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Abstract In the framework of non-equilibrium thermodynamics we derive
a new model for many-particle electrodes. The model is applied to LiFePO,
(LFP) electrodes consisting of many LFP particles of nanometer size. The
phase transition from a lithium-poor to a lithium-rich phase within LFP elec-
trodes is controlled by both different particle sizes and surface fluctuations
leading to a system of stochastic differential equations.

An explicit relation between battery voltage and current controlled by the
thermodynamic state variables is derived. This voltage-current relation reveals
that in thin LFP electrodes lithium intercalation from the particle surfaces
into the LFP particles is the principal rate limiting process. There are only
two constant kinetic parameters in the model describing the intercalation rate
and the fluctuation strength, respectively. The model correctly predicts several
features of LFP electrodes, viz. the phase transition, the observed voltage
plateaus, hysteresis and the rate limiting capacity. Moreover we study the
impact of both the particle size distribution and the active surface area on the
voltage-charge characteristics of the electrode. Finally we carefully discuss the
phase transition for varying charging/discharging rates.

Keywords lithium-ion battery - lithium iron phosphate - phase transitions -
many particle electrode
1 Introduction

In recent years there is an increasing need for powerful and effective batteries
due to rapidly growing electro mobility. Currently the most promising battery
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type are lithium-ion batteries. In the last decades great progress has been
made in the development of both new electrode materials and new electrolytes.
In order to design and improve the batteries a deep understanding of their
physicochemical processes is mandatory. To this end mathematical models
embodying the physical and chemical behavior of battery materials from the
micro to the macro scale are essential.

Many classical continuum models for lithium-ion batteries rely on the
framework developed by Newman et al. [10,11,43]. Here the processes within
electrodes and electrolytes are described by diffusion equations and the trans-
fer of charge at the electrode-electrolyte interface is modeled by Butler-Volmer
kinetics [25,28,41,21,23]. For known model parameter, these models are ca-
pable to determine the influence of the battery geometry on the cell voltage
and thus to configure a suitable battery design. Although the Newman bat-
tery models are quite popular and widely used they exhibit several drawbacks,
which limits the usability of these models:

— The model parameters are functions of concentration and temperature.
Thus a costly parameter fitting is necessary to have accordance with mea-
surements.

— The dependence of the open-circuit potential of the battery on the state of
charge is a fitting curve and is not predicted by the battery model itself.

— The Newman model is based on the electroneutral approximation in the
electrolyte phase, which is not valid in porous electrodes with pore diam-
eters in the range of the Debye length.

— For phase separating electrode materials the incorporation of phase tran-
sition within the Newman model is challenging.

— The momentum balance is ignored. Thus the extension of Newman models
to volume expansion and elasticity is severely limited.

— The validity range of the Newman model is not defined. In the case of
failure of the model, the origin of the failure can not be identified and an
improvement /extension of the model is difficult.

These drawbacks might be resolved if the battery model is embedded in a
general theoretical framework like non-equilibrium thermodynamics. The use
of non-equilibrium thermodynamics has the advantage that it distinguishes
carefully between universal principles and material dependent constitutive re-
lations. Thus this offers the chance to formulate quite general constitutive
equations where the material properties are encoded within a general free en-
ergy function. Moreover, numerous different phenomena can be consistently
coupled [36,7,39,3]. In recent years continuum models for batteries and elec-
trodes could be improved significantly by applying non-equilibrium thermo-
dynamics [2,33,42,31,32,14,20,15].

In this study we develop a general mathematical model for many-particle
electrodes in the context of non-equilibrium thermodynamics, which takes into
account diffusion and elastic deformations in the electrode particles and the
electrolyte as well. Particularly, adsorption, reactions and surface tension at
the electrode-electrolyte interface are incorporated. For nano-sized electrode
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particles and electrode widths in the micrometer scale, the general electrode
model can be simplified in such a way that the processes within the many-
particle electrode are dominated exclusively by surface phenomena: adsorp-
tion, intercalation and reaction. Finally we apply the model to a lithium iron
phosphate (LFP) electrode.

The modeling of LFP represents a challenge because during charging and
discharging LFP exhibits a two-phase system with lithium-rich and lithium-
poor phases [40,8,5]. The characteristic horizontal voltage plateaus in the
voltage-capacity diagram is due to this phase transition, Figure 1.gn:. Here
the task to design a model becomes ambitious since two different phase tran-
sitions are in competition [20]: (i) There is a phase transition in the individual
particles, and (ii) a phase transition in the ensemble of storage particles, where
the LFP particles have high and low lithium filling, respectively. Moreover, the
phase transition happens in a sequential order, in other words, the particles
are filled according to the rule one after the other [20]. Detailed studies of
the phenomenon have revealed that the kind of phase transition depends on
the charging speed and the size of the storage particles [33,35,34,5]. Careful
experimental studies unambiguously show that the time scale of the phase
transition within a nano-sized particle is much smaller than the charging time
of a battery [34]. Thus on the time scale of charging the phase transition within
the ensemble of nano-sized particles is the dominant one.

In this study we only address the phase transition within the ensemble.
We incorporate in our many-particle model two stochastic mechanisms which
might affect the phase transitions: i) distribution of particle volumes and effec-
tive surface areas over the particle ensemble and ii) stochastic fluctuations on
the surface. At the end the LEP many particle model is represented by a system
of stochastic differential equations. Despite its simplicity the many-particle
model embodies already many properties of LFP electrodes. In particular we
may predict the influence of size distribution (of the electrode particles), active
surface area, surface stochastic fluctuations and charging rate on the battery
voltage.

