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Electrochemical impedance spectroscopy (EIS) is essential for non-invasive battery characterization. This paper addresses the
challenge of adequate interpretation of EIS spectra, which are often complicated by overlapping internal phenomena occurring on
similar time scales. We present, for the first time, a high-fidelity numerical time-domain electrochemical model that can virtually
replicate experimental EIS spectra with three superimposed high-frequency semicircles, a transition to the diffusion tail at elevated
imaginary values, and a tilted diffusion tail at low frequencies. These advanced features were made possible by extending state-of-
the-art porous electrode model with innovative sub-models for the double layer phenomenon at the carbon black/electrolyte and
metal Li-anode/electrolyte interfaces, and transport phenomena of charged species through the solid electrolyte interphase at the Li-
anode interface. Additionally, we modelled the diffusion tail inclination by introducing representative active particles of varying
sizes. Results from custom-made half-cells confirm the model’s ability to decipher EIS spectra more accurately compared to
existing models. Moreover, innovative physics-based battery model that is capable of accurately modelling intra-cell phenomena
can reveal internal states and physical parameters of batteries using measured EIS spectra. The model, therefore, also enables
functionality of an advanced virtual sensor, which is an important diagnostics feature in next-generation battery management
systems.
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Greek letters X Lithiation level [mol]
«@ Charge transfer coefficient [—] zZ Impedance [€2]
€ Porosity [—] Subscripts or superscripts
K Liquid phase conductivity [S/m] + Positively or negatively charged
" Chemical potential [J/mol] species
P Potential [V] + Positively charged species
10) Ratio [—] a Anodic
p Density [kg/m3] am Active material
o Solid phase conductivity [S/m] app Applied
Latin letters b+cb Binder and carbon black
c Average concentration [mol/m?) brugg Bruggeman
a Specific surface [1/m] BV Butler-Volmer
C Capacitance [F/mz] c Cathodic
c Concentration [mol/m°] cat Cathode
D Diffusion constant [m?/s] DL Double layer
E Cell voltage [V] e Electrolyte
F Faraday constant [As/mol] ecb Electrolyte/carbon black interface
f Activity coefficient [—] eLi Electrolyte/Li-anode interface
1 Current density [A/m?] es Electrolyte/solid interface
i Current density [mol/m?s] GITT Galvanostatic intermittent titration
Jj Reaction rate per unit area [mol/m?s] technique
L Length [m] Li Lithium
M Molar mass [kg/mol] p Particle
m Mass [kg] ref Reference
R Gas constant [J/mol K] S Solid
r Coordinate in particle’s radial direc- sep Separator
tion [m] th Theoretical
S Electrode surface [m?] \Y% Volume
T Temperature [K]
t Transference number [—] Modelling plays a crucial role in the development process of advanced
Vv Volume [m?] Li-ion batteries. On the one hand, it is crucial for a better understanding
X Coordinate across the cell length [m] of the fundamental physico-chemical processes. On the other hand, if
z Charge of the species [—] models have a sufficiently high consistency with the real underlying
Q Capacity [Ah] phenomena taking place in batteries and thus a sufficiently high

predictive capability, they are an important building block for the
virtualisation of the development process and enable efficient explora-
“E-mail: tomaz.katrasnik @ fs.uni-lj.si tion of the design space and virtual prototyping. Battery materials, such
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as the Nickel-Manganese-Cobalt- oxide (NMC) used as a demonstra-
tion material in this study, exhibit significantly different material
properties and are susceptible to a variety of degradation phenomena
such as oxygen release! and the dissolution of transition metals,
formation of rock salt structures,” formation of cathode-electrolyte
interphases (CEI),* cracking of aggregates/secondary particles™® and
others. The family of NMC materials also exhibits several intriguing
phenomena related to their strong dependence of the diffusion constant
on the lithium content in the active material. The group of C. Grey has
recently revealed the emergence of the so-called kinetic phase separa-
tion, i.e. a spatial non-equilibrium variation of the SOC within single
particles” and proposed that this phenomenon is caused by the SOC-
dependent Li-ion diffusion constant and is also linked to the Li mobility
in the bulk material.® Moreover, the change in the diffusion constant is
particularly remarkable for the highly lithiated particles,”'® where the
kinetics of Li diffusion becomes much slower.

All these phenomena and the properties of other materials, as well as
the design and morphology of the cells and their operating conditions,
influence the performance and safety of batteries. Therefore, their
adequate performance, durability and safety critically depend on
appropriate non-invasive monitoring tools that allow the detection of
various in-cell phenomena related to battery performance and degrada-
tion. Indeed, such tools can significantly improve battery control and
thus safety in real-world applications through a variety of measures
such as limiting battery performance, avoiding certain operating
conditions, triggering self-healing mechanisms'" or the battery replace-
ment or other countermeasures. In addition, non-invasive monitoring
tools that enable the detection of intra-cell phenomena are also crucial
in the battery development process to improve cell design and to
provide a feedback loop to material design.

One such powerful method for non-invasive monitoring of intra-
cell phenomena is electrochemical impedance spectroscopy (EIS),
which is a widely used non-destructive method for characterising
electrochemical devices such as Li-ion batteries.'>'? The main idea
of this method is to apply a small potential (potentiostatic EIS or
PEIS) or a small current (galvanostatic EIS or GEIS) excitation to
the electrochemical device in the form of a sinusoidal perturbation
with frequencies ranging across several orders of magnitude'*'*
(typically from kHz to mHz) and measure its response, i.e. amplitude
and phase shift. The result is an impedance spectrum presented with
a Nyquist diagram that characterises the phenomena in the battery
that occur on the different time scales.

Since a typical battery consists of several components and each
component leaves its fingerprint in the EIS spectrum,>'® deconvoluting
the effects of each individual process within the battery cell is a
challenging task when interpreting the EIS spectrum. There are still
many nonaligned interpretations of the EIS spectrum in the literature,'>"”
especially in the medium to high frequency range, while for the low
frequencies it is generally recognised that the EIS spectrum provides
profound information about transport phenomena in the active material.
The requirement for a correct interpretation is crucially linked to the
ability to decipher the contribution of specific performance and
degradation related phenomena to the overall EIS spectrum. This
requirement is, therefore, inherently interlinked with an adequate model
used to interpret the spectra. This requires an adequate physical basis of
the model for more detailed analyses and, above all, the determination of
realistic values for the model parameters.

There are many publications in the literature'® " that analyze the
EIS spectra with the electrical circuit representation of the battery, i.e.
with the so-called equivalent circuit models (ECMs), which consist of
electrical components such as resistors and capacitors and in many
cases also of constant phase elements (CPE)*'*> or finite space
Warburg elements.>>> Despite the fact that there exist ECMs which
feature physicochemical consistency, e.g.'**® most of ECMs, e.g.'%2°
do not feature physicochemical consistency and they feature relatively
simple model topology. These models have the advantage of being easy
to implement and parameterise and require little computational effort.
However, they generally do not provide a direct correlation between the
model parameters, featuring realistic values, and physicochemical

processes in batteries and may also be degenerate.”’ In particular,
CPEs are notorious for lacking a physical basis,” although they are
widely used for fitting the tilted low-frequency parts of the EIS
spectrum corresponding to the transport of Li within the electrode
material. Only recently, Lasia®® has indicated potential explanation for
CPE phenomena involving the electrosorption diffusion of anions.

With the emergence of the artificial intelligence (AI) based
approaches, there are also several publications that apply these
approaches for extraction of parameters or states of the electro-
chemical devices. Babaeiyazdi et al.*® estimated SoC using machine
learning algorithms from the EIS measurements. Pradyumna et al.”'
combined EIS measurements with convolutional neural network to
estimate the remaining capacity. Recently, Liu et al.** proposed a
new method for automatic feature extraction from EIS measure-
ments that combines variational autoencoders and bidirectional
gated recurrent unit. The shortcomings of Al-based approaches are
usually attributed to the dependence on large, high-quality data sets
for training and the difficult interpretation of the underlying physical
processes due to the nature of these models.

