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A novel electroanalytical method, the intermittent current interruption (ICI) technique, has recently been pro-
moted as a versatile tool for battery analysis and diagnostics. The technique enables frequent and continuous
measurement of battery resistance, which then undergoes statistical analysis. Here, this method is implemented
for commercial Li-ion cylindrical cells, and combined with a physics-based finite element model (FEM) of the
battery to better interpret the measured resistances. Ageing phenomena such as solid electrolyte interphase (SEI)
formation and metallic Li plating on the surface of the negative graphite particles are considered in the model.
After validation, a long-term cycling simulation is conducted to mimic the ageing scenario of commercial cy-
lindrical 21700 cells. The large number of internal resistance measurements obtained are subsequently visualized
by creating a ‘resistance map’ as a function of both capacity and cycle numbers, providing a straight-forward
image of their continuous evolution. By correlating the observed ageing scenarios with specific physical pro-
cesses, the origins of ageing are investigated. The result shows that a decrease of the electrolyte volume fraction
contributes significantly to the increase of internal resistance and affect the electrolyte diffusivity properties.
Additionally, effects of porosity and particle radius of the different electrodes are investigated, providing valu-
able suggestions for battery design.

1. Introduction

The rapidly growing demands on energy storage for grid and elec-
trified vehicle applications require implementation of high power and
energy density batteries in the energy system. Especially lithium-ion
batteries (LiBs) are experiencing an accelerated growth in this market
volume. For cost and sustainability reasons, it is of great importance to
optimize the life-time of battery usage. Therefore, it is necessary to
obtain a diagnosis of the battery in terms of what is normally referred to
as State of Health (SoH) [1-3].

The SoH is related to a number of factors in the battery that can be
monitored and estimated [1,4], among which resistance and capacity
are the most important characteristics [5,6]. Compared to capacity,
which usually can be straight-forwardly measured by either constant
current constant voltage (CCCV) or constant current (CC) discharge tests
[7], there is less of a standardization for resistance measurements due to
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the complexity of the dynamic processes which it originates from. While
direct current internal resistance measurements (DCIR) are more easily
operated than alternating current internal resistance (ACIR) counter-
parts, these only provide information on the DC/Ohmic resistance of the
cell [8-10]. Electrochemical impedance spectroscopy (EIS) can on the
other hand - at least in theory — distinguish resistance/impedance of
different processes and give information of, for example, the double
layer and diffusion processes [11-13]. However, EIS measurements
require specialist equipment, rendering them unpractical to merge into
other more conventional testing procedures. Also, the interpretation of
EIS data is often complicated, uncertain and time consuming.

As a powerful alternative, Lacey and co-workers have in a series of
publications [14-18] developed a method referred to as ‘intermittent
current interruption’ (ICI), which can straight-forwardly be used for
frequent and continuous determination of a battery’s internal (ohmic)
resistance and diffusion resistance coefficient, which can be correlated
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to the diffusion coefficient extracted from an EIS measurement. In terms
of sophistication, this puts the ICI technique between the most easily
operational DCIR measurements and the fine details option of EIS
measurements. In practice, ICI can generally provide information that
would be obtained from EIS, but using a technique not much more
complex than DCIR.

However, what the ICI method gains in simplicity and speed, it to
some degree loses in detail. For example, the overall internal resistance
measured by the ICI method is approximately the sum of electronic re-
sistances in the electrode, ionic resistance in the electrolyte and charge
transfer resistance at the electrode/electrolyte interface (similarly to
EIS, where the diffusion kinetics are usually merged into one impend-
ence response). Thereby, many relevant electrochemical phenomena at
the electrodes or within other cell components, e.g. porous-electrode
effects, transient and non-linear responses, or additional artefacts of
the battery current collectors and other more peripheral components,
are often not assessable.

To increase the sophistication of the ICI approach, we in this work
aim to develop an approach that combines this electroanalytical
experimental method with a physics-based cell model. Similar ap-
proaches have previously been beneficial for a better insight in EIS
phenomena [6,19,20]. Through developments during the last decade,
finite element methodology (FEM) has become a mature and valuable
approach for modelling batteries for a range of cell types and geometries
[21,22]. One particular advantage is that a FEM model that allows for
modelling based on physical properties of the system, enable in-
vestigations of specific battery design parameters and time-dependent
kinetic processes, e.g., battery ageing induced by continuous and
in-situ SEI formation, etc. Such an implementation can be used for
battery diagnostics by calculating resistance increase as function of SOC
after a given number of cycles, while providing insight of physical and
electrochemical processes of the battery to better assess the origins of
the emerging cell resistances. The strength of this approach is here
exemplified by analyses of commercial cylindrical 21700 Li-ion cells
employing an NCA (LiNiggCop 15Alp.0502) cathode and a graphite
anode.