The paper is organized as follows. We start in Section 2 with a phenomeno-
logical description of the functionality of a battery consisting of a LFP elec-
trode as cathode and a metallic lithium electrode as anode. The stochastic
model is introduced in Section 3. In Section 5 we discuss the relation between
the phase transition and the battery voltage on the basis of a variety of simu-
lations. The detailed derivation of the model equations including a list of the
essential assumptions is described in Section 6. The paper concludes with a
discussion, where in particular we address the initially mentioned drawbacks
of current battery models. A list of model parameters and symbols is given at
the end.
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Fig. 1 Left: Sketch of the LFP battery, Right: Typical voltage-capacity profile for a LFP
electrode at low charging/discharging rate C/20 (from [20])

2 Description of the battery

Design of the battery. We consider a battery consisting of a LFP many-particle
cathode, a liquid electrolyte and metallic lithium as the anode. The many-
particle electrode consists of carbon coated LFP particles. The carbon coating
improves the electric conductivity of the LFP particles [38,9]. Usually carbon
black is added to the LFP electrode such that the particles are electrically
connected to each other. We neglect the carbon black and model the elec-
tron transport by the assumption that carbon coated LFP particles form an
electric network. Thus the electron transport is achieved along the carbon
coated particle surfaces. Moreover some LFP-particles are attached to a metal
based current collector. Here usually aluminum is utilized. The electrolyte is
a mixture of some lithium salt dissolved in some liquid organic solvent, e.g.
LiPF g dissolved in a mixture of ethylene and dimethyl carbonate. The passive
components of the battery such as binder, separator and further additives are
ignored in this study. A sketch of the battery is shown in Figure 1.

Processes within the battery. During discharging of the battery lithium is
transferred from the lithium anode to the LFP many particle cathode and
vice versa for thecharging process. The transport of lithium is the main limit-
ing phenomenon that controls the functionality of the battery. The transport
process itself consists of a combination of several rate limiting phenomena.
In particular, we have to distinguish between surface and bulk transport. The
main bulk phenomena are ion diffusion within the liquid electrolyte and lithium
diffusion and phase separation within the LFP particles.

At the particle surface we have: i) tangential mass transport, in particular
electron transport, ii) adsorption of electrolytic species, iii) an electron transfer
reaction of the form LiT 4+ e~ == Li, and iv) the intercalation of lithium into
the iron-phosphate lattice.

At the lithium anode the situation is more simple. Lithium is deposited on
or dissolved from the electrode surface for the charging and the discharging
process, respectively.
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Further processes such as heat generation and transport, mechanical de-
formation, dendrite growth or aging processes are not among the topics of
this work.However, the thermodynamic approach of Sect. 6 can be used to
incorporate these phenomena as well.

Model restrictions. Our many-particle model for a LFP electrode describes the
experimentally observed features of the battery and is easy to solve. We restrict
and simplify the full thermodynamic model of Sect. 6 by some assumptions.
The main assumptions are:

— Large porosity of the LFP electrode, whose thickness is in the micrometer
scale.

— Nano-sized LFP particles.

— Rigid LFP particles, i.e. volume and surface of a particle do not change for
a varying charging state.

— Constant temperature due to high heat conduction, which is appropriate
in small cells.

— Lithium is exclusively stored in the LFP particles and in the lithium anode.

— The lithium anode is equipped with a large surface.

— Fast surface diffusion.

The full and more detailed list of assumptions can be found in Sect. 6. The
main implications of these assumptions are that the lithium mole fraction
within a particle is spatially constant and the electrolyte behaves quasi-static,
i.e. the lithium and charge transport within the particles and the electrolyte
is infinitely fast on the time scale of charging.

These assumptions about the battery are satisfied for micro batteries and
high power batteries as well. However, for moderate charging-discharging times
there is a much larger class of batteries where the assumption are appropriate.

3 The many-particle model

In this section we introduce the many-particle model for the LFP electrode.
The model consists of (i) a system of stochastic differential equations (SDE),
(ii) a constraint prescribing the state of charge of the battery, and (iii) voltage
and current relations.

We split the introduction of the many-particle model into two parts. In the
first part we introduce the “semi-stochastic” model, where stochastic effects
enter via distributions of volumes and surface areas into the model. In the
second part we specify the full stochastic model, where stochastic fluctuations
modeled by Wiener processes are added. The detailed derivation of the model
is postponed to Sect. 6.

Notations. The many-particle electrode consists of Np storage particles in-
dexed by ¢ = 1,2,..., Np. The particles have volumes V* and active surface
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areas AL, which are time independent due to the model assumption. The total
volume and the total active surface area of the LFP particles are denoted by

Np Np
Vo= V' and  Ag=) Al (1)
i=1 i=1
The surface area of the lithium anode/electrolyte interface is denoted by Ag.

Thermodynamic state. The number of stored lithium atoms in particle P; at
time ¢t > 0 is denoted by N{,(t). The number of FePO, units forming the
matrix lattice of particle P; is time independent and denoted by J\/}CP%. Each
particle has the same time independenp number density nrepo,. The number
densities of the intercalated lithium nj; are time dependent but constant in
space within a particle P;. The number densities are related to the number of
stored lithium and to the number of FePO, units by Né(t) = ni.(¢)V* and
Niepo, = nrero, V"

Each FePO, unit provides a free lattice site that may be occupied by a
lithium atom. Then the mole fraction y* € [0,1] of occupied lattice sites of
particle P; is defined as ‘
NFePO, .
The thermodynamic state of the many-particle electrode is exclusively repre-
sented by the lithium mole fractions of the particles, (yi)i:172,_“71\ip.

y'(t) =

3.1 The semi-stochastic model for many particle electrodes

The evolution of the thermodynamic state of the many-particle electrode is
described by the system

kLi A]Za

) 1
oLi — (v with — = ————". 3
(ps,Li — pri(y")) " mpingepo, V? @)

dyi o 1 mrii
dt _Ti kBT

As shown in Sect. 6 the system (3) relies on the integrated mass balance
equations of the stored lithium in the LFP particles. Due to the assumption
of homogeneous lithium mole fractions, the particle volume V* and the active
surface area A% appear explicitly in the equation. This leads to particle size
dependent relaxation time 7¢ for each particle.