On the other side of the battery modelling spectrum, there are the
physics-based continuum models inspired by the pioneering work of
Newman and co-workers®>** followed by a number of research models,
e.2.7 that are based predominantly on the pseudo-two-dimensional
(P2D) approach*' and validated with the discharge curves. Simplified
variants of these models are so-called linearised electrochemical
models**™ and represent a common approach for modelling EIS
spectra. The advantage of these models lies in the fact that the
impedance can be derived anal;/tically and the fitting can be done
directly in the frequency domain**** with some additional assumptions,
e.g. using constant material properties such as solid and ionic
conductivity and diffusion constants. However, this is not fully
consistent with real experiments, where measurements are conducted
in the time domain and Nyquist plots only represent post-processed
data. Measurements have to also be conducted under favourable signal-
to-noise ratios with sufficiently high amplitude of the excitation signals.
Therefore, until now, frequency domain models were subjected to
several limitations when interpreting EIS spectra of NMC materials, in
particular at higher lithiation levels, where the diffusion constant
exhibits strong dependency on the level of lithiation.”'® This becomes
even clearer when it comes to deciphering the contributions of various
phenomena in the low-frequency EIS spectrum, as a non-negligible
amount of charge, e.g. in GEIS measurements, is transferred at low
frequencies. In addition to the diffusion constant, the surface concen-
tration and thus also the chemical potential and OCV of the material
changes during such experiments. Previous studies have already
reported that variations in solid-phase diffusion constant and OCV
have a non-negligible influence on the EIS spectra.*®

More advanced models, of which there are not many in the
literature, model the EIS spectra with the full electrochemical
models in the time domain corresponding to real experiments. One
such work is by R-Smith et al.*’ in which they modelled the EIS
spectra with COMSOL Multiphysics of the full commercial cell at
different degradation levels and extracted several ageing parameters,
supyorted by advanced microscopy techniques. In addition, Xie et
al.*® studied effects of cycling on the impedance response of the Li-
ion battery using multiphysics-based EIS simulation. Reformulated
P2D has also been used for the simulation of the EIS spectra, e.g.
Pathak et al.*’ presented a hybrid analytical-collocation approach for
the fast simulation of the impedance response for a Li-ion battery
using the P2D model. Teo et al.’® simulated the dynamic electro-
chemical impedance response of full Li-ion cell during charging and
discharging using the P2D model using a computationally efficient
approach and Murbach et al.>' extended the P2D model to evaluate
the linear and nonlinear response of the full Li-ion cell.

These models have in common that they model the EIS spectra of
the full-cell configurations with the standard set of Newman-based
governing equations, which include standard transport and potential
equations, a charge transfer model and a corresponding double-layer
model for the electrode material.*”*®>* The results generated with
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these models feature a single high-frequency semicircle and a tilted
low-frequency tail. Such behavior can indeed, in general, be qualita-
tivel¥ observed in many experimentally measured EIS spectra,
e.2.>7° These spectra appear, at a first glance, as simplistic Nyquist
plots, but the collective behavior of both electrodes in the full-cell
systems results in an EIS spectrum that is a superposition of a number
of intra-cell phenomena occurring on similar time scales. Resultantly,
these apparently simplistic Nyquist spectra indeed mask several
phenomena occurring at similar time scales, hence, making their
model supported deciphering very challenging. These phenomena
range from solid-phase diffusion in the electrode particles, diffusion in
the electrolyte phase (porous electrodes and separator), interfacial
electrochemical reactions and contact resistances in both electrodes'®
to various impedance contributions due to battery degradation.*’

This challenge can be circumvented by using custom-made half-
cells in this work. We have designed these half-cells (details of
which can be found in appendix Section Experimental) in a way that
specific underlying phenomena in such a half-cell occur at different
time scales, thus allowing the detection of phenomena that are often
hidden or superimposed in the full-cell experiments, but are
important for the operation of the cell and thus important to be
modelled. In summary, the currently published Newman-based
models are not capable to virtually replicate relevant intra-cell
phenomena with physically meaningful values of model parameters
compared to the model proposed in this paper because, as will be
shown later in the paper, they lack submodels of specific phenomena
that are crucial for modelling multiple semicircles characteristic of
specific intra-cell phenomena.

In order to overcome the above challenges related to deciphering
the phenomena contributing to the overall shape of the EIS spectrum,
we present a first time-domain based electrochemical model, validated

CATHODE

on the tailor made half-cell over a wide range of frequencies. This was
made possible by originating from an advanced modelling framework
presented in previous references,”®>® which has been significantly
extended to comply with the objective to virtually replicate EIS results
with high fidelity and physically meaningful parameters. This means
that it is capable of modelling three superimposed high-frequency
semicircles, which are inherent to specific intra-cell phenomena, as
well as tilted diffusion tail at low-frequencies. These advanced
modelling capabilities include significant extensions i.e. sub-models,
namely the double layer phenomenon related to the carbon black/
electrolyte interface, the double layer phenomenon at the metal-Li
anode/electrolyte interface, and transport of charged species through
the discretised porous solid electrolyte interphase (SEI) layer placed
between the separator and the Li-anode. The results of the model
demonstrate that additional double-layer phenomena at the carbon
black/electrolyte interface, the effect of introducing the particle size
distribution to the slope of the EIS spectrum in the low-frequencies
(one of the possible explanations/compensations for the CPE ele-
ments) and the effect of diffusivity of charged species through the SEI
layer on the EIS spectra are crucial to properly decipher the underlying
phenomena and to predict physically meaningful values of the model
parameters.

Results, in addition, reveal a significant impact of the need for a
sufficiently high discretisation resolution, which significantly im-
pacts results of the EIS spectra and, thus, impact values of the
material properties when extracted from the EIS spectra. We also
provide detailed and consistent root-cause explanations. Supported
by the non-invasive EIS measurements, the presented high fidelity
model can be considered as a tool for advanced characterization of
the intra-cell parameters and states of the battery and be used as a
virtual sensor in next-generation battery management systems.
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Figure 1. (a) A schematic representation of the modelling domain, i.e. half-cell configuration including the cathode with electrode particles and carbon black, the
porous separator, the porous SEI layer and the Li counter anode; (b) a detailed scheme of a single representative particle surrounded by the electrolyte (light blue
color) and the carbon black and emergence of the double layer at the interface between the solid (particle and carbon black) and the liquid phase, denoted by pink
and gray circles with 4/ — symbols; (c) indicated contributions of individual phenomena to the full EIS spectra namely the three double layer models, the
transport of Li within the particle and the transport of Li* through the porous SEI layer, the color coding of the individual phenomena refers to the subfigures (b)
and (d); (d) representation of the porous SEI layer and the double layer phenomena at the Li-anode interface denoted by red circle with +/ — symbols.
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The following Sections are organised as follows. Section Battery
Model presents the governing equations of the developed model and
Section Results presents the validation of the calculated EIS spectra
in the time-domain versus the experimentally measured ones and
impact of certain sub-models or parameters on the spectrum. The
appendix presents the experimental measurements supporting the
simulation results, the numerical approaches, the parameters used in
the simulations and the corresponding parameter sensitivity analysis.

Battery Model

This Section presents the governing equations of the model and
the corresponding boundary conditions, which are based on our
. . e 56-58
previous publications and have been extended by several sub-
models discussed in this section. To complement the equations, a
schematic representation of the modelling domain and the most
important models can be seen in Fig. 1.

Governing equations.—The following assumptions were made in
the presented model when dealing with low current and voltage
amplitudes during the EIS procedure: the active electrode material, i.e.
secondary particles, is modelled as a spherical particle, which is a
reasonable approximation of the NMC material,”® the electrode
material is ideally immersed in the electrolyte, which is the case for
dilute electrodes (Fig. A-1), the volume change of the electrode
material during (de)intercalation is neglected. This is a common
assumption for batteries with liquid electrolyte, while this simplifica-
tion can be considered valid for the diluted electrodes analysed in this
work. The electrode material exhibits a monotonous dependence of the
chemical potential on the stoichiometry of the particles, while
parameters such as temperature, transference number, activity coeffi-
cient, diffusion constant and conductivity of the electrolyte were kept
constant due to the negligible temperature, concentration and potential
gradients and their respective absolute fluctuations over the half-cell.
Although these dependencies are available in the model>®® they were
switched-off reduce the influence of parameters with negligible effect.

The transport and mass balance of the charged species (Li-ions in
this case) in the electrolyte is governed by the following equation

d(€cce) eff Lt . . DL DL
T = VD, Ve - Z_;_—Fle — Qes(Jos ~ Jes )+ Qech Jocp »

(1]

where the first term D:ff Ve, represents the diffusion flux of the
charged species with the effective diffusion constant governed by the
Bruggeman relation DT = D, (c.)e ™%2*%! with e, representing

porosity of the electrode, the second term Z’—"Fie represents the
+

migration term® which is dependent on the liquid-phase current

density i. and is defined in the Eq. 3, 7, and z, represent the
transference number and the charge of the species, respectively, des
and a.p, represent specific surface of the electrode material and the
carbon black in the electrode, respectively, and finally j., represents
reaction rate of the electrochemical reaction at the electrode
material/electrolyte interface (Eq. 9), jRU represents reaction rate
due to double-layer effects at the electrode material/electrolyte

interface (Eq. 13) and jPL represents reaction rate due to double-
layer effects at the carbon black/electrolyte interface (Eq. 14).
Additional terms from double-layer phenomena ensure mass con-
servation in the system. The last two terms in the Eq. 1 are not
relevant for the separator region of the modelling domain.

Under assumption of electro-neutrality>® over the modelled half-
cell (Fig. 1a), one can write the following equation

Veie + Veig = 0, 2]

where besides previously mentioned i, the is represents solid phase
current density.

Liquid-phase potential &, is governed by charge leaving or
entering the liquid phase, and can be written as

eff

RT dln

Veie = Vo[ =&V, + 25 221 — 11 + fe Vine,
F dlnc,

= _F(aes(jmt _jelzL) - aerje?lI;)’
[3]
eff

where ;" represents the effective liquid-phase conductivity eval-

uated from the Bruggeman relation k& = K, (co)ebree, firepresents

€
the activity coefficient® and finally, F, R and T are the Faraday’s
constant, the gas constant and the temperature, respectively.

