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Abstract: To meet the ever-growing worldwide electric vehicle demand, the development of advanced
generations of lithium-ion batteries is required. To this end, modelling is one of the pillars for the
innovation process. However, modelling batteries containing a large number of different mechanisms
occurring at different scales remains a field of research that does not provide consensus for each
particular model or approach. Parametrization as part of the modelling process appears to be one of
the issues when it comes to building a high-fidelity model of a target cell. In this paper, a particular
parameter identification is therefore discussed. Indeed, even if Butler—Volmer is a well-known
equation in the electrochemistry field, identification of its reaction rate constant or exchange current
density parameters is lacking in the literature. Thus, we discuss the process described in the literature
and propose a new protocol that expects to overcome certain difficulties whereas the hypothesis of

calculation and measurement maintains high sensitivity.

Keywords: lithium-ion batteries; electrochemical models; parametrization; reaction rate constant;
exchange current density; Butler—Volmer equation

1. Introduction

At present, the automotive industry is undergoing an electric transformation with
a constant increasing number of battery electric vehicle (BEVs) available on the market.
The invention and rapid commercialization of the lithium-ion cell in 1991 by Sony brought
decent energy density, safety, and lifetime expectancy to meet cars’ actual technological
requirements. Nevertheless, to ensure optimized usage of lithium-ion technology, and
to improve its performance, the development of electrochemical, thermal, or mechanical
models or a combination of all of them is necessary to better understand internal mecha-
nisms upon usage. Up to now, electric equivalent circuit (EEC) models have been used
to ensure battery management system (BMS) performance in cell control [1,2]. An EEC
consists of mathematical models and does not reliably represent the physico-chemical
mechanisms occurring in the battery cell. Due to many approximations, a deeper, more
accurate understanding is not easy. Indeed, a more robust physical model is necessary to
comprehensively explore the evolution of the reactions taking place within the battery cell.

The most widely studied numerical model is the so-called “Pseudo 2D Model”, which
is inspired by Newman’s porous electrode model. This model has been the basis of
numerous forms of industrial as well as academic modelling software [3-7].

2. Model Presentation
2.1. Model Types

This section aims to describe the different physical models used to fit the targeted
parameters. A review of other papers led to the identification of two different families of
existing battery models [8,9] listed below:
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Electrochemical Models—These models are often based on Newman’s model [10,11],
and aim to explicitly describe the major physical and chemical phenomena occurring in the
cell. Thus, a wide range of electrochemical models exist, from the simplest single particle
models (SPMs), considering each electrode as a single spherical particle [12,13], to more
sophisticated pseudo-2D (P2D) models [3,6,14,15], taking into account the thickness of
the electrode.

Electrochemical models can be improved by considering geometrical aspects, such as
the active material particle size, the form factor, and their relative distribution, including
the porosity and tortuosity of the electrode. Moreover, secondary elements” dimensions
and physical characteristics such as jellyrolls, casing, and bus bars also contribute to the
actual behavior of the cell. The models can also be enhanced through thermal add-ons by
considering temperature impacts on the system, directly or indirectly, and external thermal
conditions. Moreover, the model can include mechanical aspects in various ways such as
mechanical strain at macro or micro scales. Finally, an aging mechanism could be added
considering side effects and long-term degradation mechanisms such as the growth of the
solid-electrolyte interphase (SEI), negative effects on battery function, or mechanical strain
and stress [16-18].

Molecular and Atomistic Models—These are more sophisticated models that describe
the interactions between the different elements of the cell in a true three-dimensional
region through a tomography scan or molecular-level description [19,20]. Despite being
theoretically the most accurate models, they are highly demanding in terms of feeding
parameters and calculation time.

In the following sections, the chosen model belongs to the electrochemical model type.

2.2. Chosen Model Description

The model used in this paper is taken from [3,14,21] for P2D equations and from [13,22]
for SPM equations. This paper will not develop the entire equation set further since the
latter cited papers are clearly describing all of them. In the following sections, only the
Butler—Volmer equation will be highlighted, and the chosen parameter conventions will
be defined. Then, a brief literature review concerning parameter identification will be
described. Finally, our protocol approach will be developed and discussed with regard to
the literature results.