The right hand site of (3) arises from the flux ji. describing the intercala-
tion of lithium atoms from the surface of particle P; into the FePO, lattice,

Jis = ki (puiy’) — pre i) - (4)

The lithium flux is driven by the chemical potential difference pur;(y®) — s Li,
where ps 1, represents the surface chemical potential of lithium atoms on the
particle surface and py,; is the chemical potential of intercalated lithium at the
surface. The kinetic parameter kr; has the unit kg/(m?s) and represents the
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rate constant of intercalation of lithium atoms into the FePO, lattice. my; is
the molecular mass of lithium and NFePO, 18 number density of iron phosphate.

The assumption of fast surface diffusion implies that the surface chemical
potential 15 1 is the same for all LEP particles. Therefore all balance equations
are coupled through the chemical potential ys1; . The chemical potential of
intercalated lithium, pr, is a function of the lithium mole fraction y* of the
corresponding LFP particle. In order to model the phase separating behavior
of LiyFePO, we choose the widely used non-monotone function [42,1,14]

pus = 1 (U 2g) B (1) (5)
The chemical potential consists of three contributions. The first part pi<f is
a constant material parameter depending on the properties of LiFePO,. The
second part takes into account the energetic interaction of lithium with the
iron-phosphate lattice. The parameter L represents the heat of solution and has
the unit J (Joule). In particular, the parameter L controls the energy barrier
between the lithium-poor and the lithium-rich phase[14]. Finally there is a
third contribution that takes into account the entropy of mixing of lithium
atoms on the available lattice sites. Figure 2 depicts the chemical potential
function ur,;(y) for a typical choice of L = 94.4 x 10722J /kg and pi%f = 0 J /kg

%10°

1y U/kgl
o

0 0.2 0.4 0.6 0.8 4
¥

Fig. 2 Non-monotone chemical potential of lithium in iron-phosphate.

State of charge - charging rate. The total mole fraction q € [0, 1] of the many-
particle ensemble describes the state of charge of the battery,

Np 4 Ne i
_ i ML) 3y Kyi(t) . (6)

=S
Zj:l FePO, i:lVP

The state ¢ = 0 and ¢ = 1 correspond respectively to a fully charged and
fully discharged battery. The charging rate of the battery is given by the time
derivative of the total mole fraction.

q(t)
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We assume that lithium can be stored exclusively inside the LFP particles
and not elsewhere. Thus in a galvanostatic charging/discharging process the
total mole fraction q is the external control parameter. Consequently, the equa-
tion (6) represents a constraint on the evolution of the lithium mole fractions
yr (1), y2(t), ..., y™* (). According to (3) and (6) we have

TS oA W) ™)
dt kBT — ‘/P Tﬁl /’[‘S,Ll MLI y .

This equation is used to determine the surface chemical potential pg 1. In
this context p5 i may be interpreted as a Lagrange multiplier to satisfy the
constraint (6).

Electric current. There is a universal relation between the charging rate dg/dt
of the LFP particles and the electric current I which flows through the battery,

d
I= eonFePo4%£ : (8)
Here the physical unit of I is A (Ampere). The relation (8) relies on bulk and
surface mass balance equations and will be derived in Section 6.

Battery voltage. The battery voltage U is defined as the electric potential dif-
ference between the metal foils of cathode and anode. Based on the constitutive
relations of Sect. 6 we obtain the relation

Ne
T mri Aé 3 T
=0 =2y 2 ualy)) — i) — 2L (4 )L )

i=1

Here jp and j4 correspond to the total exchange current of the LFP electrode
and the lithium anode, respectively. They are defined in terms of the different
interfacial dissipative mechanisms happening at the electrodes,

1 1 1 1 1 1 1
-*:(TJFTﬂLT) and -*:(TﬂLT)- (10)
Jp Jic Jad Jre Jad Jde

The battery voltage consists of three contributions:

1

1. The first contribution is a constant voltage U™f = =

(M- pre—|seFmuyi+ i+ |5, —
myipis) which is characterized by the constant chemical potential jio- of
the electrons at the current collector of the cathode, the chemical potential
py;+ of lithium of the anode and a reference chemical potential of lithium
in iron phosphate.
2. The second contribution depends on the distribution of lithium within the
many-particle electrode which is controlled by the equation system (3) and

the relation (8).
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3. The third contribution is linear in I and takes into account the interfacial
dissipative mechanisms. They are characterized by five constant material
parameter: lithium intercalation jF., surface reaction jF,, lithium adsorption
at the LFP particles j7,, adsorption at the lithium anode j2;, and lithium
deposition at the anode ji . The parameter jF, is related to the intercalation
rate kr; by

Jhe = ki (11)

mLi

The linearity of the third contribution in the voltage-current relation (9) results
from linear relations between fluxes and driving forces. It is easy to extend
the model by corresponding nonlinear constitutive equations of Butler-Volmer
type [17,18]. In this case we would obtain logarithmic voltage-current relations.

Note that the thermodynamic derivation of Section 6 points out that sur-
face reaction, lithium adsorption and deposition only affect the voltage-current
relation (9) but not the dynamics of the many-particle model (3), given by the
time dependent amount of lithium distribution within the electrode.