Similarly to Eq. 3, the solid phase potential @ is governed by the
charge leaving or entering the solid phase, and can be written in the
form of Ohmic law as

Vs = v'(asetfv(bs) = F(aes (i _jeDSL) — Qecb jelsz) [4]
The effective solid phase conductivity o°T is calculated as
o= o(1 — e, — ¢V°+®), where ¢V °"® represents the combined
volume fraction of binder and carbon black.

The transport and mass balance of Li in the electrode material is
determined by the general form of the diffusion equation where the
Li distribution is determined by the gradient of the chemical
potential y and is written as follows

dey o (Dulede,
s V(TT vﬂ<cs>), [s]

where ¢, and Dy represent the solid-phase concentration and the
diffusion constant of Li in the electrode material, respectively.
Assuming spherical electrode particles, the Eq. 5 can be rewritten to
the following form

% - Li(},ZDS(Cs)CS a.u(cs))
o r’or RT or
= Li r2DS(Cs)Cs 6/4((,‘5) % ) [6]
r?or RT  dc, or

where r represents the radial coordinate in the electrode material
domain. For the concentration dependent chemical potential, the
following expression was used

(e = RT ln( & ) [7]

C,ref

where ¢, represents a reference solid-phase concentration.
Inserting expression for chemical potential from Eq. 7 into the
Eq. 5 leads to a well known Fick’s diffusion equation for the
transport of Li in spherical particles

dc 1 0 dcy
= = — 2 [Dy(c)yr?= | 8
o r? 0r( er 0r) 18]

However, the modelling framework is designed to allow the
inclusion of arbitrary chemical potential expressions by directly
solving the Eq. 6, including non-monotonic chemical potentials
characteristic of phase-separating materials.>®

The charge transfer reaction on the surface of the electrode
particles (electrolyte/solid interface) is modelled with the widely
used Butler-Volmer equation®®6+6°

. i0,es a.F 1 —ay)F
Jes = F [exp(_ RT nes) — exp (%Wes)]’ [9]
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Table 1. Lithiation level and corresponding open circuit voltage
(OCYV) of the NMC811 material obtained from measurements shown
in Fig. A-2.

X [mol] OCV [V]
0.338 4.055
0.551 3.805
0.747 3.665

where i is the stoichiometry-dependent exchange current density,
« is the charge transfer coefficient for the cathodic and anodic
reaction, and 7 is the overpotential for the electrochemical reaction
and is calculated using the following equation

Nes = (@ — @) — uoev. [10]

The last term in Eq. 10 represents the stoichiometry-dependent open
circuit voltage (OCV). In this work, the OCV of the NMCS811
cathode material vs. Li/Li* was determined using the GITT
experiment (Section Electrochemical measurements). Similar to the
Eq. 9, the electrochemical reaction at the electrolyte/Li-anode
interface (Fig. 1b) is also modelled with the Butler-Volmer
equation®®

. [0eLi aF (1 — a))F
JeLi = F exp _ﬁ’ku — exp Tﬂeu s [11]

with iper; and 7 ; are the exchange current density and the
overpotential at the electrolyte/Li-anode interface. The overpotential
NeL; 18 defined as

i = (@ — @) — UQSY, [12]

where the open circuit voltage of the Li-anode is set as constant
Ul =0.0v.%

As already announced in the discussion of the Eq. 1, the modelling
framework also contains several models of double-layer phenomena at
different locations in the modelling domain and follows the widely
adopted formulation from Ong et al.** The reaction rate 7BL due to the
double-layer effect on the surface of the electrode particles (electro-
lyte/solid interface, Fig. 1b) is calculated as

. (D, — @
.]e?L — CeEL ( = e)7 [13]

where C2L represents the capacitance of the double-layer on the
surface of the electrode particles. Another double-layer effect is
modelled at the surface of the carbon black (Fig. 1b) which is in
contact with the electrolyte

DL _ ~DL (P, — @)
ecb — “ecb ot ’

(14]
where C2L represents the capacitance of the double-layer of the
carbon black. The last double-layer phenomena is modelled at the
electrolyte/Li-anode interface (Fig. 1d) and is evaluated as

pL _ _ oL 9P [15]

Jei = ~CeLi ot ’

where CQY represents the capacitance of the double-layer on the Li-

anode foil in contact with the electrolyte and solid-phase potential
is set to be 0.0 V. The Eq. 15 enters into the Eqgs. 21 and 25 as a
boundary condition at the interface.

Finally, the porous SEI layer that forms on the surface of the Li-
anode was also modelled. The thin layer was spatially discretised,
similar to the electrode an the separator. To account for the

additional contribution of the diffusion impedance of the charged
species through the porous SEI, the transport and mass balance
equation can be written as a simplified version of the Eq. 1

9eS¥c,)

) v.(p;ff’SE'vCe - t+Fl) [16]

I

where ¢5F! is the porosity of the porous SEI layer and
represents the effective diffusion constant of the charged species
through the SEI layer which is calculated again by the Bruggeman
relation DETSEL = DSEL(¢SElybruge 6061 The Bq. 16 does not contain
any source/sink terms, as the experiments were carried out with fresh
cells without long-term cycling, as ageing effects are not within the
scope of this work. In addition to the concentration, the liquid-phase
potential ®, in the porous SEI layer was also modelled using the
following equation

eff, SEI
De

Vi,

eff, SEI

SELpT dln

=V —xeSEy g, 4 2% 0 |1+ Js Vine. | =0,
F dlnc,

(17]
where xSESEL represents the conductivity of the effective liquid-

phase in the porous SEI layer and is evaluated from the Bruggeman
relation xSTSEL = ., (SETybruge,

Boundary conditions.—This Section presents the boundary
conditions used in the computational domain analysed in this paper.
They are organised according to the corresponding governing
equations presented above. The coordinates of the individual
boundary conditions are shown schematically in Fig. 1.

Electrolyte concentration.—The following boundary conditions
are imposed for the transport and mass balance of the charged
species in the electrolyte governed by Eq. 1. The zero-flux boundary
conditions are imposed at the current collector/cathode boundary:

—D{"Vee = = 0. [18]
Continuous flux boundary conditions are imposed inside the cell:

—Df"Vee|ap =—DSTVee|iar [19]

cat,— cat,+”

eff _ eff
=D Vee =L =—D." Vce|r=t

cat+sep,—

(20]

cat+sep,+ *

The reaction rate j.r;, which acts as a source of Li-ions into the
computational domain, and reaction rate j2% due to the double-layer
phenomena are imposed at the Li-anode boundary:

. -DL
_ —JeLi +-IeLi
x=Lcat+sep+SEI — F .

—DSE Ve | [21]

Electrolyte potential.—The following boundary conditions are
imposed for the Eq. 3 that governs liquid-phase potential ®. of the
charged species in the electrolyte. Similar to the Section Electrolyte
concentration, Zero-flux boundary conditions are imposed at the
current collector/cathode boundary:

—k VD, [—g = 0. [22]
Continuous flux boundary conditions are imposed inside the cell:

eff _ eff
—Ke VCDE:L\':L —Ke Vq)elx:L

cat,—

(23]

cat, +”

ff ff
_Kee Vq)e|x=L =_Kee Vq)elx:LcaHsspTy [24]

cat+sep,—
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Figure 2. A comparison between experimentally measured and simulated
EIS spectra at different degrees of lithiation corresponding to the following
open-circuit voltages: (a) 4.055 V; (b) 3.805 V; and (c) 3.665 V. To improve
comparison, the positions of five selected frequencies over several orders of
magnitude in the spectra are marked with the different coloured dot symbols.

The reaction rates jo; and j2% are again imposed at the Li-anode
boundary:

eff _ . -DL
—Ke V¢5|X=Lca!+sep+SEI - _JeLi +-]eLi . [25]

Solid phase potential—The following boundary conditions are
imposed for the governing Eq. 4 that governs the solid phase

potential . The applied (dis)charge current density I, is imposed
at the current collector/cathode boundary condition:

=0TV | = Lypp- [26]

The zero-flux boundary condition is imposed at the cathode/
separator boundary since no electric current is supposed to flow
into the separator domain:
eff _
—0s Vq)slx:L =0. [27]

cat

Electrode particle concentration.—Assuming spherical particles,
the solution of the Eq. 6 requires two boundary conditions for the
solid-phase concentration ¢, in the electrode particle. The boundary
condition of zero flux is applied in the centre of the electrode
particle:

=D,V |r=0 =0, [28]

whereas on the surface of the particle the reaction rate is prede-
termined due to the electrochemical reaction

_Ds VCs |r=Rp = jes . [29]

Results

In this section, the results of the proposed modelling framework
validated with the experimental measurements are presented, fol-
lowed by the variation of additional parameters to investigate their
effects on the EIS spectra.

Experimental validation.—The model was validated with the
experimentally measured EIS spectra on the laboratory built half-cell
with the electrode material NMC811. Details on the experimental
electrode preparation, cell assembly and the electrochemical mea-
surements can be found in the appendix Section Experimental.