2. The intermittent current interruption (ICI) method
2.1. Measurement technique

As mentioned above, the method used for measuring the properties
of the battery cells was the intermittent current interruption (ICI)
method. This technique uses a sequence consisting of first charging/
discharging the battery with a constant current for a certain interval and
then employing a short current interruption (for example, 1 s duration).
During the current interruption, the voltage will normally first go
through an almost instantaneous change (see the arrow “a” in Fig. 1) and
then a considerably slower one (see the arrow “b” in Fig. 1). The in-
fluence of time-dependent sub-processes can then be calculated from the
voltage response which is recorded frequently (e.g. every 0.1 s in this
work) during the current interruption.

Specifically, based on the de Levie transmission line model [23],
Chien et al. [16,24,25] derived that the potential change has a linear
dependence with t'/2 for a finite time after a current interruption, which
is caused by the retarded capacitive behavior in a porous electrode. The
same dependence can also be derived from Fick’s laws, which describes
diffusion processes [25]. Therefore, in both cases, the potential mea-
surements during the current interruption can be used to extrapolate the
pure resistive component that takes place at the instant of switching off
the current (t = 0) [15]. Mathematically, the temporal evaluation of
potential change for porous electrodes can thereby be interpreted as

AE(f) = AE(0) — I x k x /1 @

in which AE is the potential change, I is the applied current before
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Fig. 1. Typical potential change with time during a current interruption, arrow
‘a’ shows the instantaneous change after the current is switched off, while
arrow ‘b’ corresponds to the following more slowly changed potential.

interruption, t is the time after the current is switched off. k is a diffusion
related parameter, identified previously as the diffusion resistance co-
efficient [25].

Fig. 2 (a) shows the typical behavior of the potential during a one-
second current interruption. The internal resistance, which includes
electronic, solution and charge-transfer resistances, can thus be calcu-
lated by dividing the intercept of the linear regression of AE(t) against
Vt, i.e. AE(0), by the current I
R= _AE(©) @

1

Meanwhile, the diffusion resistance coefficient, as defined by Eq. (3),
can be calculated by dividing the slope of the linear regression line by
the current. Chien et al. have proved that k can be correlated to the
diffusion coefficient (¢) extracted from the Warburg diffusion imped-
ance in a conventional EIS measurement [16], and that the relationship
between k and ¢ can be written as

1 dAE

k=t 98E
17 avi

k=o0+\/8/n 4

This approach has been experimentally verified by comparing with
the results from EIS in both Li-ion and Li-S systems [15,25,26].

Previously, D. Lindqvist has attempted to employ the ICI method in
the investigation of a homemade coin cell, and mimic the corresponding
kinetic process by establishing a FEM model [27]. Continuing upon this
work, we herein aim to follow the battery ageing behavior of a com-
mercial cylindrical 21700 cell by using the abovementioned electroan-
alytical method, and quantitatively interpret the origins of different
ageing factors through FEM simulations.

3

2.2. Experimental settings

A 21700-type commercial battery employing an NCA (LiNigg
Coo.15Alp,0502) cathode and a graphite anode was used in this work. The
battery cycling and ICI measurements were made using a PEC ACT0550
battery testing system and the cell was placed in a climate chamber at
20°C. The battery was cycled with a CCCV charge (0.5 C, 4.2 V, cutoff:
0.05 C), followed by a discharge with a constant current of 1 C till the
cutoff potential of 2.5 V, and without rest between cycles. A reference
performance test with ICI measurements was conducted once every 100
cycles by repeating a combination of applying a constant current for 10
min and an interruption of 1 s. Herein, a current of + 0.48 A was used,
which represents a rate of C/10 according to the capacity from the
battery manufacturer. This C-rate was chosen to a moderate-to-low rate
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Fig. 2. Example of the ICI analysis of a current interruption experiment. Data points and the regression lines are plotted in red and blue, respectively. AE and t are the
potential change and the time after the current is switched off. Reproduced from [24] with permission from the author.

to give an adequate amount of measurements for the resistance, as well
as to be able to assume that the charge transfer resistance is ohmic. This
ICI cycling protocol would in theory give 60 current interruptions per
charge or discharge sequence. The data files from the ICI measurements
were imported into an R environment and analyzed with a development
version of the ICI analysis package [14].