Our model aims to describe the main processes taking place inside a battery cell: at
both current collectors, at the positive and negative electrodes, and within the separator
and the electrolyte. It is named pseudo-2D as it considers dynamics in the x direction (as
illustrated in Figure 1), as well as along the radius r of the spherical equivalent particles
standing for the active materials present inside the electrodes. This section presents the dif-
ferent equations related to ion concentration, charge flux, and electric potentials occurring
in a Li-ion cell while operating through the following standard electrochemical processes.

Current Collector
Current Collector

Positive Electrode Scparator Negative Electrode

Figure 1. P2D model representation.
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. disch . .
At the negative insertion electrode: < Li — M > L Lij_y —M > + xLi" +xe™.

During discharge, the intercalation compound < Li — M > at the negative electrode
is oxidized (loss of electron), leading, for electroneutrality of the solid, to a parallel de-
intercalation of lithium ions (which consequently decreases the lithium concentration in
the negative solid phase, from cs, ;;, max t0 s, n), with a reaction rate constant value of k, at

an overpotential of 7.

) . disch .
At the positive insertion electrode: < Liy — M’ > + xLi* 4 xe™ "3 < Liy iy —

M >,

During discharge, the intercalation compound < Liy, — M’ > at the positive electrode
is reduced (gain of electrons), leading, for the electroneutrality of the solid, to the parallel
intercalation of lithium ions (which increases the lithium concentration in the positive solid
phase from cs,  to s, j, max), with a reaction rate constant value of k, at an overpotential

of 1p.
disch
In the liquid electrolyte (through separator): Li*,, “ —3° Li*

During discharge, the lithium ions in the liquid electrolyte phase (embedded inside
the separator) move from the negative side to the positive side for overall charge/matter
compensation (so that the lithium concentration in the electrolyte remains steadily equal to
the pristine one, c,).

All of these latter processes are electrochemically reversible (as long as we are talking
about a rechargeable battery) and will accordingly lead to opposite reactions during the
charge of the cell.

Butler-Volmer law is a well-known equation in the electrochemistry field. In a battery
model, it plays a crucial role that links charge carrier flow, concentration, and electrical
potential. It makes the link between voltage and current inside the cell, when electrochemi-
cal reactions are taking place at each electrode, as different kinetic limitations can occur:
charge transfer (redox reaction rate constant), mass transfer (ion mobility), and ohmic drop
(internal resistance), with either electronic or ionic effects.

The pore wall ionic flux J;, for i € {n,p}(for negative and positive electrodes, re-
spectively), which appears in the boundary conditions of the solid diffusion equations, is
determined by

N Keji M . ,M .
Ji= kics,i,muxcec'lzi,g;yf (1 - Zi,surf) |:e RT i — o~ Rr 1 (1)
771 = (DS’Z- — CDE,,' — Ul (2)

where, in (1), k; is the reaction rate constant, ¢s ; 4y is the saturation concentration, z; 5, f is
. . . . . Cg i .
the relative ion concentration on the surface of particles given by z; 5, = —*—, c, is the
4 s,i,max

electrolyte ion concentration, F is the Faraday constant, T is the temperature, and R is the
ideal gas constant. In (2), U; is the open circuit potential (OCP) of the electrode i, &5 and @,
are the potentials of the solid phase and the electrolyte, respectively, and # is the resulting
overpotential. All symbols are listed with their respective unit in Table 1.

Table 1. List of symbols.

Parameter Symbol Unit
Tonic flux i mol m~—2s~1
Maximum concentration Cs i max mol/m3
Local concentration Csi mol/m?>
Electrolyte concentration Ce mol/m?3
Normalized surface concentration Zisurf Y%
Faraday constant F 96,485 s A mol ™!
Perfect gas constant R 8.314 J mol 1K1

Temperature T K
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Table 1. Cont.

