NS than Battery NM and Battery NL.

The average charge overpotential of aged batteries (Battery-AL,
Battery-AM and Battery-AS) have in common a two-staged trend of
initial constant overpotential, followed by a rapid increase until the end
of their cycle life (Fig. 3c). The constant overpotential stage was shorter
for Battery-AS and longer for Battery-AL. These observations suggest
that the cell cycle life depends on how long the constant overpotential
period lasts. The average charge overpotential of the non-aged batteries
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Fig. 3. Analysis of average overpotential in aged and non-aged batteries with different cycle life. Average discharge overpotential of (a) aged and (b) non-aged
batteries, and average charge overpotential of (c) aged and (d) non-aged batteries. Aged batteries with long, medium, and short cycle life, are labelled as
Battery-AL, Battery-AM and Battery-AS respectively. Non-aged batteries with long, medium, and short cycle life, are labelled as Battery-NL, Battery-NM, and Battery-

NS respectively.

(Fig. 3d) remained constant throughout the cycling process with those of
Battery-NL and Battery-NM being lower than that of Battery-NS. To
understand the various factors responsible for these complex dynamics,
we adopted the P2D model to extract the various associated degradation
mechanisms and categorize the overpotential into four main parts as
presented in the remaining part of Section 4.

4.2. Estimation of degradation parameters

To extract the degradation mechanisms associated with the over-
potential observed in Fig. 3, we estimated the parameters that changed
with cycling in the P2D model by comparing the model predictions with
experimental voltage profiles obtained from the aged and non-aged
LiFePOy4/graphite batteries at the 1st and 630th cycle and presented
the outcome in Fig. 4. The solid and symbol lines represent the model
predictions and the experimental data respectively. Fig. 4a—f, show the
experimental and model predictions for the aged and non-aged batteries
with long, medium, and short cycle life respectively. The batteries with
the shortest cycle life (Battery-AS and Battery-NS) served as the limiting
battery in determining the cycle number for the in-situ analysis. This
approach has been utilized in previous reports [19,63,64] and has
proven to be an efficient method for estimating battery degradation

mechanisms. We achieved a high correlation between the model pre-
diction and the experimental data by using the SNOPT algorithm to fit
the parameters in the P2D model for LiFePOy4/graphite battery that
changed with cycling. These parameters are the film resistance, Ry (Eq.
(A19)), the volume fraction of the cathode active material, &1, (Eq.
(A11)) and the initial SOCs of the cathode, xo, (Eq. (A10)) and anode,
Xon (Eq. (A1) where xo; = C1quf/C); @ =p,n.

4.3. Analysis of degradation mechanisms

The results presented in the previous Subsections 4.1 and 4.2 show
that ageing had a pronounced effect on the cycling performance of the
LiFePO4/graphite batteries which was manifested in the capacity
(Fig. 4) and the overpotential (Fig. 3). In this subsection we discuss the
various battery degradation mechanisms constituting these effects.

Based on the studies conducted on the parameters that changed with
cycling, we observed an increase in the film resistance at the 630th cycle
for all the batteries (Fig. 5a). The aged batteries exhibited consistently
lower film resistance than the non-aged batteries for a given lifetime
category. The film resistance increased as the cycle life decreased for
both the aged and non-aged batteries. There was no significant increase
in the film resistance of Battery-AL. However, Battery-NL exhibited a
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significant increase in the film resistance at the 630th cycle. The film
resistance is defined as the sum of the SEI resistance due to the formation
of SEI, and the contact resistance within the particles of the composite
electrode and between the composite electrodes and the current col-
lector. Hence, the changes in the film resistance are mainly attributed to
the increase in the SEI thickness, which was thicker for the non-aged
batteries than the aged batteries at the 630th cycle for a given lifetime
category. The results presented in Fig. 5a, is the increase in the film
resistance at the 630th cycle with respect to the first cycle and that after

precycling was not considered.