3. Model establishment and validation
3.1. Pseudo two-dimensional (P2D) model establishment

3.1.1. Overview of the model and ageing factors

The most widely used model to simulate Li-ion battery behavior
quantitatively is the established P2D model [28-30], in which the bat-
tery structure is simplified in a one-dimensional approach, and one extra
pseudo-dimension is defined in the radial direction of the electrode
material particles to address the effect of solid diffusion in the electrode.
Fig. 3 represents a schematic diagram of a half cell for the investigated
commercial cylindrical battery. The model is meshed with a default
normal element size setting, and the extra dimension along the radial
direction of the electrode particle is discretized into 10 elements. Mesh
independency has been checked, showing that the simulation is
convergent by using a normal and finer mesh. Geometric parameters, e.
g., thickness of the electrodes, have been obtained from the analysis of
opened cells (the same as used in the experimental measurement) while
the properties used in the simulation for the NCA cathode, the graphite
anode and the electrolyte of LiPFg in 3:7 EC:EMC were taken from the
COMSOL database; see Table 1. The COMSOL database was also used for
the interpolation of the OCV values for the different active materials,
which originate from Hall et al. [31] for the NCA cathode and

P2D electrochemical model

cc(+) pos sep neg cc(-)

Karthikeyan et al. [32] for the graphite anode.

To simulate ageing scenarios, for instance increase in internal
resistance and capacity fading, an ageing model has been established in
a previous modelling work for this cell type and chemistry [33]. This
takes the formation of SEI layer and metallic Li on the surface of negative
graphite particles into account. Specifically, these two side reactions —
SEI formation and Li plating — will consume active Li species, leading to
capacity fade. Meanwhile, the formed SEI layer will increase the internal
resistance directly. Compared to the SEI layer, the plated metallic Li is
assumed to be highly conductive and will not increase the film resis-
tance. Other than these, the solid products generated from the side re-
actions will decrease the volume fraction of the electrolyte phase,
thereby further increasing the internal resistance and slowing down the
diffusion kinetics in the cell. One advantage of modelling and simulation
is that it is possible to assess contributions of different ageing factors,
thus providing a better understanding of the origins to ageing when
compared with the overall resistance values measured by experiments.

3.1.2. Governing equations

The mathematic model employed for the battery behavior is based
on mass conservation and charge conservation. In the solid phase, the
mass conservation of intercalated Li can be described by Fick’s second
law

oc, 10 2 0c;
or P2 or (D *or )

where ¢; and Ds are the concentration and diffusion coefficients of
intercalated Li in the solid phase respectively, and r is the pseudo
dimension along the radial direction of the electrode particles. The re-
action rate of the electrochemical intercalation /deintercalation and the
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Fig. 3. Schematic diagram of the established P2D model with detailed structure of the negative electrode particles, showing SEI formation and metallic Li plating on

the surface of the particles.
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Table 1
Battery design specifications and parameters used in the model.
Parameters Negative electrode Positive electrode Separator Cu foil Al foil
Design specifications
Thickness, L (um) ™ 75 60 10 10 20
Particle radius, rp (um) ™ 2.5 0.25 -
Volume fraction of electrolyte, ¢ 0.4 0.25 0.37
Volume fraction of active material, & 0.6 0.75 -
Bruggeman coefficient [33] 1.5 2 3
Li concentration
Electrolyte concentration, ¢; (mol-m~3) ¢ 1200 1200 1200
Initial solid concentration, Cginitial (mol-m~2) 28482 11328 -
Maximum solid concentration, c;max (mol-m 3y« 35603 56640
Physical properties
Electrical conductivity, o; (Sm™?) ¢ 100 91 - 6.00 x 107 3.78 x 107
Li diffusion coefficient in solid phase, D; (m%s™ 1) ¢ 1.4532 x 10713 1x10°

Electrolyte ionic conductivity, x; (S-m™") ¢ K1 = Ko c )
"1 mol-m-3

Li ion diffusion coefficient in electrolyte, D; (m?-s~!) © D =D - a
1 = Pl int (71 mol-m-3

Electrolyte activity coefficient, f° ¢
Y y ’fi fi :fi.in[(m

Transference number, t, © L <
Ly =1t ine (71 mol-m—3

™ measured from experiment

¢ from COMSOL material database

possible side reactions occurring at the interface of the electrode parti-
cles works as the boundary condition. In the liquid phase, concentrated
electrolyte theory including diffusion and migration is used to describe
the mass conservation of Li-ions (Eq. (6)), where ¢ is the electrolyte
volume fraction, and ¢; and D;.¢ are the concentration and effective
diffusion coefficient of Li-ions in the liquid phase. i, is the volumetric
current density in the liquid phase, with a unit of A-m~3.
8[% = V(D/ ffVC]) + ﬂ X (1 — t+) (6)
ot 'e F