Parameter Symbol Unit
Overpotential 7; \%
Solid phase potential D ; \%
Liquid phase potential D, \Y%
Open circuit potential u; \%
Anodic and cathodic charge transfer coefficients Qe Ky -
Applied current I; A
Active material surface Si m?
Reaction rate constant ki m25mol 0551
SoL-dependent reaction rate K; m2%mol %551
Arranged reaction rate constant ko,i mol m—2s~1
Exchange current density io A/m?
Internal cell resistance Rl Q
Voltage drops AV \Y%

The exponents «.; and «,; correspond to the cathodic and anodic charge transfer
coefficients of the electrode i, respectively. These parameters stand for the fraction of the
interfacial potential at the electrode/electrolyte interface that helps in lowering the free
energy barrier for the electrochemical reaction.

In the literature, it is commonly assumed that these charge transfer coefficients are
equal to 0.5; the reason is that this considerably simplifies Equation (1) with a reasonable
hypothesis [23,24].

Equation (2) becomes Equation (3):

Ly I
Ji = ki Csimax \/Ce \| Zisurf (1 ~ Zisurf ) [ngT'iz — e 2Tl } 3)

On the other hand, I; = [;FS; with I; being the current applied to the electrode i and
S; being the geometric surface of the active material on the electrode i.

Also, by defining m; = L , Equation (3) thus becomes Equation (4)
Psikics,i,max \/Cﬂzi,su»'f (1_Zi,surf)
2 F _ F
m; = 5 |:62RT(<I>S,[<D€,I-U,-) _ o IRT(®g;~®p;~1) ] (4)

It can be converted to Equation (5) using the hyperbolic sinus definition:

) F
m; = 2sinh (2RT(®S’i — @i — U,)) ®)

Then, reversing Equation (5) using arcsinh, the Butler-Volmer equation can be rewrit-
ten as Equation (6) and can be found under the same form factor in [13,22].

2RT ;o m?
| S| = e — - (6)

2.3. Coefficient Convention and Units

By decomposing the different terms of the Butler—Volmer (BV) Equation (3), three
different types of terms appear:

e  Variables: These represent the actual state of a physical quantity such as J;—the
ionic flux, z; 5, ;—the normalized ion concentration on the surface of a particle, 7,—
the overpotential, T—the temperature, and c,—the electrolyte concentration (for
P2D models).

e Constants: F is the Faraday constant, R is the ideal gas constant, and c; ; ju, is the
electrode maximum concentration that is known via material selection.
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e  Coefficient: k; is the reaction rate constant.

Thus, when it comes to calibrating the BV equation, k; is the prominent kinetic param-
eter to be identified. Nevertheless, in the literature, there is no consensus on the calibration
of the BV equation. Indeed, we can find different choices to simplify the identification of
this parameter:

Parameter k;: k; is the initial and only physically meaningful form as it is used in Equation (3).
k; is given in [m2'5m01_0'5s’1 .

Parameter k;: ko; is defined according to the following expression ky; = kiCs; max+/Ce. This
expression mostly brings better physical understanding since it is given in [mol m~2s™1].

Parameter i: i is defined according to the following expression iy = ko ;F. This expression mostly
brings measurable quantities since it is given in [A m~2|. This parameter refers to the exchange
current density, which is the current at zero overpotential. The exchange current density reflects
intrinsic rates of electron transfer between redox species at the electrode interface and depends on
the nature of the redox reaction, the chemical nature of the electrode, and its surface properties (for
example, roughness).

3. Experimental Protocol

In order to establish a suitable database for this work, it was necessary to dispose of
multiple half-cells of each electrode versus metallic lithium as the counter electrode of the
target full cell. As half-cells tend to degrade significantly faster, the less they are used for
different tests, the better the results are. In other words, the more half-cells used, the easier
it is to remove the aging mechanisms.

Then, the idea is to apply galvanostatic intermittent titration technique (GITT) pulses
at different C-rates and under various thermal conditions to observe the voltage response.
As shown in the following section, choosing relatively small C-rates (<0.5C) and relatively
high C-rates (>3C) offers better results compared to this method.