3.2 The stochastic model for the many-particle electrode

In this section we extend the semi-stochastic model of the last paragraph by
adding some noise according to the Wiener process. The motivation for that
kind of noise will be given at the end of this section.

To introduce noise we assume that the lithium mole fractions y*, 42, ...,y
represent possible values of a vector-valued random variable Y = (Y1, Y2 ... Y ).
The set {Y (¢)| t > 0} defines a stochastic process that we determine by

the SDE system

Np

Vi) = Vi(to) =g [ (pteas(s) - pnalY(5) ds

o 20 - W) - - (20) - Z)
(12)

The difference to the semi-stochastic system described above is given by two
terms including W¥(t) — W(to) and Z(t) — Z(ty), respectively. The first term
represents the increment of a Wiener process which models small lithium fluc-
tuations on the surface of the particles. The objects W* for i = 1,2,..., Np
are independent processes. The strength of the noise, v/%, is controlled by the
constant parameter v which is related to v* by
i_ Yo
v N (13)

The term Z(t) — Z(to) is defined as

Np i . .
Eizl ‘\//P v %Wl(t)

it v
j=1 Vord

Z(t) = (14)




10 Clemens Guhlke et al.

The function Z(t) is introduced to preserve the constraint (7) for the surface
chemical potential ps 1, i.e. Z(t) is introduced such that no noise term appears
in the side condition (7). Note that Z is a Gaussian process with covariance

i i\ 2
(Z?]"l(v V1)2%) / (ZN" v ) , which is infinitesimal for Np large.

=1\ j=1 Vor7

The Wiener process W = W (t,w), which is also called Brownian motion,
is a particular stochastic process, which is, roughly speaking, a random func-
tion of time satisfying (i) its time increments are independent, i.e., for any
r<s<t, W(s)— W(r) and W(t) — W(s) are independent, (ii) it obeys a
Gaussian probability law with mean 0 and variance given by the time incre-
ment, i.e. W(t) — W (s) has the law N (0,¢ — s). Moreover, the Wiener process
is characterized as the process whose distributional time derivative is the white
notse in one dimension.

Next we give some motivations for the extended stochastic model. At first
recall that our previously proposed model in [15] for LFP particles of equal size
necessarily needs stochastic fluctuations in order to initiate the observed phase
transition. In those papers we introduced the fluctuations to describe the ex-
change of lithium between the LFP particles during the charging/discharging
process, which is the dominate phenomenon for both slow charging rates and
equal-size LFP particles. There we ended up with the Fokker Planck equation
for the evolution of stored lithium within the many particle electrode. In order
to generalize that model for LFP particles of different sizes we propose our
semi-stochastic ODE system for Np particles. Now it is well known that an
finite ODE system with a supplemented Wiener process converges to a Fokker
Planck equation in the limit Np — o0, see for more details Section 4.1. This
is the main reason to introduce the Wiener process in our new ODE system.
A more physical point of view is this: One might think that the surface areas
of the LFP particles may be randomly covered with imperfections. However,
then one has to explain why the influence of the imperfections on the intercala-
tion dynamics is represented by a Wiener process. Thus we prefer to motivate
the Wiener process by the limit from the ODE system to the Fokker Planck
equation.

The same reasoning can be used to motivate the size dependence of the
parameter v because our Fokker Planck setting in [15] unambiguously implies
the volume dependence of equation (13).

State of charge. The state of charge ¢ is defined in the same way as for the semi-
stochastic model by equation (6). As in the semi-stochastic model, equations
(12) and (6) give again (7) for the surface chemical potential js 1;: the terms
W(t) do not give any explicit contribution in this formula as their sum cancels
with the term Z.

FElectric current. The relation (8) between the electric current and the total
mole fraction is derived from general balance equations without using any
constitutive equations. Therefore the relation (8) for the current holds also in
the full stochastic setting.
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Battery voltage. The derivation of the battery voltage results from the consti-
tutive equation, in particular from the constitutive equation of the lithium flux
jLi which depends on the Wiener process. However, we will show in Section 6
that the relation (9) holds also in the stochastic setting.

3.3 Choice of model parameter for LFP electrodes

There are three kinds of distinguished model parameters: energetic, kinetic
and structural parameter. Their meaning and values used in the simulation
will be now discussed.

Energetic parameter. There are three energetic parameters in the various chem-
ical potentials of the model. The chemical potential up; of the LFP particles
contains the parameter L representing the heat of solution, which takes into
account the interaction of lithium with the iron-phosphate lattice. The param-
eter L controls the height of the energy barrier between the lithium-rich and
the lithium-poor phase. For LFP the parameter L has to be chosen such that
the chemical potential uy; becomes non-monotone allowing phase separation.
A typical value for L used in simulation is [1,15,27]

L=944x10"%2J . (15)

A further energetic parameter is the constant reference voltage U™, Its value
depends on the material properties of both the LFP many-particle electrode
and the lithium anode. The reference voltage is approximately determined by
the mean value of the hysteresis plateaus in a volt-capacity diagram. From
Figure 1 we would determine the reference voltage

Ul =34V . (16)

The third parameter vy controls the intensity of the fluctuations at the particle
surfaces. A suitable value of vy is derived in the Fokker-Planck setting [14],

vo = /2L ~ 107 Mm? (17)

Kinetic parameters. Our constitutive model embodies five distinguished ki-
netic mechanisms with dissipation. Each mechanism is controlled by a corre-
sponding kinetic coefficient. It is convenient to write the coefficients in the
form of exchange currents.