Regarding the charge conservation, the current variation in the solid
phase and the potential distribution follow Ohm’s law (Eq. (7)), while
the local current in the liquid phase i; can be derived from the mass
transport of charged species (Eq. (8)).

iy = —0seri Vi (@)

i[:K[Veff(*vqﬁl‘Fzg(lJ,»all'lfi)(libr)v(lnCl)) (8)

alnc,

where ¢, ¢; are the electric potential of the solid and liquid phase and
Oseff, K eff are the effective conductivity of solid and liquid phase,
respectively. f. is the electrolyte activity coefficient and t, is the
transference number for Li-ions. As boundary conditions, the electric
potential at the external surface of the negative current collector is set to
zero since this point is grounded in the model, and the applied charge/
discharge current is defined at the end point of the positive current
collector.

As depicted in Table 1, the conductivity of the electrolyte «;, diffusion
coefficient of Li ion in the electrolyte D;, the electrolyte activity coeffi-
cient f; and the transference number ¢, are defined to be functions of the
Li ion concentration in the electrolyte ¢;. The lookup tables from the
COMSOL database is used to do the interpolation, and the results are
explicitly provided in Fig. 4 [30,34-36].

3.1.3. Ageing kinetics

As mentioned, both SEI formation and Li plating are considered in
the ageing model [33]. These two reactions are assumed to be electro-
chemical reactions and only occur in the charge process together with
parallel Li intercalation and moreover only on the surface of negative
electrode graphite particles. Specifically, the growth of the SEI layer is
assumed to occur towards the electrolyte phase and is limited by the
transport of electrons across the formed SEI layer. A first order mass

transport limiting current through a Nernst boundary layer was assumed
[37,38]. As a result, the surface current density caused by SEI formation
(jformser) can be calculated by a modified cathodic Tafel kinetics
approach with limiting current density (Eq. (9)). Here, jg g is the sur-
face current density calculated by Eq. (10). jyy, is the limiting current
density determined by the diffusion of electrons in the formed SEI phase
(Eq. (11)) while Kgg; is the reaction rate constant, D, g is the diffusion
coefficient of electrons within the SEI phase, d, is the initial thickness of
SEI layer, Ad is the increased thickness of SEI layer caused by the SEI

formation during charge. The specific surface area, S, = 3;;"2 is used to

guarantee the continuity at different interfaces by projecting the volu-
metric change to surface flux.

. JFSEI JF.SEL .
Jform, = - = XJlim (9)
omSELT +5E im e s :

. )« A, serF
JB,SEL = *n'F'KSEICS )CR'SXP< - %) (10)

(csut — Cout) -DesprF
dy + Ad

Jim = (€N)

The metallic Li plating, in turn, is assumed to be a pure kinetically
limited electrochemical process. The reaction rate can be calculated
directly by the cathodic Tafel kinetics, Eq. (12), in which Kj; is the re-
action rate constant. More details of the ageing model can be found in
previous studies [33], while the relevant parameters are listed in
Table 2, in which the conductivity of the SEI layer in the present study
was adopted to fit the resistance values of equivalent experimental cells.

. —a A, LiF
Jform, Li = 7n'F'KLiC(01 )Cg'exp( - R}—Tr]> (12)

3.2. Model validation

COMSOL Multiphysics®, a FEM based commercial software, was
used to build the model and conduct the simulations. With appropriate
parameterization, the established model can be used to simulate real
battery systems. To validate the model, single discharge processes at
different C rates were simulated, and all simulations were implemented
based on the same cylindrical battery as those used in the experimental
measurements. Specifically, the nominal capacity of the battery is 4.8 Ah
at 1C, with a cutoff voltage of 4.2 V for charge and 2.5 V for discharge.
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Fig. 4. (a) Conductivity, (b) diffusion coefficient, (c) electrolyte activity coefficient and (d) transference number used in the simulation as functions of the Li ion

concentration.

All simulations were started from a fully charged state and went through
different discharge currents until the cutoff voltage (2.5 V) were
reached.