Iterating these measurements at various states of lithiation (SoL) creates more robust
results, but theoretically, measurements at SoL of 0.5 only are sufficient. The state of
lithiation stands for the ratio of ion concentration inserted into the electrode compared to
the maximum theoretical concentration that the electrode is able to accept.

4, State of the Art of the Identification Methods for the BV Kinetic Parameter

First of all, note that k; and its derivative expressions are considered as highly sensitive [25]
in the model and consequently require a particular focus for their accurate identification.

Taking advantage of the rapid time slot when BV is predominant before the appearance
of diffusion phenomena after a pulse of current has been applied to the cell, Namor et al. [22]
transformed the SPM by gathering parameters into groups that allow for non-intrusive
parameter identification. However, even if the transformation of the model does not
affect its accuracy, as mentioned in the above paper, the identification method still suffers
from multiple indiscernible causalities of the voltage drop. Indeed, the kinetics k; and
the equivalent ohmic resistance that represents the combination of all non-defined ohmic
contributions to the cell, such as electrolytes, solid phase conductivities, current collectors,
and connection resistances, implies instantaneous voltage drop when the current is applied.

Thus, minimizing the apparent error of voltage drop, while applying pulses of current,
by fitting parameters can unfortunately lead to local minima, particularly when it comes to
fitting multiple parameters at once.

In [26], the equation was also transformed to advantageously isolate the exchange
current density parameter. The authors used a multiple pulse database to figure out values
in a trend law.
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First, taking the BV simplified form from Equation (3) and introducing the aforemen-
tioned equivalent forms gives Equation (7):

I : ) F
3= 2ip4/z(1 —z) smh(ZRT”) (7)

After adding the limited development of the sinh term for # < 0.2V, the former
equation turns into Equation (8)

I . F
3= 2igy/z(1 —2) Tl (8)

Using the hypothesis that pulses induced a voltage drop at 50% SoL, z = 0.5 simplifies
the final expression as Equation (9), where the overpotential is the measured voltage
drop AV.

I F

5= IOTRTAV )

When the applied current density is plotted with respect to the voltage drop for
different conditions for current and temperature (Figure 2), it is thus possible to identify a
linear trend in the small voltage drop window. Using a linear regression for those points,
the current exchange density iy could be identified, as shown in Equation (10):

IO:aXT (10)

Applying this method, on multiple data sets, especially at different temperatures,
allows us to plot an Arrhenius law.

Positive Electrode Negative Electrode

a) Step 1 - Identified current density in respect with  b) Step 1 - Identified current density in respect with

ovgrpo’tential drop according to Dufour's method ovgrpotential drop according to Dufour's method
6l [——-10°C
0°C 2R+
15°C [
G4 25°C a \
E 45°C / E 1 A
<2 / < 8
z 7 s z B
3 iz ) N
5] 4 5 Sy
© )\/ o° \,K
-2 z
g L1 %
= =1
5 / 8 =
- 2
61 P
-3
0.15 -0.1 -0.05 0 0.05 0.1 0.15 -02  -01 0 0.1 0.2 0.3 0.4
Overpotential [V] Overpotential [V]

c) Step 2 - Current density dependency on

10

9

8

7

io [Am?]

-10

temperature based on Step 1

0 10 20 30 40 50
Temperature [°C]

Figure 2. Cont.

d) Step 2 - Current density dependency on

6 temperature based on Step 1

-10 0 10 20 30 40 50
Temperature [°C]
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Figure 2. Dufour’s method [26] applied on our data set.

Figure 2 is divided into two lines, each one of them representing an electrode. Then,
three steps are shown; the first column (Figure 2a,d) displays the current density £ with
respect to the voltage drop AV from the pulse data set. The slope near 0V corresponds to
the exchange current density ig. The second column (Figure 2b,e) displays the results of this
identification with respect to temperature, with each point corresponding to each curve
from the previous figure. Then, the last column (Figure 2c¢,f) displays the Arrhenius law
fitting of the results. The left column accounts for positive electrode, and the right column
accounts for negative electrode.