In addition, aged batteries with medium (Battery-AM) and short
(Battery-AS) cycle life, showed an increase in the film resistance at the
630th cycle but this increase was significantly lower than those of the
medium- and short-lived non aged batteries. The loss of active materials
was higher in the non-aged batteries than the aged batteries for a given
lifetime category and increased as the cycle life decreased for both aged
and non-aged batteries (Fig. 5b). This implies that, the increase in the
film resistance of the non-aged batteries as well as medium and short-
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lived aged batteries can be attributed partly to the increase in the con-
tact resistance between the particles of the composite LiFePO4 electrode
due to the loss of active materials to inactive or dead particles.
Moreover, the formation of the SEI leads to the consumption of active
Li ions in the anode [65], and the formation of the cathode electrolyte
interphase (CEI) and dead particles traps Li ions [66] resulting in ca-
pacity loss during cycling. To analyze the contribution of the SEI and CEI
to capacity fade and overpotential, we estimated the percentage loss of
Li ions between the first cycle and the 630th cycle for all the batteries
considered in this study. Such estimation was based on the values of
initial and final lithium content on the active materials, fitted from the
experimental data (see Table 2). For instance, during the first cycle in
Battery-AS, the LiFePO4 cathode was discharged from Lig 114FePOy4 to
Lig.990FePO4 and the carbonaceous anode from Liggg0Ce to Lig.261Ce.
During the 630th cycle there was no significant changes in the Li content
in the LiFePO4 cathode at the beginning and end of discharging
(Lig.114FePO4 to LiggggFePOy), but that of the carbonaceous anode
reduced both at the beginning and end of discharging, Lipg44Ce and
Lio.160Ce respectively. The percentage of Li ions loss to the formation of
CEl in the cathode after the 630th cycle was (((0.99 — 0.114) — (0.989 —
0.114))/(0.99 — 0.114) ) x 100% = 0.11%, and that loss to the forma-
tion of the SEI in the anode was (((0.960 — 0.260) — (0.844 — 0.160) )/
(0.99 —0.114) ) x 100% = 1.67%. Thus, the total loss of Li ions at the
end of the 630th cycle for Battery-AS was 1.78 %. It should be
acknowledged that some of the Li ions loss to the formation of CEI could
potentially be attributed to the loss of active materials. However, for the
purposes of this study, we assumed that all the Li ions trapped in the
cathode resulted from the formation of the CEI. A similar approach was
used to calculate the total loss of Li ions in the other batteries and the

results are presented in Fig. Sc. The total loss of Li ions at the end of the
630th cycle increased with decreasing cycle life for both the aged and
non-aged batteries with a higher increasing rate in the non-aged batte-
ries than the aged batteries.

4.4. Model predicted overpotentials

To illustrate the correlation between the battery degradation
mechanisms and the electrolyte overpotentials, 1,, we used the deriva-
tions from the mathematical expression in Eq. (3) to simulate the elec-
trolyte overpotentials of the batteries considered in this work. The
electrolyte concentration overpotential, ;5 for the aged and non-aged
batteries was simulated and analyzed using Eq. (4.2) and presented in
Fig. 6a and b respectively. There was no significant difference between
the electrolyte concentration overpotential for the aged batteries with
long (Battery-AL) and medium (Battery-AM) cycle life. However, the
electrolyte concentration overpotential observed in the aged battery
with short cycle life (Battery-AS) was lower than those of Battery-AL and
Battery-AM. The electrolyte concentration overpotential of the non-aged
batteries varied with that of Battery-NS being slightly lower than those
of Battery-NM and Battery-NL. From Eq. (4.2), 75 is function of ¢, T, t
and the thickness of the cell. Since all these parameters apart from c,
were constant, 75 is directly related to c. Thus, the slight difference in
the electrolyte concentration overpotential observed in the aged and
non-aged batteries was due to the loss of the Li ions in the electrolyte.

The electrolyte ohmic overpotential (75) was simulated using Eq.
(4.3) and the outcome is presented in Fig. 6¢ and d for the aged and non-
aged batteries respectively. Like the electrolyte concentration over-
potential (Fig. 6a and b), there was no significant difference between the
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electrolyte ohmic overpotential for the long and medium-lived aged
batteries (Battery-AL and Battery-AM) were slightly higher than that of
the short-lived aged battery (Battery-AS). Similarly, electrolyte con-
centration overpotential observed in the aged battery with short cycle
life (Battery-AS) was lower than those of Battery-AL and Battery-AM.
The electrolyte ohmic overpotential of the non-aged batteries (Battery-
NL, Battery-NM and Battery-NS) decreased with an increase in the cycle
life. In other words, shorter-lived cells exhibit smaller ohmic over-
potentials with those of the non-aged batteries lower than those of the
aged batteries. From Eq. (3), 8 depends on iy and the effective elec-
trolyte conductivities in the electrodes (k. and k. ,) and the separator
(keffsep)- Since all the batteries were discharged at a constant current,
there was no changes in iy, thus the difference in the electrolyte ohmic
overpotential between the batteries with long cycle life (Battery-AL and
Battery-NL) and those with short cycle life (Battery-AS and Battery-NS)
is due to the slight changes in the effective electrolyte conductivities
within the cathode kgy,. This is because kgypin Eq. (A13) is directly