. lithium intercalation

Jr surface reaction

Jhy adsorption at the LFP particles

gy adsorption at the lithium anode

3he deposition of lithium at the anode .
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The kinetic parameters are either determined from atomistic theories or they
can be read off from measurements. However, measurements with LFP par-
ticles of nano-size are difficult due to the phase transition in LFP. Moreover,
the interaction of different surface processes and the experimental handling of
composite electrodes bring further complexities.

In particular only a measurement of the total exchange currents jp and j,
of the cathode and the anode are available in the literature, which appears in
our model as the combinations (10) of the kinetic parameter. However, values
for jp differ by several orders of magnitude. Values for jp in LFP which range
from 1076 A m~2 to 10~* A m~2 are reported [33]. In this study we assume
that the rate limiting process in the cathode is the lithium intercalation, i.e
both lithium adsorption and electron transfer reaction are fast compared to
the intercalation process, i.e.

Jie € Jres Jad == o & i - (18)
For the numerical investigations we choose the value
b~ g = 0154, . (19)

According to (11) the kinetic coefficient ky; for the lithium intercalation is

k= TP = 107828 (20)

eo m2s
The exchange current j, describes lithium ion adsorption and lithium de-

position at the anode. Assuming that the surface area of the anode Ajg is large
enough, precisely

Apjp < Apeja » (21)

the adsorption process at the lithium metal electrode has no significant impact
on the battery voltage.

According to these assumptions the voltage-current relation (9) for the
deterministic model simplifies to

Np

) Al i i i
=0 = 37 e (') — i) + e EEE T (22)
i=1

Structural parameters. There are two geometric parameters encoding the spe-
cific structure of the LFP electrode, viz.

Ve the individual volumes of the LFP particles,

AL the individual active surface area of the LEP particles.

The particle volumes can be determine by an analysis of the electrode com-
position. Fig. 3 depicts a typical particle size distribution from a commercial
LFP electrode with spherical particles where the particle volumes can be read
off. The particle size distribution defines the probability to find a particle with
specific size within the electrode.
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Fig. 3 Typical particle size distribution of a commercial LFP electrode from [41].

The active surface area, more precisely the area where lithium can inter-
calate into the iron phosphate lattice, cannot be read off from an analysis of
the electrode geometry. Coating of the particles as well as the formation of
unwanted depositions at particle electrolyte interfaces could be responsible for
a decrease of the active surface area. Thus the active surface area might be
smaller than the full particle area. Unless otherwise specified, we assume in the
simulations that the full particle surface area is the active area and that the
particles are spherical, so that the surface areas and the volumes are functions
of the particle radii.

4 Various many-particle models in the literature
4.1 The Fokker-Planck setting

It is possible to associate the system of SDEs to a family of Fokker-Planck
equations, which give an equivalent description of the SDE system in the limit
of large number of particles.

To understand the link between SDEs and Fokker-Planck equations, we
start by recalling the following well-known fact: given a drift b, a number o
and a Wiener process W, if a real-valued stochastic process Y satisfies the
SDE

Y(t)=Y(to) + /t b(s, Y (s))ds + (W (t) — W(to)), (23)

to

then, for every ¢t > 0, the probability law of ¥ admits a density p(t,-) which
satisfies the Fokker-Planck equation

0.2
0ep(t,y) = =0, (b(t, y)p(t, x)) + - Op(t,y) - (24)

Now we consider the stochastic model (12) for the many particle electrode
in case of single size particles. Note that in this case equation (7) for the surface



14 Clemens Guhlke et al.

chemical potential simplifies to

Np

k’Bqu 1 ;
=4 — (Y .

TmLi dt—"_Npi:Zl'uL( )

s Li(t) =

where 7 = 7° is independent of i. Here we will ignore both the Z term in
(12) and the boundary conditions Y* € (0,1). We suppose for a moment
that the chemical potential ps1; does not depend on the particle number
Np nor on the specific realization of the noise. Then all particles would be
identically distributed, i.e. they have the same probability law, and would
behave independently. Then, by the law of large numbers, the system of SDEs
(12) with (6) would converge, in a suitable sense, to the single Fokker-Planck
equation, viz.

1 my, 2 2
ty) = - i(y) — s i (8))p(t, —2p(t,y) , 2
dp(t,y) rkBTay((“L (v) = ps,1s()p(t,9)) + —p(t,y) (25)
where ps 1, is given by
ksT dg /OC
s Li(t) = — ; ty)dy . 2
s Li(t) T dt _muL(y)p( y) dy (26)

The main point here for the SDE system (12), and more general for mean field
SDEs, is that this convergence remains true, even if the particle are interacting
(and so s 1i is not fixed). This is a classical result, see e.g. [44] for the precise
statement. Therefore, in the case of single size particles, this Fokker-Planck
equation corresponds to our model in the limit of large number of particles.

The Fokker-Planck equation (25) is identical to the Fokker-Planck equa-
tion in [14] for a LFP many particle electrode. In [14] a statistical approach
is used to derive the Fokker-Planck equation. Existence and uniqueness of the
Fokker-Planck equation in the bounded domain (0, 1) is proved in [19]. A de-
tailed discussion of the different time regimes of the Fokker-Planck equation
can be found in [29,30]. It is shown in [14] that the Fokker-Planck equation (25)
is capable to predict and explain the voltage-capacity diagram and the phase
transition within the many particle system. But the Fokker-Planck equation
and the model approach of [14] has two import drawbacks: Firstly the Fokker-
Planck equation is difficult to extend to systems with different particle sizes
and to include phenomena like lithium transport in the LFP particles or elec-
trolyte. Secondly a precise physical interpretation of the parameter 7 and v
is missing. Both drawbacks are fully removed by the approach of this paper.
In particular, in [14] a Lagrange multiplier A was introduced to satisfy the
constraint (6) which reads in the Fokker-Planck setting for identical particle
sizes

q(t) = /_DO yp(t,y)dy . (27)

The derivation of the SDE system yields that the Lagrange multiplier is the
surface chemical potential of lithium, i.e. A = p, ;. Moreover, in [14] the
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coefficient 7 was interpreted as the relaxation time of the many particle system,
however, dependence on the particle size was missing in [14]. Here we can show
that 7 is related to the intercalation process of lithium into the iron phosphate
lattice and how 7 is related to the particle size.