5. Method

In the latter method, one of the main issues remains the lack of consideration of
ohmic resistance in order to implement an algorithm, in addition to the needed parameters,
namely the electrode active surface area [m?g~!], the sample surface [m?], the electrolyte
concentration [mol m~3], and the SoL at 50%.

Adding a resistive term, through Ohm'’s law, in order to consider an ohmic contribution
Ry to the cell that will also contribute to an instantaneous voltage drop when the current
pulse is applied, leads to Equation (11):

2
ORT m; +/m=+4 I
AV = Reyl + R A (11)

In with m; =
F 2 ' SiFRiCi,maxki Z(l - Z)

With this particular representation, it is now possible to combine the strategies of both
methods presented above. Actually, since the voltage drop on a half-cell is now defined
with two contributions, one electrochemical source and one ohmic source, it is then possible
to apply simultaneous identification.

For this identification, by minimizing an error, the two terms should impact the voltage
drop with uncorrelated trends to avoid local minima. In the manner that Equation (11) is
written, the two terms have noticeably different trends with regard to the applied current
in isothermal conditions. One is indeed linear while the other one follows a logarithmic
tendency. The method developed by [26] makes its contribution here to the method
proposed in this paper.

Figure 3 displays the tendency of the two terms appearing in Equation (11) with
respect to the applied current. In Equation (11), the first term (in orange in Figure 3)
corresponds to Ohm’s law, and in red, the electrochemical overpotential derived from the
BV equation is shown. The sum of both is displayed in blue. The scale is arbitrary.

Note that Ohm’s law is predominant at higher C-rates whereas the electrochemical
overpotential is dominant at lower C-rates. These two distinguished predominancies allow
for a decorrelation of their own contribution to the voltage drop.
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2RT In (m+\/m2+4>

F 2
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~

Voltage drop [V]

o
w

Current [C-rate]

Figure 3. Uncorrelated trends with current observation: ohmic drop in orange, overpotential in red,
and the sum of both in blue.

Tuning these two parameters manually shows that R..;; induces a change in the slope
of the ohmic curve (orange), whereas k; seems to induce a vertical translation on the
overpotential curve (red). Thanks to these well-separated effects of both parameters and
consequently the effects on the terms of Equation (11), it becomes possible to implement
a minimization routine algorithm on MATLAB® (Version R2023a) with limited risk of
converging into a local minimum. Figure 4 presents the fitting results of Equation (11) with
the experimental data obtained (the error in measurement, <0.5%, is within the thickness
of the dots) by plotting the voltage drop with respect to the applied C-rate for different
temperatures. Applying this fitting method, with both positive and negative currents,
and for each electrode (positive vs. Li*/Li and negative vs. Li*/Li) brings a possible
identification of the couple {R_., k;} at a given temperature.

0.14 T T

—+— Simulated voltage drop at -10°C 7’
— + —Measured voltage drop at -10°C ’
Simulated voltage drop at 0°C
012 - Measured voltage drop at 0°C
Simulated voltage drop at 15°C
Measured voltage drop at 15°C
Simulated voltage drop at 25°C
Measured voltage drop at 25°C
—#— Simulated voltage drop at 45°C 7
01hL — + —Measured voltage drop at 45°C 7

AV [V]

0 L 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4
Current [C-rate]

Figure 4. Proposed method model fitting with experimental data. Measured versus simulated voltage
drop with respect to the applied C-rate.
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For our method to be particularly efficient, it is recommended to execute a test plan for
half-cells with greater C-rate discretization at low currents (<1C) and high currents (>4C) in
order to exacerbate the predominance of each term in Equation (11) and help the algorithm
to converge more rapidly with better robustness.

It has to be noted that, since the experiments might be conducted on half-cells, the
identified resistance within this method is not representative of a full cell because it includes
conductivities corresponding to the experimental setup (such as EL-CELL in this work).
Nevertheless, the trend with temperature is still meaningful. Indeed, it would be a great
support to our approach to identify an exponential decrease in internal resistance with the
increase in temperature.