The starting point for the model validation with the experiments
were raw measurement data points consisting of frequency, real and
complex part of the impedance which were imported into the model.
Three EIS curves were measured at three different voltage levels
(see Table I). For each frequency, galvanostatic sinusoidal excitation
was used as a boundary condition at the current collector/cathode
boundary (Eq. 26) with an amplitude of C/10* to ensure a linear
response without higher harmonics'® and a duration of 20 periods
with 10* time-steps within each period for accurate results. From the
last period, the amplitude of the voltage response and the phase shift
between the sinusoidal current and voltage time traces were
extracted. Based on this information, the real and complex parts of
the impedance for a single frequency were calculated.

After completing the simulations for each frequency, the root-
mean-square deviation (RMSD) between the experimental measured
values and the simulated values was determined. The RMSD value
was then entered into to the self-implemented evolutionary algo-
rithm called Differential evolution proposed by Storn and Price®®
which performed an optimisation of the problem by minimising the
total RMSD value (i.e. the sum of the individual RMSD values for
all three cases and all frequencies) by iteratively improving set of
fitting parameters. The parameters that were fitted are as follows:
exchange current density ipes and ipe; from Egs. 9 and 11,
respectively, double layer capacitances CO¥, CRL and CT% from the
Egs. 13, 14 and 15, solid-phase diffusion constant D from Eq. 8,
specific surface of the carbon black a., from Eqgs. 1, 3 and 4, the
diffusion constant of the Li-ions through the porous SEI layer at the
Li-anode DSE! from Eq. 16 and finally the number of representative
electrode particles was fitted. The size of the electrode particles was
determined using a Gaussian distribution according to the manufac-
turer’s size specification in Table A-I and SEM images of a pristine
electrode material. The specific surface of the carbon black a.., was
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Figure 3. A comparison between experimental and full model EIS results
from Fig. 2 with the modelling results of the model without the double layer
model at the carbon black/electrolyte interface and at the metal-Li anode/
electrolyte at different degrees of lithiation corresponding to the following
open-circuit voltages: (a) 4.055 V; (b) 3.805 V; and (c) 3.665 V.

fitted due to the fact that not all the surface of the carbon black is
exposed to the electrolyte. Of the above fitting parameters, only the
exchange current density iy s and solid phase diffusion constant Dy
were fitted separately for each case to account for the dependency of
the ipes and Dy to the different degrees of lithiation in the NMC
material,'®'® whereas the other fitting parameters were kept constant
for all three cases in Fig. 2. For this validation, we discarded the

commonly used parabolic ansatz before the exponential parts of the
Butler-Volmer equation. Therefore, the entire pre-exponential term
was fitted as a single parameter due to the fact that the ansatz
qualitatively captures the dependence of the exchange current
density to the lithiation level at the particle’s surface.'
Furthermore, we assumed constant solid-phase diffusion constant
due to negligible change in transferred charge during the galvano-
static EIS excitation for each EIS measurement (Table I).

Figure 2 shows the comparison between measured and simulated
EIS spectra (calculated with the minimisation of the RMSD value) at
three different cell voltages corresponding to three different degrees
of lithiation, i.e. stoichiometries, of the NMC material (see Table I).
In addition, five selected frequencies are labelled in each of the two
EIS curves (measured and simulated) to illustrate their relative
position on both spectra, as the Nyquist plot does not explicitly
present the frequency information.

The resulting simulated EIS spectra show good agreement with
the experimentally measured spectra over a wide frequency range
from 100 kHz to 1 mHz. Some important aspects from Fig. 2 that
support the model’s capabilities to model EIS spectra with a good
accuracy, that exceeds that of other models analysed in the
Introduction, are worth mentioning.

Firstly, it is important to emphasise that the model is capable to
model smaller semi circle at the highest frequencies, i.e. Re(Z)
approximately between 3 €2 and 250 €. Its occurrence is due to the
electrochemical reaction and the double layer effects at the
separator/SEI/Li-anode interface'® (Fig. 1d and Egs. 11 and 15).
This statement is supported by the fact that the impedance of the
semi circle remains nearly constant for all three case which further
confirms the adequacy and capability of the included sub-models at
the Li-anode interface.

The second semi circle, also known as the charge transfer (CT)
semi circle, in the medium frequency range is due to electrochemical
reaction and double layer effects at the particle’s surface'®%® (Fig. 1b
and Eqgs. 9 and 13). The impedance of this semi circle changes
significantly between the three cases, with the largest change
occurring at the lowest voltage (Fig. 2c), i.e. for the most lithiated
NMC material of the three cases. The change in impedance
correlated directly with the change in exchange current density
ines in Eq. 9, which was fitted separately for each case, as ip.s
depends on the surface stoichiometry of the electrode particles.

The transition from the charge transfer semi circle to the
diffusion tail occurs in the analysed case at -Im(Z)>0 for all three
experimental EIS spectra. The same phenomenon can also be
observed in the literature.>>™> In special cases, as for example
single electrode particle and micro-electrode technique® without the
use of carbon black, this transition occurs near the Re(Z) axis.
However, we identified this transition to be a consequence of the
double layer phenomena at the electrolyte/carbon black interface,
which required inclusion of the novel carbon black double layer
model in the electrochemical model (Fig. 1 and Eq. 14). This model
is missing in the standard set of Newman-based §overning equation
and, hence, in the models from the literature. 549 The obtained
value from the minimisation algorithm of the carbon black double
layer capacitance CDb = 5.74uF/cm® (or 0.0574 F/m® in the
Table A-I) shows a very good agreement with the experimental
determination of specific double-layer capacitance due to carbon
black conductive additive presented in appendix Section
Experimental determination of specific double-layer capacitance
due to carbon black conductive additive and in the Fig. A-4, which
confirms the addition of the novel model. As shown later in the
Fig. 4, the elevated transition can indeed still be modelled with
reasonable accuracy, but at the cost that the values of other
parameters have to be compensated for and thus become unphysical,
confirming once again the need to include the carbon black double
layer model. Such addition (Section Impact of novel submodels to the
EIS spectra), which consistently represents the effects at the electro-
lyte/carbon black additive interface, makes possible simulating
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Figure 4. A comparison between experimental and full model EIS results
from Fig. 2 with the fitted results of the model without the double layer
model at the carbon black/electrolyte interface and with the model with the
redistributed carbon black capacitance to the capacitance of the double layer
at the Li-anode. The simulations were performed at different degrees of
lithiation corresponding to the following open-circuit voltages: (a) 4.055 V;
(b) 3.805 V; and (c) 3.665 V.

experimentally observed transitions from the charge transfer semi
circle to the diffusion tail at -Im(Z)>0 and the obtaining of realistic
model parameters, and thus, represents a meaningful and innovative
extension of the standard set of Newman-based governing equation.

The diffusion tail, which is due to the to the transport of Li within
the electrode particles, corresponds to the low frequency diffusion

impedance.'®?® In this frequency range there are two important
aspects, that need to be emphasised. The first is the challenge of
modelling the tilt in the diffusion tail and the second is the
agreement between measured and simulated values of the complex
impedance at the lowest frequencies. The tilt proved to be challen-
ging to model without the use of the CPE elements, e.g.'® and with a
single representative averaged sized particle which most of the P2D
electrochemical models in the literature still use, e.g.37’48’52 In this
work, we propose the inclusion of number of differently sized
representative particles in the electrode, which further enhances
consistency between the modelled and experimental system. This
functionality leads to combining different eigen diffusion time
constants to achieve a reasonable tilt in the diffusion tail, that is
characteristic of the measured spectra. This ap roach is also
supported by the experimental work of Wu et al.”” in which they
demonstrated impact of the different particle size distributions on the
EIS spectra. As discussed in the Introduction, the particle size
distribution might be one of the possible explanations for the tilt, but
we do not claim that is the only one. Diffusion impedance of charged
species through the SEI layer at the Li-anode interface might also
contribute to the mid to low frequency parts of the EIS spectra, i.e.
transitioning from the charge transfer semi circle to the diffusion tail
as indicated in Fig. 1. Later in the Fig. 5 we demonstrate that a single
particle of average size cannot replicate the tilt in the diffusion tail
and additionally, in Figs. 6 and A-5 we demonstrate the potential
impact of the hindered diffusivity of charged species through the SEI
layer on the increase of impedance in the EIS spectra. Knowledge of
the size distribution of the electrode materials used in the cell (see
size distribution data in Table A-I) plays another crucial role in
physically based models. The third aspect regarding the diffusion tail
is the agreement between measured and simulated values of the
complex impedance at the lowest frequencies, which in all cases
show a very good agreement with very small deviations. According
to the analytical derivations the impedance of the single particle
model impedance by Meyers et al.* the “height” of the imaginary/
complex impedance at the lowest frequencies depends on the local
gradient of the OCV with respect to the actual degree of lithiation. It
is therefore important to emphasise here that an accurate OCV
measurement (Fig. A-2) is crucial for plausible modelling of the EIS
spectra.