Comparison between the simulated discharge curves (lines with
symbol) and the experimental results (solid lines) are shown in Fig. 5. As
can be seen, the simulated discharge curves are well consistent with the
experimental results for all the investigated C rates (1C, 2C, 3C, 4C). It
can thus be stated that the proposed model can well mimic the elec-
trochemical behavior of the investigated commercial cell.

3.3. Numeric implementation of ICI in the P2D model

On top of simulating the normal charge or discharge process, the ICI
measurement introduces a sequence of several short current in-
terruptions. These abrupt signal changes lead to severe difficulties to
reach convergence in the numeric simulations. The conventional strat-
egy of introducing smooth functions and using small time steps for
calculation should in principle be able to solve this problem. However,
since this work aims to follow the battery behavior during a long-term
cycling process, including detailed ageing kinetics for the entire state-
of-charge (SOC) range, there should be a one-second current interrup-
tion at least every ten minutes. If a relatively small time step is adopted
for the entire simulation period, the calculation time would be
impractically long. To compensate for this, a code was written in R [26]

to create a sequence of range-commands that used small step lengths
(0.1 s) during the current interruption, longer steps (10 s) during the
constant charge/discharge current phase between the interruptions and
intermediate steps (1 s) to ‘bridge’ between these two.

Furthermore, due to the relatively good cycling stability of the
commercial cell, the investigated battery will not show any obvious
ageing behavior until going through a large quantity of cycles. To
thereby generate long-term cycling simulations (hundreds or even
thousands of cycles) within a realistic time-frame, the ageing kinetics
was accelerated by multiplying with an acceleration factor; here a value
of 50 was used. This method is commonly employed in literature to
simulate battery ageing [33,37,38]. By this approach, the properties
related to ageing — capacity fade, resistance increase, etc. — in one
simulated cycle represents the extent of these during 50 real cycles.
Convergence tests were performed by varying this acceleration factor,
ranging from 20 to 200.

With the abovementioned modifications, the dataset obtained from
the simulation is reduced compared to the experimental results. How-
ever, 100—150 current interruptions per cycle can still be achieved,
thereby providing data for a relevant comparison between these two. At
each of the interruptions, the internal resistance needs to be calculated
once. The dataset obtained from the cycling test will be even larger, and
thus the same R code package as that used for analyzing the experi-
mental data could easily be used to analyze also the simulation results.
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Table 2
Parameters used to describe the reaction kinetics.
Parameters Value
Reaction rate constant for Li de/intercalation, kneg (m-s™') [33] 2 x 1071
Reaction rate constant for Li de/intercalation, kpos (m-s™Y) [33] 5x 10710
Anodic/cathodic transfer coefficient for Li de/intercalation, a,;. [33] 0.5
Conductivity of SEI layer, osg; S'm™ 5x107°
Initial thickness of SEI layer, dy (nm) [33] 3
Equilibrium potential for SEI formation, Eeq sgr (V vs. Li/Li") [33] 0.4
Cathodic charge transfer coefficient for SEI formation, a. g [33] 0.5
Reaction rate constant for SEI formation, Kgg; (m-s~!) [33] Kegr = 9.58 x 10~ exp( _ E;?)
Activation energy for SEI formation, E, sg; (J: -mol’l) [33] -15700
Molar mass of SEI, Mgg; (g~m01’1) [33] 160
Density of SEI, psg; (kg-m~3) [33] 1600
Diffusion coefficient of electrons within the SEI phase, D, s (m%s™1) [33] EPesu 1 1
Desmr =1x 10720 x exp[— AT X (T— T )
ref
Activation energy for electron diffusion, E>* (J-mol~) [33] 30000
Equilibrium potential for Li plating, Eeq1; (V vs. Li/Li") [33] 0
Cathodic charge transfer coefficient for Li plating, a., 1; [33] 0.5
Reaction rate constant for Li plating, Ky; (m-s™) [33] Ky =5x 1075 x exp( _ E};]L:)
Activation energy for Li plating, E, 1; J:mol™Y) [33] -5001
Molar mass of Li, My; (g-mol™1) [33] 6.941
Density of Li, pr; (kg-m~3) [33] 534
Universal gas constant, R (J .mol 'K 1) 8.314
Ambient temperature, Tomp (K) 293.15
Reference temperature, Tyer (K) 298.15

Before that analysis, the simulation results need to be reorganized into a
proper data form, which was done by using a developed R code package
[27].