Figure 5 shows the results of the study. Identification was conducted at —10 °C, 0 °C,
15°C, 25 °C, and 45 °C in order to fit an Arrhenius law to model the thermal dependency of
the BV parameter with temperature. For better robustness, it is also recommended here to
identify the parameter at different SoL, since it is beneficial to know with accuracy the SoL
of a cell. Nevertheless, it is possible to overcome SoL uncertainties by a variable change in
the equation: K; = k; \/z(1 — z), then identifying K; instead of k; and recovering the actual
reaction rate constant by using the variable change equation.

Positive Electrode Negative Electrode

125

Rcellp Q]
i [Am 2
Reell 9]

10.5

-10 0 10 20 30 40 50 -10 0 10 20 30 40 50
Temperature [°C] Temperature [°C]

Figure 5. Identification results at different temperatures.

In certain conditions of SoL and temperature, some pulses could induce biased data
by crossing voltage boundaries. A checking routine must then be implemented beforehand
to ensure that one is dealing with relevant data.

Arrhenius law could also be expressed using a reference exchange current density
at a given temperature. Equation (12) thus allows one to display a comparison with the
literature identification, as presented in Figure 6.

m

a( 1

(B (r (e (r (e (1)

ref (12)

S
~=
)
=
)

ip = Z'(),‘refe < ko= kO,refe : < ki = ki,refe

Figure 5 represents each SoL point identification, with the surface color of the max-min
range of data as follows: in pink—resistance and in blue—the BV parameter. The dotted
line represents the mean values.

As expected, resistance decreases exponentially with increasing temperature, and
the current exchange density increases exponentially. In the literature, it is commonly
assumed that the BV parameter follows an Arrhenius law with respect to temperature.
Arrhenius law is valid only in a certain temperature range since the BV parameter cannot
increase indefinitely.

Once the identification is finished, at different temperatures, the proposed method’s
results can be compared with those obtained using Dufour’s method [26] on the same data
set. Figure 6 shows the differences between both methods, with respect to temperature
dependency. Figure 6 also shows a comparison with the literature data with similar
chemistries to compare orders of magnitude.
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30

Positive Electrode Negative Electrode

—Proposed method
25 ¢ = -Dufour 2019
Tippmann 2014
—Schmalstieg 2018
201 —Schmalstieg 2018
Ecker 2015
—Ecker 2015
—Guo 2011

0

10 20 30 40 50 -10 0 10 20 30 40 50

Temperature [°C] Temperature [°C]

Figure 6. Comparison results with Dufour’s method and the literature [13,24,26-29].

Despite coming from the same cell parameter set, a slight difference in the estimation
of the exchange current density between both methods clearly appears, particularly at
higher temperatures. This could be explained by the impact of some hypotheses since each
method do not apply the same weight to parameters.

6. Conclusions

In this paper, a novel method for the characterization of the BV parameter is proposed
and compared to existing methods in the literature. This paper discusses the physical
interpretation of existing methods in order to propose a more phenomenological-oriented
protocol. To achieve this, the BV equation was transformed in order to express the voltage
drop with respect to the current and by considering ohmic contributions that occur at the
same time as the reaction rate described in the BV equation. Once the equation is written in
that rationalized form, it is possible to find the global minima of parametric optimization
thanks to an uncorrelated trend between the two parameters of interest with the applied
current intensity.

By comparing Dufour’s method and our proposed methodology, a noticeable slight
difference appears, despite being identified in the same raw data. Each method consid-
ers different hypotheses that happen to show high sensitivity to the results which does
not allow one to establish a strict conclusion on the interpretations of the results. This
work highlights again the difficulty of practically identifying parameters of interest in
battery models and especially the importance of the underlying hypotheses. Our method
is believed to bring less deviation from reality by considering both voltage drop phenom-
ena. Unfortunately, validation is required to know with accuracy the ohmic resistance of
all elements since the initial voltage drop is caused both by ohmic and electrochemical
kinetics contributions.
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