In the case of different size particles, the particles are no more identically
distributed, since small particles behave differently from large ones. However,
the convergence result remains true, provided we replace the single Fokker-
Planck equation (25) by a family of Fokker-Planck equations, parametrized by
the radii R of the particles and coupled via the potential z5 1, namely

— 1 muyi Z/(R)2 )
Oty ) = oy 0 (nay) = poni)plt . 1)) + s Oyl y, B)
(28)
where now p, 1 is given by
Vot + [ [ nwi(y) Z{f;’; p(t,y, R) dydR
HaLi = V(R) ; (29)

V(R) is the volume of the particle of radius R, and 7(R) and v(R) are suitable
functions of the radius. This convergence statement can be shown for example
by a randomization procedure, see [24] for a completely analogous proof in the
context of Navier-Stokes equations.

The convergence statement for large particle number suggests the stability
of simulations (for high enough particle numbers). In practice, we observed
stability of simulations for Np higher than 103, therefore the numerical results
obtained for Np > 10% are valid even for higher numbers, in particular for the
true number of particles in a LFP electrode (about 10'7 particles, not feasible
to numerical treatment). Simulations for the SDE system with Np = 1000 are
fast and easier to implement than for the Fokker-Planck equations, especially
in the different size case.

In an upcoming paper we prove rigorously this convergence of the SDE
system in presence of boundary conditions [12]. Note indeed that the 3’ in
(12), being mole fractions, have to live in [0, 1] and therefore suitable reflection
conditions have to be imposed in (12) when the y* reach the boundary points
0or 1.

4.2 Many-particle model for LFP electrodes

In the literature one finds a further remarkable paper dealing with a many-
particle models similar to our semi-stochastic model.

The aims of [22] by M. Farkhondeh et al. are the same as in the current
study. Farkhondeh et al. propose a dynamical model to describe phase tran-
sitions with hysteresis during the charging process of LFP electrodes. Their
model consists of the same ingredients of our semi-stochastic model. In our
words, Farkhondeh et al. use the same non-monotone chemical potential for
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LFP particles as here. They propose a system of relaxation equations for the
lithium concentrations of the LFP particles and they impose the constraint
that the total electric current of the cell is a weighted sum of the time deriva-
tives of the lithium concentrations, equations (1)-(4) from [22]. The main dif-
ference of [22] to our treatment is that Farkhondeh et al. do not recognize
that their system of evolution equations (2) and (3) relies on balance equa-
tions for the lithium masses of the LFP particles. Thus they must add in the
model equations a quite non-physical assumption stating the dependence of
the relaxation times on the particle index, equation (5) from [22]. Recall that
the balance character of our relation system implies an explicit dependence of
the kinetic parameter 7% of a LFP particle on its volume and effective surface
area.

4.3 Many-particle models in the context of atomic chains

Many-particle model are not only limited to the case of many-particle elec-
trodes. Finally we want to mention an interesting paper in the context of
atomic chains that uses a third source of stochastic fluctuations.

In [37] A. Mielke and L. Truskinovski study plastic phenomena with phase
transition and hysteresis by means of a many-particle model. To this end
they consider an atomic chain whose particles interact by bi-stable springs
and viscous dashpots. Ignoring the accelerations of the particles, the evolu-
tion equations for the mechanical strains have the same form of our evolution
system for the stored lithium masses within the LFP particles in our deter-
ministic model. Further correspondences are mechanical stress <> cell voltage,
time derivative of the total strain <> electric current in the electrode model,
and elastic part of the particle forces <> non-monotone chemical potentials
of the LFP particles. The two phenomenological parameters of our evolution
system also appears in [37], but in contrast to our treatment the parameters
are assumed to be independent of the particular particle of the atomic chain.
Obviously Mielke and Truskinovski also observed that such a model is not
capable to describe phase transitions with hysteresis. In order to embody that
phenomenon they introduce a distribution of reference forces over the particles
of the chain which would correspond to a distribution of the reference values of
the chemical potentials in our many particle model for the electrode. However,
it is known that the reference value of the chemical potentials is the same for
all LFP particles. Thus from a physical point of view we find it more natu-
ral to introduce a distribution of different relaxation parameter which would
correspond to a distribution of viscosities in [37].

5 Behavior of the many-particle model
In this section we show some selected results of numerical simulations of the

LFP electrode model. We study the influence of (i) charging time, (ii) stochas-
tic noise, (iil) particle size distribution and (iv) active surface areas on the
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Fig. 4 Symmetric voltage hysteresis of a charge-discharge processe for a 1C charging rate.

dynamics of the SDE system. Here we distinguish between the influence on
the microscopic behavior of the system, i.e. the behavior of individual storage
particles, and on the macroscopic behavior, i.e. the battery voltage U.

For the simulations we assume spherical particles and we denote the par-
ticle radius of particle P? with R'. We use a particle size distribution of a
commercial LFP electrode which serves as reference distribution [41], Figure
3. Further distributions are generated by stretching and shifting of the refer-
ence distribution. To compare a particle size distribution and a particle system
with identical particles, we keep the same number of particles and we choose
the size of the identical particles in such a way that the total particle volumes
of both systems are equal.