The presented results show that the proposed model is able to
capture the most important features from the experimentally
measured EIS spectra, i.e. two distinguishable semi circles, an
elevated transition to the low frequency diffusion tail and the tilt
of the aforementioned diffusion tail. Based on these facts, the
proposed model can be characterised as advancement over the
existing models in the field of modelling EIS spectra in the time-
domain.

Impact of novel submodels to the EIS spectra.—To further
underpin importance of the newly added modelling features, this
Section presents the results of a full model and several variants of
this model, in which these features were systematically switched off
to demonstrate their effects on the EIS spectra.

Figure 3 shows the comparison of the experimental and simulated
EIS spectra (from now referred as the “Full model”) with the EIS
spectrum obtained without the double layer model at the electrolyte/
carbon black interface and with the EIS spectrum obtained without
the double layer model at the Li-anode interface for the three
different OCV voltages as in the previous Fig. 2. The other
parameters were kept constant as they were calculated for the Full
model.

Switching off the double layer model at the electrolyte/carbon
black interface (Fig. 1b and Eq. 14) and retaining the remaining
modelling parameters the same, causes the spectrum to approach Re
(Z) axis at the transition to the low frequency solid-diffusion
impedance tail for all three cases, which is not in agreement with
the measurements where this transition is substantially elevated in
terms of -Im(Z) values. Furthermore, the high frequency semicircle
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Figure 5. Impact on the EIS spectra when varying number of representative
particles in the control volume. Parameters are taken from the full model for
all three cases from the Fig. 2 with 12 representative particles used in the
simulations.

overlaps with the charge transfer semicircle in all three cases, when
double layer effects at the electrolyte/carbon black interface are not
taken into account. These results clearly indicate the importance of
including the double layer model at the electrolyte/carbon black
interface, especially in the cases with higher mass or volume fraction
of carbon black.

In addition to switching off the carbon black double layer model,
the last purple line in the Fig. 3 represents simulated EIS spectra,

where the double layer model at the Li-anode interface is also being
switched off (similarly as before, the remaining modelling para-
meters were kept the same). This has two consequences. Firstly, the
first high frequency semicircle disappears completely and secondly,
all high frequencies are shifted to the main charge-transfer semi-
circle. These calculated spectra are consequently entirely misaligned
with the experimentally measured spectra. Most importantly, the
absence of the double layer model at the Li-anode interface predicts
a false internal resistance of the cell in the range of 200 €2, if the
intersection with the Re(Z) axis is considered as a measure of the
internal resistance, while in the experiment this value is almost
negligible considering the entire EIS spectrum and it is around 3 €.
The inclusion of all significant high frequency phenomena is,
therefore, important for plausible modelling of the EIS spectra.
Based on the results shown in Fig. 3 an important question arises:
How well can the electrochemical model fit the parameters to the
experimental measurements, if there is no double layer model at the
electrolyte/carbon black interface? To answer this question, addi-
tional optimisation protocol was applied to the electrochemical
model (as in the case of the Full model in Fig. 3), but without the
aforementioned double layer model at the electrolyte/carbon black
interface to give the optimisation algorithm the best chance to find
optimal parameters for such case. Figure 4 first shows the compar-
ison of the EIS curves between the Full model and the fitted model
without the double layer model at the electrolyte/carbon black
interface (denoted as Fitted model without CBpy ). It can be clearly
seen that the Fitted model without CBp can still replicate the EIS
curves relatively well in at least two cases (Figs. 4a and 4b), whereas
in the Fig. 4c it was not able to properly capture the EIS curve. The
good agreement in Figs. 4a and 4b is due to the fact that the
optimisation algorithm adjusted parameters of the other double layer
models, especially the double layer capacity at the Li-anode inter-

face CL%, in order to compensate for the missing electrolyte/carbon
black double layer model. As a result, the fitted value for the double

layer capacity at the Li-anode interface is C2Y = 5.87 F/m?, which is
an unreasonably high value, while this value in the Full model is
CPL = 0.0134 F/m?.

Despite this fact, the EIS curve of the Fitted model without CBp.
shows a decrease in impedance, as can be seen in the Fig. 4c. The
reason for this phenomenom might be related to the lower solid-
phase diffusion constant at the higher lithiation level of the NMC at
3.665 V, which hinders the transport and increases the impedance. In
the full model, the presence of the double layer model at the
electrolyte/carbon black interface reduces this impedance at the
cathode side, which is consistent with physicochemical processes in
the cathode. Unlike, despite significantly and unreasonably in-
creasing capacitance CQ¥ in the Fitted model without CBp; model
features worse agreement with the experimental data. Increasing
capacitance CB% indeed makes possible large accumulation of the
charged species with are characterised by a much lower reaction
energy barrier, and thus overpotential, compared to the (de)inter-
calating out of and into the particle. However, this leads to a further
reduction in impedance in the anode and not in the cathode and the
parametrisation routine tries to compensate this by a higher values of
exchange current density io . for the electrochemical reaction at the
particle’s surface (ig s=10.91 A/m> (Fig. 4a); 14.48 A/m> (Fig. 4b);
4.53 A/m? (Fig. 4c)). These values are approximately higher by a
factor of 2 compared to the values from the Full model in Table A-1.
Therefore, such non-physicochemically consistent compensation
does not make possible high fidelity replication of the experimental
data.

The last set of curves in Fig. 4 shows the EIS spectra using the
parameters of the Full model, where the double layer model at the
electrolyte/carbon black interface was switched off and the fitted
carbon black capacitance (Table A-I) was added to the capacitance of
the double layer at the Li-anode. This analysis was performed to isolate
the effect of shifting cathode capacitances to the anode, while keeping all
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Figure 6. Comparison between the EIS results of the full model and the
model without the discretised porous SEI layer. All other parameters were
taken from the full model for all three cases from the Fig. 2.

other values of the model parameters. As expected, the resulting EIS
spectra cannot replicate the high-frequency semicircle as well as elevated
transition from the charge-transfer semicircle to the diffusion tail. This
proves once again that it is necessary to include double layer model at
the electrolyte/carbon black interface in order to increase physicochem-
ical consistency of the model and, thus, its predictive capability while
maintaining physically meaningful parameters, which is crucial for
credible monitoring and diagnosis of batteries and avoids case-by-case
fitting of the model for e.g. different cell formulations.

Diffusion impedance contribution of the porous SEI layer at
the Li-anode interface.—To enhance physicochemical consistency
of the model, a porous SEI layer was between the separator and
metal Li-anode interface to model the additional contribution of the
diffusion impedance of the Li-ions diffusing through the porous
layer. The SEI forms at the surface of the metal Li-anode due to the
redox potential of the anode which is outside the electrochemical
stability window of the electrolyte.”! For the porous SEI layer at the
Li-anode interface the following assumptions were made following
the reference:’* the thickness of the layer was set to Lgg = 20 nm
and does not change, and the porosity of the layer was set to value
€SBl = 0.02. The spatial numerical discretisation of the SEI layer
was set to 4 control volumes. Figure 6 shows the comparison
between the EIS curves obtained from the full model and parameters
from Table A-I and the model where the discretised porous SEI layer
was removed. There are only minor differences between the EIS
curves for all three cases. This might be reasoned by the fact that the
EIS measurements were performed on fresh cells with formation
cycles (see Section Experimental on the electrode preparation and
Section Electrochemical measurements on the electrochemical
measurements in the appendix) and, therefore, only compact
inorganic SEI was probably formed with a certain amount of the
organic porous SEI. The optimisation algorithm calculated the
optimal diffusion constant of Li-ions through the SEI to be
DSE! = 1.573-10~'3 m?/s. Therefore, the transport of Li-ions through
the SEI layer is hindered compared to the typical diffusion constants
of Li-ions in the electrolyte pores of the porous electrode. However,
as can be seen from the sensitivity analysis in Fig. A-5, the notable
impact on the EIS curves starts to appear with the values of diffusion
constant DSE! = 4.10~'4 m%/s and below. Therefore, the addition of a
discretised model of the porous SEI layer is beneficial for a high
degree of predictability of the model when analysing cells in
different states of health, which in turn is important from a safety
point of view.

Challenges related to the modelling of the inclination of the
diffusion tail—Modelling of the low frequency parts of the EIS
spectrum, which are attributable to the slowest transport processes of
Li in the electrode material has proven to be a challenging task. In
many papers, this challenge has been by using the CPE elements,
which lack a physical basis. In this section, therefore, the effects of
introducing and varying physically meaningful parameters, i.e. the
number and size distribution of the representative particles, on the
diffusion part of the EIS spectra, in particular the inclination of the
tail, are explained.