proportional to the porosity of the electrode, & according to keyp, =

Kp (Sg_p) 15 and €9 increases as the volume fraction of the cathode active
material, €1, decreases. Hence, from Fig. 5b, the higher loss in the active
materials of the non-aged batteries is reflected in the increase in the
effective ionic conductivity in the electrolyte leading to the decrease in
the electrolyte ohmic overpotentials. This suggests that, as the cathode

loses active material, its porosity increases and with it the effective
conductivity of the electrolyte filling-up such pores. However, these
changes observed in Fig. 6 are quite small indicating a small or negli-
gible contribution of the electrolyte to the difference in the over-
potentials of the aged and non-aged batteries with different cycle life at
the 630th cycle. The vibrating point in curves of the inserted figure
corresponds to the sharp drop in the OCV of the graphite.

The kinetic overpotential, # defined as the difference between the
charge transfer overpotential at the cathode/current collector interface
and the anode/current collector interface as expressed in Eq. (6.3) was
simulated for the aged and non-aged batteries at the 630th cycle and
presented in Fig. 7a and b respectively. There was no significant dif-
ference between the kinetic overpotentials for the aged batteries but
those of the non-aged batteries increased at a faster rate for the short-
lived battery (Battery-NS) than the medium and long-lived batteries
(Battery-NM and Battery-NL). From Eq. (6.3), 4 is inversely propor-
tional to i which is dependent on the concentration of Li in the solid
phase. At the beginning of discharge, surface concentration of Li in the
cathode is almost equal to the maximum concentration
(C1psurf = C1pmax) and that in the anode approaches zero (ci n s ~ 0),
hence i is low (Fig. 7a and b). As discharge proceeds, ¢ p g decreases
while ¢y 5 increases, thus i? increases until the point where c1 p gurf =
1 nsurf and begins to decrease as observed in Fig. 7a and b. This indicates
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that, the kinetic overpotential, 7 is directly dependent on the changes
in the concentration of Li in the solid phase which is affected by the
distribution of Li ion concentration in the cell. At the 630th cycle, the
kinetic overpotential for Battery-NS increased at a significantly faster
rate than the other batteries during the later stages of discharging
because of the higher amount of total Li ions loss during cycling as
evidenced in Fig. 5c.

Fig. 7c and d show the Li concentration overpotential, 7! for the aged
and non-aged batteries with different cycle life simulated using Eq.
(5.3). nt is generated due to the concentration gradient of Li ions in the
particles of the electrode. 74! increased during discharging for both aged
and non-aged batteries. There was no significant difference in 7% be-
tween the aged batteries but those of the non-aged batteries increased
with a decrease in the cycle life. However, since 7t is related to the Li
concentration gradient in the particles of the cathode and anode, their
values are highly influenced by the total Li ions loss during cycling and
Li ions trapped in the particles of loss active materials in the cathode.
Thus, the non-aged battery with short cycle life (Battery-NS) which lost
most Li ions and active materials in Fig. 5b and c, also exhibited an
accelerated increase in the concentration overpotential, 7% (Fig. 7c and
d). Fig. 7 illustrated the correlation between the total loss of Li ions and
loss of active materials on the kinetic and the Li concentration over-
potential and this was high for the non-aged batteries than the aged
batteries.

The last part of Eq. (2) describes the electrode ohmic overpotential,
173 which is considered in this work to be due to the increase in the film
resistance described in Fig. 5a. The predicted 5{ for the aged batteries
(Fig. 8a) were lower than those for the non-aged batteries (Fig. 8b) at a
given lifetime category. In addition, #{ increased with a decreasing cycle
life for both the aged and non-aged batteries at the 630th cycle. Ageing
of batteries prior to cycling leads to the formation of stable SEI and
prevents excessive increase in 7{ as observed in Fig. 8a for the aged
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batteries (Battery-AL, Battery-AM and Battery-AS), and vice versa for
non-aged batteries (Battery-NL, Battery-NM, and Battery-NS). Thus, the
observations in %%, can be attributed mainly to the rate of the formation
of the SEI during cycling.