4. Results and discussion
4.1. Measured and simulated initial internal resistance

Internal resistances calculated through simulations are compared
with experimental datasets in Fig. 6. Here, only the resistance of the first
cycle is shown, and the cycle is defined to start from a fully discharge
state (capacity = 0): first to a fully charged state (capacity ca. 4.8 Ah),
then followed by a discharge process until the cutoff voltage (2.5 V) is
reached. The theoretical internal resistance shown in Fig. 6 (a) is
calculated based on a dataset obtained from the first simulation cycle, i.
e. without any ageing effect applied. The experimental result shown in
Fig. 6 (b) is measured on a new battery but with 5 full cycles for

4,00 4 )
sim exp
o) 1C
— 2C
3,75
S v —3C
[}
<)
8 3504
°
>
8 325+
3,00 -
2,75 ¥ T T r T Clreey
0 1 2 3 4 5
Capacity / Ah

Fig. 5. Comparison of the discharge curves obtained from simulation (lines
with symbol) and experimental measurements (solid lines) under different
discharge rates, i.e. 1C, 2C, 3C, 4C.

stabilization, which helps to form the initial SEI layer. This corresponds
to the setting of an initial SEI layer thickness of 3 nm in the established
model [38-40].

The average value of the internal resistance shown in Fig. 6 is
comparable between the simulation and experimental measurements,
both being around 30—35 mOhm. This value agrees well with the data
provided by the cell manufacturer. Moreover, the maximum of the in-
ternal resistance appears in the lower state-of-charge range for both
cases. The main deviation of the simulated internal resistance compared
to the measured results is instead located at the higher SOC range, i.e.
the fully charged state. This can be explained by the special staging
intercalation process of the graphite electrode [41,42], in which the
intercalated ions group together and fill certain layers of the graphite at
a given time. The model here rather assumes the graphite electrode
having a lattice gas behavior, where the intercalated Li-ions spread out
uniformly, while the charge transfer resistance is described through the
Butler-Volmer equation. If a better fitting result is to be achieved, a more
reasonable and advanced model that can describe the staging interca-
lation process should preferably be used. However, the current model is
acceptable in this present case by predicting a relatively accurate
average internal resistance for most of the SOC range.

4.2. Resistance visualization for a long-term cycling process

As discussed in the introduction, the ICI method is much faster than
EIS measurements. This renders the ICI method more suitable to be used
for onboard battery diagnostic, and especially for long-term cycling
characterization. Fig. 7 represents the internal resistance estimated for a
long-term cycling (1000 cycles) process using the ICI method. The po-
tential response used to calculate the resistance is generated from the
validated FEM model. Results after 100, 400, 700 and 1000 cycles are
shown in Fig. 7 (a), and the internal resistances are drawn as function of
capacity for both the charge (solid lines) and discharge (dashed lines)
processes. Compared to the resistance of the first cycle, shown in Fig. 7
(a), the resistance of the cell at 50% SOC level increases from 30 mQ to
around 40 mQ after 1000 cycles. At the same time, the capacity of the
battery decreases to around 4 Ah, i.e. to 83 % compared to the initial 4.8
Ah, which is comparable with the information provided by the
manufacturer.
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The calculated resistances can preferably also be plotted in a heat
map, which has been referred to as ‘resistance mapping’ previously [14].
Compared with Fig. 7 (a), the resistance mapping, shown in Fig. 7 (b),
contains more details by providing a continuous and frequently deter-
mined resistance along the entire battery cycling process. As can be seen,
the resistance value of the investigated battery is relatively higher when

the battery is close to a fully charged or discharged state while the
minimum resistance value appears at an intermediate state. Another
trend is that the internal resistance increases constantly with cycle
number all the way within the investigated 1000 cycles, but there is no
observed abrupt resistance increase (which usually appears right before
battery failure) since the ageing kinetics in the employed model is based
only on the continuous growth of SEI layer and Li plating. The resistance
mapping would be even more powerful if a more advanced and complex
ageing model was developed, for instance including non-linear ageing
kinetics. The purpose of this present work, however, is instead to pro-
vide a basis for such a methodology through highlighting the possibility
for battery diagnostic by coupling this novel electroanalytical method
with a physics-based FEM model.