The widely adopted approach in the P2D models introduces a
single representative particle of average size per each electrode
control volume. To demonstrate the shortcomings of such an
approach, an EIS simulation was performed with the single average
sized representative particle (R, = 3.23 ym, denoted by “1 par” in
Fig. 5). All other parameters were taken from the full model case.
The results show that the single particle approach is not able to
replicate the majority of the EIS spectra. In particular, it cannot
replicate the tilt in the diffusion tail and instead exhibits a slope of
almost 90 degrees, which corresponds to the capacitive behavior. To
overcome these shortcomings, the model allows the addition of
multiple differently sized particles into a single electrode’s control
volume. On the one hand, this is physically more consistent
representation of the morphology of the electrode (see SEM image
in Fig. A-1) but on the other hand, it also introduces different eigen
time constants of the solid phase transport properties, which might
be one of the possible reasons for the inclination of the diffusion tail
at the low frequencies instead of relying on the CPE elements.
Figure 5 also shows the variation of the number of representative
particles in the control volume of the electrode with the remaining
parameters taken from the full model cases with up to 9 differently
sized particles. Even with the addition of only a few representative
particles, the simulated EIS spectra are in better agreement with the
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Figure 7. Numerical convergence of the EIS spectra over a range of four orders of the solid-phase diffusion constant when varying the discretisation number of

the electrode particles: (a) Dy = 1072 m%s; (b) Dy = 10" m?%s; (c) Dy = 107

m?%/s; and (d) Dy = 10~"> m?/s. With the exception of the diffusion constant, the

parameters were taken from the full model case at 3.805 V (Fig. 2b). For the sake of clarity, the display range was not kept constant.

experimentally observed trend of the diffusion tail. The optimal
number (12 particles) of representative particles was found by
finding an optimal number of particles from pre-calculated list
containing gaussian distributed particle sizes according to the
manufacturer’s size specifications of the NMC material in
Table A-l. This result is presented as a “Full model” in Fig. 5 and
previously compared with the experimental EIS curves in Fig. 2.
This study demonstrates a physically based modelling approach, in
this particular case, the inclusion of a number of size distributed
representative particles, which significantly improves the agreement
with the experimental data compared to models with a single
representative particle of average size per electrode control volume.

Elucidating importance of proper numerical discretization to
adequately model the EIS spectra.—FExperimentally measured EIS
spectra are often used for model based extraction of physically based
parameters. In general, however, little attention is paid to the
numerical convergence of the models used. In this section, we
clearly show that discretisation significantly affects numerical
convergence and can lead to completely unrepresentative physical
parameters of the model, e.g. charge transfer current densities,
double layer capacitances, etc.. The trade-off between numerical
discretisation and numerical convergence is non-unique and strongly
depends on the transport parameters in the governing equations.

Figure 7 shows the importance of sufficient particle discretisation
when dealing with different orders of magnitude of solid phase

diffusion constants that are relevant for the NMC cathode material
across the SOC range. For clarification and demonstration purposes,
we set the D to a constant value. In Fig. 7 the values of Dy range over
four orders of magnitude from D, = 10~'% m%s to Dy = 10~ m%s.
For the first case with the highest diffusion constant D, =
1072 m?%s, five control volumes (CVs) are already sufficient to
achieve the numerically convergent EIS spectrum (Fig. 7a) and ten
CVs in the following Fig. 7b. By further decreasing the diffusion
constant, more and more CVs are required to reach the convergent
solution. This can be clearly seen in Figs. 7c and 7d, where the EIS
spectra change significantly when the particle discretisation is
increased and all other parameters are kept at the same values.
More specifically, the oversized charge transfer semicircle starts to
decrease its impedance value and more frequencies are being shifted
from the charge transfer semi circle to the inclined diffusion tail. In
Fig. 7d with the lowest diffusion constant Dy = 107" m?s, the
diffusion tail almost completely disappears at the lowest particle
discretisation and then gradually starts to become more defined by
increasing the discretisation. The inset in Fig. 7d shows the high
frequency part of the EIS more in the detail and it can be seen that in
this case 160 CVs may still not be a sufficient particle discretisation.
This observation is particularly important with regard to EIS
fitting as an approach for determining parameters of the electro-
chemical system, e.g. a battery. Based on this observation, the
optimisation of the model parameters to replicate the measured EIS
curves (results presented in Fig. 2) was performed in this work with
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the numerically convergent level of particle and electrode discretisa-
tion. It is also worth mentioning that a sufficiently high discretisation
poses a challenge for real-time capable simulation modelling on
embedded systems due to the high computational effort.

Conclusions

In this work, we, for the first time, present a numerical time-
domain based electrochemical model capable of virtually replicating
experimental EIS spectra with three superimposed high-frequency
semicircles, an elevated transition to the diffusion tail, and a tilted
diffusion tail at low-frequencies with high accuracy. This enhanced
physicochemical consistency was achieved by significantly ex-
tending the state-of-the-art porous electrode models with innovative
sub-models to simulate the double layer phenomenon associated
with the carbon black/electrolyte interface, the double layer phe-
nomenon at the metal-Li anode/electrolyte interface and the trans-
port of charged species through the discretised porous SEI layer at
the Li-anode interface. Furthermore, modelling of the inclination of
the diffusion tail was made possible by introducing a number of
representative active particles of different sizes into the electrode
domain. In this ways, it is possible to pinpoint a specific phenomenon
within the cell, extract the corresponding physically meaningful
parameters and determine and thus decipher their fingerprints in the
EIS spectra. Furthermore, precise experimental measurements and a
material characterization that enables the parameterisation of the
electrochemical model were highlighted as an important component
for achieving a good agreement with the experimental EIS.

Finally, we have provided detailed and consistent root-cause
explanations for the need of a sufficiently high discretisation
resolution of the particles when modelling in lithiation levels with
expected low solid-phase diffusion constants, which have a sig-
nificant impact on the results of the EIS spectra and consequently on
the material properties extracted from the EIS spectra.

Due to an extended modelling framework with novel submodels,
we were able to predict and decipher EIS spectra from the half-cell.
The proposed electrochemical model with improved physico-chemical
physicochemical consistency therefore enables for more consistent
modelling of the EIS spectra at the full cell level and thus the extraction
of important physical parameters of the battery from the EIS measure-
ments. The modelling framework, therefore, allows the internal states
of the battery to be determined by the non-invasive EIS measurements.
The presented model can thus also be used also as a virtual sensor,
which, among other applications, is of great importance for the next-
generation battery management systems. The presented functions of the
model open up perspectives for advanced monitoring, diagnostics and
thus for battery management in order to prolong the longevity of the
batteries and increase their safety.
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Appendix

Experimental.— Electrode preparation.—Lithium nickel man-
ganese cobalt oxide (NMC) electrodes with the composition

Figure A-1. SEM image of the top view on the diluted electrode with
individual NMC agglomerates protruding from the sea of carbon black and
binder. The magnification in the lower part of the Fig. shows the detailed
morphology of the NMC agglomerate.

LiNig g2Mng 06C00.1202 Were prepared by mixing the NMC material
(MSE supplies, USA), carbon black (CB) and polyvinylene di-
fluoride (PVDF, Sigma Aldrich) with N-Methyl-2-pyrrolidone
(NMP, Merck) in a shaker mixer/mill (SPEX SamplePrep, USA)
for 45 min. For simplicity in the text the NMC active material is
abbreviated with the label NMC811. The electrodes for the GITT
measurements were prepared with a (dry) composition corre-
sponding to the mass ratio of NMC:CB:PVDF=90:5:5 and with
carbon black Super C65T (Imerys). For the EIS measurements we
prepared so-called “diluted electrodes” with particular dedicated mass
ratio of NMC:CB:PVDF=20:75:5 exhibiting low fraction of NMC
and a very high fraction of CB (Fig. A-1). The composition was
selected with the purpose to ensure both: a) good electric (electronic)
wiring between the aluminum current collector, along the CB “matrix”
up to the individual isolated spherical secondary NMC particles and at
the same time provide excellent ionic wiring (connectivity) between
the bulk electrolyte in the separator and the surface of the individual
secondary NMC particles. In order to avoid excessive side reaction(s)
of electrolyte oxidation at the exposed CB surface we have in this case
used low surface area Super C45 (Timcal).

The electrode slurry was coated on carbon coated aluminum foil
(Armor, France) with a doctor blade, mounted on an automatic
coater (MTI corporation). Obtained electrode film was in first step
dried at 90 °C in a dynamic vacuum for at least 3 h. The final (dry)
electrode loading of NMC active material was 5.2 mg/cm? for the
electrodes that we used for GITT, and 55 pg/cm? for the “diluted
electrodes” with reduced fraction of active material. From the
obtained electrode sheet we cut out circular cathodes with a diameter
of 16 mm (geometric area 2 cm?) and pressed them in a hydraulic
press with a force of 2.5 t (1.25 t/em?). The final thickness of
electrodes for GITT measurements was 30 pgm (calculated porosity
~40%). Obtained final thickness of diluted electrodes was about
8 um (calculated porosity 84%—85%). Cathodes were in the second
step additionally dried under dynamic vacuum at 110 °C over night
(about 15 h) and transferred to an Argon-filled glove box (MBraun,
Germany).