To quantify the contribution of the various degradation mechanisms
presented in Fig. 5, we predicted the discharge profile of the aged and
non-aged batteries considering each of the degradation mechanisms,
calculated the percentage capacity loss at the 630th cycle and presented
the outcome in Fig. 8c (aged batteries) and 8d (non-aged batteries). For
both the aged and non-aged batteries, the contribution of LAMgepg in
each battery was higher than that of LLI at the 630th cycle. The per-
centage contribution of the film resistance to the capacity loss was very
small in the non-aged batteries and insignificant in the aged batteries as
observed in the inserted figures in Fig. 8a and b. The contribution of
LAMgepr, increased with a decreasing cycle life at the 630th cycle with a
faster rate in the non-aged batteries than the aged batteries. Similar to
LAMgepE, the contribution of LLI increased with a decreasing cycle life in
both aged and non-aged batteries, but their contribution to the capacity
loss was relatively smaller than that of LAMgcpg. This is because the
estimation of LLI depends on the state of charge (SOC) of the anode and
cathode. While the SOC of the anode at the 630th cycle changed
significantly, that of the cathode remained fairly constant during con-
stant. However, for LiFePO4/graphite cells, the limiting electrode is the
cathode, hence a change in the SOC of the anode does not significantly
affect the discharge capacity of the cell. Fig. 8c and d suggest that the
LAMgepk is the dominating degradation mechanism at the 630th cycle.
This agrees with previous works based on experiments [67] and other
forms of non-invasive in-situ capacity fade analysis [68].

5. Conclusion

We have conducted a non-invasive in-situ analysis on the capacity
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fading of aged and non-aged commercial lithium-ion phosphate
(LiFePOg4/graphite) cells with different cycle life based on the first 630
cycles and examined the correlation between them and the different
types of overpotential using an experimentally validated P2D-model.
Based on a rigorous parametric analysis, we observed that the domi-
nant degradation mechanism in both the aged and non-aged batteries at
the 630th is cycle is associated to the loss of active material in the
positive electrode, which is especially severe for the non-aged batteries
with a short cycle life. By decomposing the overpotential into four parts,
we found out that, the increase in the electrode ohmic overpotential ()
is due to the increase in the film resistance and the increase in the
electrode concentration overpotentials (kinetic overpotential () and Li
ion concentration overpotential (;ﬁi)) is due to the increase in both loss
of active materials (LAMgepg) and loss of Li ions (LLI) during cycling. In
addition, we observed that the difference between the overpotential in
the aged and non-aged batteries is mainly due to the increase in the
electrode ohmic overpotential (7{?) while the increase in the kinetic
overpotential () and Li concentration overpotential (4) was respon-
sible for the difference in the overpotential between the batteries with
different lifetime category. Lastly, the electrolyte overpotential (17,) did
not have any significant effect on the overall overpotential of both aged
and non-aged batteries. Based on our analysis, the cycle life of batteries
can be prolonged by optimizing the ageing time to form a robust SEI,
proper calendaring to reduce loss of active materials and optimizing the
charging regimes during cycling. In a broader context, this work high-
lights the importance of using physics-based models to identify the
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failure mechanisms in commercial Li ion batteries, accelerating experi-
mental design and production.

List of symbols

AM medium-lived aged batteries

AL long-lived aged batteries

AS short-lived aged batteries

a specific surface area, m™!

c1 concentration of Li in the solid phase, mol m~3

C1 surf surface concentration of Li in the solid phase, mol m~3
C1.max maximum concentration of Li in the solid phase, mol m—3
C2 electrolyte concentration mol m~3

Dy electrolyte diffusion coefficient, m? s~?

Dy; diffusion coefficient in the solid phase, m? s~!

F Faraday's constant, 96487 C mol !

Iopp applied current density, A m~?2

i current density in the solid phase, A m~2

io current density in the solution phase, A m~2

9 exchange current density in the solid phase, A m~2

j pore wall flux of lithium ions, mol m~2 s~1

L thickness of battery component, m

M molecular weight, mol kg~!

NL long-lived non-aged batteries

NM medium-lived non-aged batteries
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NS short-lived non-aged batteries

r radial coordinate, m

ideal gas constant, 8.3143 J mol ! K~!
film resistance at the electrode/electrolyte interface, 2 m
time, s

cation transference number
temperature, K

equilibrium potential, V

main dimension across the cell sandwich
volume fraction

local over potential, V

electrolyte conductivity, S m~!

2

electrode conductivity, S m™!
density of active material, kg m~3
electric potential, V

BT A A= RN T

1 solid phase

2 solution phase

e electrolyte
effective

n negative electrode
) positive electrode
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