An analysis of the SDE system shows that a solution (thargc)i:l’m, N of
a charging process with gcharge can be used to define a solution of discharge

discharge

process by (}/z )i:l,...,N and (discharge — 1- Gcharge due to the Sym-
metric chemical potential (5). Therefore a simulation of charge and discharge
processes with the same charging rate is symmetric. In Figure 4 a symmetric
voltage hysteresis for a 1C charging process is shown. Due to this symmetry we
only consider discharge curves to illustrate the behavior of the many-particle
model.

The following simulations are done with approximately 5000 particles. This
value provides feasible and stable simulations, see the end of Section 4.1. We
replace the surface chemical potential p,1,; in the SDE system (12) by the
relation (7) and we obtain an SDE system for the mole fractions Y;. All sim-
ulations have been implemented in MATLAB and performed with an explicit
Euler scheme with fixed time step size. The simulations are stopped when one
concentration Y? reaches 0 or 1 as consequence of noise or numerical error.

Impact of the particle size distribution. At first we study the differences be-
tween single size and different size cases on the macroscopic behavior of the
many-particle electrode model, for different charging rates and in precence of
stochastic fluctuations.

To allow a better comparison of the simulations with different charging
rates, we ignore the linear shift in the representation for the battery voltage
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(9). Then the voltage of the battery is defined by the (dimensionless) mean
chemical potential (py;),

(i) (t) = 757 B (Y (1) — i) (30)

In Figure 5 the mean chemical potential (u1;) against the state of charge ¢ is
plotted. In the case of single size particles the simulations show strong oscilla-
tions and a non-monotone behavior in the (pr;)-¢ plot. Only for the extreme
slow charging rate C/20000 the simulation with the single size particles shows
the typical horizontal voltage plateau of LEP electrodes. On the other hand all
simulations with the particle size distribution of Figure 3 exhibit flat plateaus
and show bare oscillations.

From this observation we conclude that the many-particle model with single
size particles is only capable to predict experimental observed voltage plateaus
for very slow charging rates. On the contrary the many-particle model with
particle size distribution predicts the voltage plateaus in all charging regimes.
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Fig. 5 Comparison of simulations with particles of the same size and size distribution. Mean
chemical potential (1) over state of charge ¢ for single size particles (green) and particle size
distribution (blue). The gray curve indicates the chemical potential pp; — ,ufﬁf. Charging
rate: a) C/20000, b) C/500, ¢) C/100, d) C/25.

Impact of stochastic fluctuations. Next we study the impact of the stochastic
fluctuations on the macroscopic behavior of the many-particle model.
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Fig. 6 Impact of the stochastic fluctuations on the mean chemical potential (ur;). Left:
Single size particles without (dashed) and with stochastic fluctuations (solid), Right: Particle
size distribution without (dashed) and with stochastic (solid). Charging rate C/500. The
gray curve indicates the chemical potential pur; — uieif.

Figure 6 shows the simulations with and without stochastic fluctuation for
both electrodes with single size particles and particle size distributions for the
charging rate C/500.

We observe for the simulation with single size particles and without fluc-
tuation that the horizontal voltage plateau vanishes and the mean chemical
potential follows the non-monotone curve of the chemical potential of a single
particle. Conversely, the simulation with particle size distribution shows nearly
no observable influence of the stochastic fluctuations on the mean chemical po-
tential, i.e. on the battery voltage.

We conclude that the model with single size particles and without stochas-
tic fluctuations is not capable to predict the horizontal voltage plateaus even
in a slow charging regime. In the case with particle size distribution the the
stochastic fluctuations have a minor impact on the battery voltage and the
horizontal voltage plateau is preserved.

Phase separation. To illustrate the phase separation within the electrode dur-
ing a discharging electrode, we consider snapshots of the lithium distribution
within the electrode for half-discharged electrodes, i.e. ¢ = 0.5.

We start with simulations in the slow charging regime of C/500 with
stochastic fluctuations. Figure 7 shows the corresponding snapshots of the par-
ticle mole fractions at ¢ = 0.5. Here the simulations with single size particles
and particle size distribution as well exhibit a pronounced phase separation.
Almost all particles are either in the lithium rich phase or in the lithium poor
phase.

The simulation with particle size distribution further shows that small
particles undergo the phase transition first while larger particles exhibit the
phase transition later. However, Figure 7o likewise shows that the phase
transition do not exclusively depend on the particle size.There exist a broad
region where small and large particles coexist in the same phase. Furthermore
the simulation shows that several large particles remain in an intermediate
phase even for a macroscopic time period, i.e. these particles are neither in the
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Fig. 7 Impact of the particle size distribution on the phase separation at charging rate 1/500
C. Particles are ordered by size. Simulations with stochastic fluctuation. Mole fraction y of
the individual storage particles at the state ¢ = 0.5. Left: single size particles, Right: particle
size distribution.

lithium rich nor in the lithium poor phase. These findings are in agreement
with experiments on LFP electrodes [34,33,8].

In the charging regime C/500 with single size particles, but without stochas-
tic fluctuations, the behavior drastically changes. All particles behave identi-
cally and no phase separation is observable anymore, Figure 8¢ . This explains
the behavior observed in Figure 5 where the mean chemical potential follows
the non-monotone curve of the chemical potential of a single particle.

Conversely, for the many particle model with particle size distribution, but
without surface fluctuations, a two-phase system is established. Due to the
missing stochastic fluctuations the set in of the phase transition is ordered by
the particle size, as it is depicted in Figure 8;igns.
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Fig. 8 Impact of the particle size distribution on the phase separation at charging rate 1/500
C. Particles ordered by size. Simulations without stochastic fluctuations. Mole fractions y
of the individual storage particles at the state ¢ = 0.5. Left: single size particles, Right:
particle size distribution.