For anode we used a Li metal foil of thickness 110 ym that was
cut into a circle (2.5 cm?). The lithium surface was carefully scraped
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Figure A-2. GITT measurements in lithiation and delithiation direction and
the corresponding OCV points determined from the end of each rest period
as a function of Li content. Raw data available in the Supplementary
information.

and rolled (inside an Ar-filled glove box) in order to expose fresh
metal. In case of cells for the GITT measurements we prepared
reference electrode (RE) from the same Li foil as it was used for the
anode by first carefully rolling the foil to make it smooth and by
cutting it in the shape of a triangle with a sharp tip.

Cell assembly.—Pouch type cells were assembled inside an Ar-
filled glove box (water and oxygen content bellow 1 ppm) by
properly stacking the electrodes and separator and sealing them into
a triplex foil with pre-prepared 3 mm wide foil strips for contacts (Al
for cathode, Cu for anode and RE in 3 electrode GITT cell). As
separator we used glass microfiber filter paper GF/A (Whatman) of
thickness 260 ym (manufacturer value, no pressure applied) and
porosity 91% (calculated) that during assembly into the pouch cell
squeezes to the final thickness of about 200 ym (calculated porosity
88%), separator geometric area was 3.8 cm>. As electrolyte we used
commercial 1 M LiPFq in EC/DEC=1:1 vol (LP40, E-lyte). For
assembling of NMC-Li half cells we distributed electrolyte as
follows: 15 puL. for cathode, 15 pLL for Li anode and 70 pL for
separator. For assembling of NMC-Li 3 electrode cell we distributed
electrolyte as follows: 15 uL for cathode, 15 uL. for Li anode and
270 pL for 2 separators.

Electrochemical measurements.—The galvanostatic intermittent
titration technique or GITT is a widely used technique for the
electrochemical characterization of materials and electrodes used in
batteries.’> It uses a combination of short galvanostatic pulses
followed by a long rest period. This sequence is repeated several
times over the entire stoichiometry range of a single electrode (half
cell) or over the entire state of charge (SoC) range for the full cells.
Depending on the desired resolution of the results and the duration
of the rest phases, the GITT experiments can take weeks to
complete. Prior performing the GITT measurements we did 6 initial
pre-cycles with CCCV charge and CC discharge between 2.8 V and
4.3 V (vs. Li RE) in order to go over “formation” processes and thus
stabilize the cell response. After that we charged the cell with C/20
up to 4.3 V and performed GITT sequence with C/20 discharge
pulses, followed by an appropriate relaxation periods. Figure A-2
shows such a measurement on the NMC811 half-cell. The first 3
pulses were equivalent to 2% of theoretical capacity, Qy,, and
followed by corresponding relaxation times of 6 h. The next 2 pulses
were equivalent to 3% of Qg, with 4 h of relaxation. The next nine
pulses represented 5% of Qy, and the relaxation periods lasted for 4
h. As we approached lower states of charge (open circuit voltage,

T T T T T
B EIS for CB-Li cell at 3'8 v —e== |
3000 12kHz o
0.1 Hz
10mHz e
2500 1 mHz o
100 T T T T
2000 - 80 - i
<)
< 60 [ : .
E 1500 M .
40 -
1000 H ~ ; .
20 -
500 0 I I I I 7
0 20 40 60 80 100
0 I I I | I I
0 500 1000 1500 2000 2500 3000

Re(2) [Q]

Figure A-3. Typical example of EIS Nyquist plot of measured impedance
response of CB-Li cell exhibiting classic low-frequency capacitive impe-
dance tail; in the case shown CB-based electrode was measured at 3.8 V (vs.
Li*/Li%. Inset shows zoom-in part of the spectrum at high frequencies with a
distinctive interfacial (SEI) impedance arc of lithium metal anode.

OCV, bellow 3.67 V), we again reduced duration of discharge steps
with the aim to increase the number of measured states in this region
and gradually increased the duration of the relaxation periods in
order to really closely approach the true equilibrium condition.
Specifically, we used 3 pulses representing 3% of Qy, with relaxation
times of 6 h, 8 h and 12 h. Then we applied 6 pulses with 1.5% of
Qu, with relaxation times of 12 h, 2 pulses with relaxation time of
16 h and finally 3 pulses with relaxation time of 20 h. The final 3
pulses in the lithiation direction were done with less than 1.5% of
Qth (stopped by the lower cutoff voltage of 2.8 V) and with
corresponding relaxation time of 24 h. After the last relaxation we
discharged the cell with C/100 down to 2.8 V, and started with the
charge GITT sequence. The first 4 pulses were equivalent to 1.5% of
Qun, with a relaxation time gradually decreasing in the order: 20 h,
16 h, 14 h and 12 h. The next 3 pulses were equivalent to 3% of Qy,
with relaxation time of 12 h, 10 h and 8 h. This was followed by 2
pulses equivalent to 3% of Qy with 6 h of relaxation time. All
subsequent charge pulses up to the upper cutoff voltage of 4.3 V
represented 5% of Qy, and had a relaxation periods of 4 h. The GITT
measurements was conducted at room temperature (24 °C) using the
SP-200 potentiostat/galvanostat (Bio-Logic).

Figure A-2 additionally shows the OCV values, which are the
most common output of the GITT measurements and are extracted
from the voltage at the end of each rest period at a given
stoichiometry level. These points are shown in Fig. A-2 with yellow
dots. The stoichiometry range of the NMC material from x = 0.157
to x =10.933 in the Fig. A-2 was determined from the Coulombic
efficiency of the half-cell during the formation cycles. As a result of
the accurate measurements with long rest periods toward the end of
lithiation, there is no clear decrease in OCV values at high degrees of
lithiation, as one might expect, but it decreases gradually (almost
linearly), which is also consistent with the lpreviously reported GITT
experiments on the NMC material, e.g. 5 Tn addition, the OCV
hysteresis between lithiation and delithiation points is also negli-
gible.

In case of experiments that served for testing and verification of
the time-domain based electrochemical model we first did initial pre-
cycling of NMC-Li cell in order to go over the initial “formation”
processes (e.g. the observed initial “activation” of the NMC material
and formation of stable cathode-electrolyte interface). We performed
3 cycles with CCCV charge and CC discharge between 2.8 V and
4.3 V (vs. Li). For the first cycle, we used current density of C/15
followed by two C/10 cycles. After 3 h of relaxation we discharged
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Figure A-4. Specific capacitance of electrical double-layer formed at the
surface of CB particles (Super C65T, Imerys) immersed in 1 M LiPF¢ in EC/
DEC=1:1 vol (LP40) electrolyte at 24 °C as a function of voltage.
Capacitance was obtained by using the Brug type of relation (orange-
coloured curve). The cross symbols show the values of the specific
capacitance at three voltages at which the EIS measurements and model
validation were carried out. For comparison, the values determined by
applying a simple ideal capacitor approximation for measurement points at 1
mHz are shown (blue-coloured curve).

the cell down to 2.8 V using C/20 to ensure complete lithiation of the
NMC material. After that we performed C/20 charging steps up to
pre-defined voltages of 3.665 V, 3.805 V, and 4.055 V (vs. Li). At
the each step we performed a voltage hold lasting for 6 hours. After
voltage hold we measured the impedance response in each step by
performing potential controlled EIS measurement in potentiostatic
mode with 5 mV amplitude perturbation (3.5 mV rms) in the
frequency range from 1 MHz down to 1 mHz (10 measured
frequencies per decade). The measured galvanostatic curves and
impedance spectra were obtained at room temperature (24 °C) using
the WMP-300 potentiostat/galvanostat (Bio-Logic) with a built-in
impedance module.

Experimental determination of specific double-layer capacitance
due to carbon black conductive additive—Specific double-layer
capacitance due to carbon black conductive additive in the analysed
cathodes was determined independently by additional experimental
measurements. We performed systematic measurements of impe-
dance responses of electrodes composed of only carbon black and
binder. We prepared electrode composite mass containing 80 wt.%
of carbon black (Super C65T, Imerys) and 20 wt.% of Teflon binder
(PTFE 60 wt.% dispersion in H20, Sigma-Aldrich) by mixing in
presence of isopropanol in ball mill at low energy (30 mins at 300
rpm). The obtained composite was spread onto C-coated aluminum
foilthe same type as used for preparation of the NMC cathodes. We
cut out circular electrodes with diameter of 16 mm and pressed them
(5 tonnes) to ensure good electronic connectivity and small contact
resistance with current collector (aluminum foil). The obtained
typical loading of carbon black was 6 mg per cm> After vacuum
drying (90 °C over night) the electrodes were transferred into Ar-
filled glove box and we prepared 2-electrode pouch-type cells with
counter electrode made of lithium metal foil and by using glass
microfiber filter paper GF/A (Whatman) separator; electrolyte was
1 M LiPFg in EC/DEC=1:1 vol (LP40, E-lyte).