4.3. Quantitative characterization of the aging kinetics

To verify the accuracy of the model, ageing tests for 500 cycles were
also conducted experimentally on commercial cells with the corre-
sponding cell chemistry. Fig. 8 shows a quantitative comparison of the
relative capacity and the internal resistance of the cell at 50 % SOC level,
predicted from simulation and measured experimentally. It can be seen
from Fig. 8 (a) that the capacity of the battery decreases to ca. 92 % after
500 cycles in the experimental measurements, which is consistent well
with the simulation results. However, at the early stage of cycling
(before 100 cycles), the trend of the measured internal resistance in
Fig. 8 (b) is in worse agreement with the corresponding simulated
values. The observed decrease of internal resistance in the beginning of
cell operation is, however, not uncommon in similar measurements of
commercial cells, although the reasons for this phenomenon has not
reached a strong consensus. Groot et al. [43,44] suggested that it is
caused by an initial increase of the active surface area of the electrode
materials. Since this is out of the scope of current study, it will not be
discussed further here. Otherwise, the following increasing trend of the
internal resistance agrees well between the simulated and experimental
results. The slightly lower resistance measured experimentally is
reasonable and likely due to that the electrolyte chemistry is well
tailored in the commercial cell and thereby render a more thin, uniform
and non-resistive SEI layer than in the counterpart which has served as
the basis for the SEI layer growth model.

Apart from the internal resistance, the diffusion resistance coefficient
k as defined by Eq. (3) has also been extracted based on the potential
response from both simulation (Fig. 9 (a)) and experiment (Fig. 9 (b)).
Except from that the data obtained from the experiment is noisier, both
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the absolute value and the changing trend of the diffusion resistance
coefficient compare well between simulation and experiment. This
further verifies the reliability of the established ageing model.

4.4. Characterization of different ageing factors

Battery ageing is a complex phenomenon involving different kinetic
processes at interplay with each other. One advantage of the physics-
based models is the possibility to extract detailed kinetic information
of some of the involved sub-processes. For instance, to better assess the
origins of the increased internal resistance, contributions of different
factors can be compared, including the increased film resistance of the
SEI layer, the decreased volume fraction of the electrolyte phase, and the
consumption of active species.

Fig. 10 (a)—(c) shows the internal resistance as function of capacity
after different cycle numbers (100, 400, 700, 1000 cycles); (a’) (b’) (c’)
are the corresponding resistance mapping. Specifically, Fig. 10 (a) and
(a’) are the results obtained by setting the resistance of the SEI film equal

to zero and without considering any decrease of electrolyte volume
caused by formation of solid products (SEI and metallic Li phase) from
side reactions, i.e. only consumption of active Li species caused by side
reactions is considered in the battery ageing. With such a model setting,
the internal resistance keeps constant for the entire 1000 cycles, and
only the capacity decreases accordingly.

Fig. 10 (b) and (b’), on the other hand, display results obtained
without considering the volume fraction decrease of the electrolyte
phase. Due to that the consumption of active species will not increase the
internal resistance, as discussed above, the internal resistance increase
shown in Fig. 10 (b) and (b’) — as compared with (a) and (a’) - is caused
purely by the growth of the SEI layer. After 1000 cycles, the internal
resistance at 50 % SOC increases to ca. 33 mQ. Moreover, the increment
of the resistance becomes slower with increasing cycle number. This is
consistent with that the formation rate of SEI is limited by the diffusion
across the formed SEI layer, i.e. further growth of SEI becomes more and
more difficult when the formed SEI layer becomes thicker, resulting in
self-inhibiting kinetics.
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Fig. 10 (c) and (c’) in turn present results calculated by setting the
resistance of the SEI film equal to zero, thereby showing the internal
resistance increase caused purely by the decrease of the electrolyte
phase volume. Compared to the results in Fig. 10 (b) and (b’), the

contribution of this volumetric decrease is comparatively larger than the
contribution from film resistance of the SEI layer. Specifically, the vol-
ume decrease lead to an increase in the internal resistance by 5 mQ over
1000 cycles, compared to a 3 mQ increment in resistance by the SEI
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layer. Considering that the electrolyte chemistry is usually well tailored
in the commercial cell, the formed SEI layer during battery cycling can
be quite thin and non-resistive. Therefore, the small increment of the
internal resistance associated with SEI growth can be considered
reasonable for the particular cells studied here. The comparison between
different ageing factors in Fig. 10 reveals that the decreased volume
fraction of the electrolyte during long-term cycling could more strongly
influence battery ageing as compared to a growing resistance from the
SEI layer formation, which is often regarded as the main reason for
battery degradation.

In the simulation conducted, we are currently just using a constant
charge/discharge current (0.1C) for the measurements. However, if for
example a real drive cycle would be used as the applied condition for the
model with inserted ICI measurement cycles at certain points, the real
time internal resistance of the battery can easily be simulated. Before
battery degradation occurs, more characteristic signals should be ex-
pected to appear, for instance abrupt or non-linear increase of the in-
ternal resistance. Meanwhile, by integrating with a physics-based
model, the specific reason leading to corresponding battery degradation
can be accessed, providing suggestions for optimization of battery usage,
which as a final result can aid to predict battery life online. The proposed
methodology by coupling a fast and flexible electroanalytical measure-
ment with a physics-based model shows undeniable value for online
battery diagnostic.

4.5. Suggestion for battery design

Another important application of modeling and simulation of Li-ion
batteries is to provide directions for real device fabrication and design.
Here, we have kept the shape and geometrical structure of the battery
fixed while simulating the effect of different battery design parameters,
e.g. porosity and particle radius of the different electrodes, on the
overall internal resistance. Fig. 11 (a) and (b) show internal resistance
during one cycle (first charge and then discharge) with varied porosity
of the positive and negative electrodes, respectively. As can be seen from
Fig. 11 (a), the internal resistance of the entire battery decreases with
increased porosity of the positive electrode (gp0s) from 0.15 to 0.3. This
is due to the fact that the electrode kinetics within this range is domi-
nated by the electrolyte mass transport. The increase in porosity of the
positive electrode therefore helps to increase the effective conductivity
of the electrolyte, and as a result decreases the overall internal
resistance.
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A more complex trend appears in Fig. 11 (b), where the porosity of
the negative electrode (gn¢q) is increased from 0.24 to 0.48. The internal
resistance turns out to first decease when &, increases from 0.24 to
0.32, then it increases with £, in the range from 0.32 to 0.48. This
trend occurs because when ¢, is relatively low (i.e., lower than 0.32),
the kinetics of the negative electrode is limited by the mass transport of
species in the electrolyte phase. With increasing porosity, the limiting
kinetic process on the negative electrode instead becomes the active
electrochemical reactions occurring on the surface of the graphite par-
ticles. Within this range (¢, > 0.32), an increase of electrode porosity
will decrease the volume fraction of solid materials and thus decrease
the specific surface area where the electrode reactions occur.

Furthermore, the effect of particle radius of the electrode materials is
also investigated. Fig. 12 (a) and (b) show the internal resistance with
varying particle radii of positive and negative electrodes, respectively.
The original condition employed in the simulations above is rpyos =
0.25um and 7ppeg = 2.5um. Here, both radiuses are changed stepwise by
20 %, ranging from 60 % to 120 %. It can be seen that the internal
resistance decreases for both the negative and positive electrode with a
decrease of the particle radius. This is due to that decreasing the particle
radius will decrease the transport distance of the intercalated Li within
the solid phase, and as a result decrease the reaction resistance. More-
over, the decrease in resistance is more pronounced when decreasing the
particle radius of the negative electrode. This is likely because the ab-
solute value of pyeg is ten times larger than 7ppes. This is important from
a battery design point view, where there exists a need to balance the
additional cost of producing small electrode particles with the energy
gained by the reduced internal resistance.

It should be pointed out that since the porosity of the electrodes and
the geometrical features of the battery are fixed in these simulations, the
total amount of the active material is fixed, and the capacity of the
battery thereby remains unchanged when changing the particle radius.
This is in contrast to the effect when changing the porosity. As can be
seen from Fig. 11 (a), the increase of the positive electrode porosity will
in fact decrease the effective capacity of the battery, while this will not
happen if the porosity of the negative electrode is changed. This is
consistent with the material balance used in this battery design; i.e., the
active material of the negative electrode is designed to hold more ca-
pacity than the active material used in the positive electrode, in part
because graphite is less costly than the positive material, also to leave a
safe margin to avoid lithium plating. This overbalance warrants that all
positive material is used effectively.
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5. Conclusions

A novel electroanalytical method for online battery diagnostics,
intermittent current interruption, is here employed for commercial cy-
lindrical cells of 21700 type. By employment of an associated physics-
based FEM model, the observed ageing scenario is successfully corre-
lated with specific physical processes, for instance the SEI formation and
Li plating on the surface of the graphite particles. From a long-term
cycling test, the large amount of observed internal resistances ob-
tained are visualized in heat maps, straightforwardly showing the in-
crease of internal resistance and decrease of capacity with cycle number.
Thereby, it is shown that the decrease of the electrolyte volume fraction
in the porous electrodes contributes most of the investigated parameters
to the resistance increase, and is also the main reason for limiting the
diffusion processes in the cell during cycling. Moreover, by systemati-
cally altering different materials parameters, valuable insights into
battery design appear, which further display the strength of the
employed methodology.
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