At controlled temperature (in temperature chamber at 24 °C) we
performed a series of EIS measurements at defined voltages. Prior an
impedance measurement a cell was galvanostatically driven
(100 A) to a defined voltage, followed by a 4-hour voltage hold
to ensure reaching equilibrium condition. We applied voltage
sinusoidal perturbation (PEIS) with amplitude of 5 mV (3.5 mV
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Figure A-5. Sensitivity analysis of impact of diffusivity of charged species
through the discretised porous SEI layer on the EIS spectra for all three
cases.

rms) in a frequency range from 1 MHz down to 1 mHz. Obtained
EIS Nyquist spectra show (expected) capacitive behavior with a
typical low-frequency capacitive impedance tail; an example of a
typical EIS spectrum measured at 3.8 V (vs. Li*/Li% is shown in
Fig. A-3. Inset shows zoom-in part of the spectrum at high
frequencies with distinctive interfacial (SEI) impedance arc of
lithium metal anode (peak frequency at 1.2 kHz), followed by ion
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Figure A-6. Numerical convergence of EIS spectra when changing the
discretisation number along the half-cell, i.e. the number of control volumes
in cathode and separator. The parameters were taken from the full model case
at 3.805 V (Fig. 2b), with exception of using a single particle per each
control volume of the cathode.

migration resistance contribution of the carbon black electrode and
diffusional resistance of electrolyte in separator, finally transitioning
into vertical capacitive impedance tail at about 0.1 Hz.

The obtained EIS spectra were analysed by calculating effective
capacitance of measured impedance tail by using the Brug type of
relation for non-ideally polarised electrode.”*”* For comparison we
also did simple analysis where we applied relation for an ideal
capacitor specifically for only the measurements at 1 mHz. Specific
(area) capacitance was calculated by normalising the value of
capacitance by the surface area of carbon black; the latter was
calculated from the data about the mass and BET surface area of
carbon black (62 m? g~ ). The obtained results are shown in Fig. A-4
where it can be seen that simple ideal-capacitor approximation
matches quite well with the results obtained by using the Brug
relation, whereby the ideal-capacitor approximation overestimates
capacitance values by about 5%—10%. It is interesting to note in
Fig. A-4 that double-layer capacitance exhibits local minima at about
2.8 V (vs. LiT/Li%. At the voltages most relevant for the present
study the corresponding values of specific capacitance are estimated
to be: 5.9 uF cm 2 (3.665 V), 6.2 uF cm 2 (3.805 V), and 6.4 uF
em 2 (4.055 V), respectively.

SEI diffusion impedance analysis.—To complement the Fig. 6
from the main text where the absence of the porous SEI layer at the
Li-anode interface did not significantly change the EIS curves
compared to the full model result, a sensitivity analysis was
performed to analyze the impact of varying the value of the diffusion
constant DSE! of the Li-ions through the discretised SEI layer on the
EIS spectra. This analysis is shown in Fig. A-5 and is applied to all
three EIS curves that correspond to different levels of lithiation of
the NMC811 material (Table I). The diffusion constant DeSEI was
varied from 4 - 107" m%/s to 4 - 10~"> m%/s. By decreasing DSE! one

order of magnitude at time, until DSE! = 4.10-'3 m?s there is no
major impact on the EIS curves in all three cases. With the
DSE = 4.10714 m?%/s a more pronounced increase in the real part
of the impedance can be observed due to an additional diffusion
impedance contribution. Further decreasing the DSE' by another order
of magnitude has an even more profound effect on the EIS curves. The
real part of the impedance increases significantly, especially the
middle frequency range in Figs. A-5a and A-5b, while the values of
the complex part of the impedance remain the same. In addition,
Fig. A-5c shows an emergence of the third semicircle, which is more
clearly defined due to the increased SEI diffusion impedance.

Table A-I. Model parameters used in the full model simulations
shown on Fig. 2. Remarks: 'measured, *assumed from the literature,
*fitted, ‘calculated.

Parameter Unit Value

brugg — 1.5779

€e.cat — 0.845°

€esep — 0.880°

¢SH! — 0.02%7

D, m*/s 4.107 10 %80

psE! m*/s 1573-10713 *

Ke A/Vm 0.335*

T °C 24.0°

1, — 0.363%7°

Gech 1/m 9.700 - 10%*

b _ ! £79

(+5)en — M

o A/Vm 109!

gav.b+cb o 0.141°

D, =2R, pm D10: =5 pm; D50: 9-15 pim; D90:
<30 ,urnJr ;

pm 2Ry, max: <45 pm; 2R mean = 6.46/1,m*

0,05 A/m>  4.445* (Fig. 2a); 5.790* (Fig. 2b);
1.574* (Fig. 2c)

D, m%/s 4723 - 107 '** (Fig. 2a); 5.243 - 107 '4*
(Fig. 2b); 2.186 - 10~ '** (Fig. 2c)

Qe — 0.5

a, — 0.5%7°

veeY \ see Fig. A-2"

i.eLi A/m®>  0.766*

Uy \Y% 0.0%7

¢t F/m? 0.831*

¢t F/m? 0.0574*

coL F/m*  0.0134*

Leat pm 8.0"

Leep pm 200.0°

Lk nm 20.0%72

Mo/ Vitam kg/m® 47570

Numerical approach.—The set of coupled partial differential
equations presented in Section Battery Model was numerically
discretised in the two domains, i.e. the electrode domain and the
particle domain, using the Finite Volume Method (FVM)” ap-
proach, resulting in a set of coupled Differential algebraic equations
(DAE). DAE system was solved numerically with the Implicit
Differential-Algebraic solver (IDA), a general purpose solver for the
initial value problem (IVP) for systems of DAEs from the
SUNDIALS software suite.”®’”” Numerical meshes of the computa-
tional domain consisting of cathode and separator were generated
using the open source 3D finite element method (FEM) mesher
Gmsh.”® In this study, a 1D mesh was used, although the modelling
framework also supports unstructured 2D meshes as shown in our
previous work.>” An in-house implemented library then computes all
the necessary geometric and connectivity information needed for the
FVM method. The particles, on the other hand, were discretised
spherically in the 1D radial dimension. The numerical convergence
related to the discretisaton of the particles has already been shown in
the main text in Fig. 7. In addition to Fig. 7, where the importance of
sufficient particle discretisation was highlighted, Fig. A-6 shows the
convergence of the EIS spectra when changing the number of control
volumes in the cathode and separator. To ensure comparable results
between the different numerical meshes, a single particle of average
size was selected for each control volume in the cathode domain.
The SEI layer at the Li-anode was spatially discretised with 4 CVs in
all cases. The Fig. A-6 shows that even the lowest discretisation
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Table A-II. Sensitivity analysis of fitted parameters. Calculated
RMSD value (Equation A-1) between the spectrum in which the
individual parameter was perturbed by +10% and the non-perturbed
spectrum obtained from the full model in units of Q for all three EIS
cases.

RMSD [Q] at RMSD [Q] at RMSD [] at
Parameter 4.055 V 3.805 V 3.665 V
i0.es 2.22885 1.92306 5.76618
{0 cLi 1.51303 1.60592 1.68870
chr 0.42933 0.87595 1.19342
coy 0.66342 0.82745 1.21385
chr 0.99763 0.90381 2.42802
Dy 1.35406 1.11248 1.60231
DSE 0.58860 0.83526 1.23330
Aech 1.07893 0.95364 2.25624
Ke 0.53386 0.93336 1.14559

mesh with 1 CV in the cathode and 10 CVs in the separator
sufficiently models the EIS spectra. The reason for this result lies in
the fact that the cathode in the half-cell itself is very thin and
measures only 8 um across and in combination with the high
porosity of both the cathode and the separator favours the transport
of Li-ions across the half-cell. Based on this result, the mesh with 15
control volumes was selected (1 CV in the cathode, 10 CVs in the
separator and 4 CVs for the SEI layer) for the experimental
validation with the Differential evolution algorithm.

Model parameters.—This Section presents model parameters
(Table A-I) used in the modelling framework in the simulation
results presented in this work.

Sensitivity analysis of the fitted parameters.—This Section
contains an analysis of the fitted parameters for all three cases.
The value of each individual fitted parameter (Table A-I) was
relatively perturbed by +10%. The resulting EIS spectrum was
compared with the unperturbed spectrum by calculating the RMSD
in the units of 2 using the following equation

1

RMSD = J(Re Z)p — Re(2))? + Am(Z)p — Im(Z))?,

points

[A-1]

where the letter P indicates the perturbed value of the real (Re(Z)) or
complex part (Im(Z)) of the impedance Z in the EIS spectrum, which
consists of Npoins points. Table A-II shows the results of the
sensitivity analysis. Both exchange current densities (ipes and
ineri), especially the iy, exhibit higher sensitivity for all three
EIS cases. This is to be expected as the impedance of the charge
transfer is inversely proportional to the exchange current density.*®
Double-layer capacitances show a slightly lower sensitivity on
average. The exception is the capacitance of the double layer at
the carbon black interface at 3.665 V in combination with the
specific surface area g, of the carbon black that has also higher
sensitivity in the latter case. The sensitivity of the solid phase
diffusion constant Dy is on average lower than the exchange current
density, for example, as it only affects the low-frequency parts of the
EIS spectrum. Finally, the ionic conductivity k. and the diffusion
constant of the Li-ions through the porous SEI layer DSE' show a
similar behavior and similar values of sensitivity, being lowest at
4.055 V in the first case and increasing with decreasing voltage.
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