We consider now the fast charging regime 1C. In the single size case there
is, even under the influence of surface fluctuations, no phase separation in the
particle system and all particle behave identically as it is depicted for ¢ = 0.5 in
Figure 9e¢. This also explains the behavior of the mean chemical potential in
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Figure (5)q) where the potential follows the non-monotone chemical potential
of a single particle. In case of the particle size distribution only small particles
reach a lithium rich phase at ¢ = 0.5, while the larger particles remain in an
intermediate phase, Figure 9yign¢. As before in the slow charging regime the
order of particles undergoing a phase transition depends on the particle size.
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Fig. 9 Impact of the particle size distribution on the phase separation at charging rate 1
C. Simulations with stochastic fluctuation. Mole fraction y of the individual storage particle
at the state ¢ = 0.5. Left: single size particles, Right: particle size distribution (particles
ordered by size).

To summarize, both the particle size distribution and the stochastic fluc-
tuations have an impact on the microscopic dynamics of the SDE systems,
particularly on the phase separation.

In the case of single size particles only simulations with stochastic fluctu-
ation and for slow charging rates predict a phase separation. In simulations
without fluctuations or for high charging rates all particles behave identically
and a phase separation is missing.

All simulations with particle size distribution show phase separation within
the electrode even in the case without stochastic fluctuations. The simulations
also predict a dependence of the phase transition on the particle size. This
finding is experimentally observed in LFP electrodes where the electric con-
duction is improved by addition of carbon black [34]. Furthermore the sim-
ulations show that larger particles seem to prefer an intermediate state and
this behavior is even stronger pronounced for high charging rates. Likewise
this finding is in agreement with experiments. Chueh et al. show that in LFP
electrodes with small ellipsoidal particles of mean size 230nm two coexisting
phases exist whereas electrodes with large platelet particles of mean size 3um
are homogeneous and they are simultaneously filled [35].

Various particle size distribution. Next we study the effects of different par-
ticle size distributions on the battery voltage. As discussed above the surface
fluctuations have no effect the battery voltage for the particle size distribu-
tion form Figure. 3. Therefore we have been performed all simulations without
stochastic fluctuations. We exclusively consider the fast charging regime 1C.
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We start with the reference particle size distribution from Figure 3. To gen-
erate new size distributions the original distribution ranging from 25nm up
to 400nm is now stretched and shifted, respectively. Figure 10 depicts three
discharging processes with rate 1C for increasingly stretched size distributions.
Both the height of the voltage plateau and the value of ¢ where a sharp drop
of the voltage occurs, decrease for increasingly stretched size distributions, i.e.
the size distribution has a pronounced effect on the rate dependent capacity
of the battery.
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Fig. 10 Impact of stretched size distribution: 25 — 400nm (red), 25 — 1000nm (green),
25 — 1500nm (blue); Left: particle size distributions, Right: corresponding voltage for a
discharge process at rate 1C.

In Figure 11 the reference size distribution is shifted by fixed values. Here
the voltage decreases as the distribution is shifted to bigger sized particles
but the rate dependent capacity remains the same. This is in contrast to real
batteries where a reduction of the rate dependent capacity would be expected.
The origin of this deficiency might be the assumption of fast diffusion within
the LFP particles, which is not satisfied for particle size distribution in the
micrometer range. However, this assumption is necessary in order to handle
homogeneous particles only. Note that these observation is crucial for more
detailed studies on the effects of particle size distributions on the performance
of batteries.

Impact of the active area. A crucial parameter in our model is the active area
AL which is the area of particle P! where lithium can intercalate. In batteries
this active area depends on the ionic and electronic conductivity of the particle
to both electrode and electrolyte. Manufacturing processes as surface coating
may affect the active area [38].

To us it seems reasonable that small particles have a larger ratio of active
area to the full particle surface area as large particles. Figure 1255 shows
three different ratios of active area-particle surface area that are used in the
simulations shown in Figure 12,.. The active areas are calculated by the
interpolation formula AL = 4m(R;)?(5(1 — (R; — Rumin)/(Rmax — Rmin))® +
(1 — z)), where z is the desired ratio of active area-particle surface area of
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Fig. 11 Impact of shifted size distribution: 25 — 400nm (red), 525 — 900nm (green), 1025 —
1400nm (blue); Left: particle size distributions, Right: corresponding voltage for discharge
process with rate 1C.
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Fig. 12 Impact of active surface areas. Left: ratio between active surface area and total
surface area. Right: corresponding voltage for 1C discharge process.

the larges particle and Ry, and Ryax are the radii of the smallest and larges
particle respectively.

The effect of the active area on the battery voltage is shown for a discharge
process with rate 1C. For the simulations the surface fluctuations are not taken
into account. The simulation shows that reducing the active area according to
Figure (12)0¢r reduces the rate dependent capacity.

Impact of the charging rate and fit to the experiments. For the comparison
with experiments we use the data from [41]. The particle size distribution of
the battery studied in [41] corresponds to the reference distribution of Figure 3.
Figure 13 shows a comparison of experimental and simulated voltage-capacity
curves for the charging rates C/25, 1C and 3C. The simulations are performed
without surface fluctuations, since their impact on the voltage is marginal as
discussed above. The active area used for this simulation corresponds to the
green curve in Figure 12q¢.

An increase of the charging rates reduces the rate dependent capacity.
Moreover, the height of the voltage plateau decreases for higher charging rates.
This is in good agreement with the experimental data. Although the many-
particle model is quite simple, with only two constant kinetic parameters,
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we observe good matches between simulations and experiments for slow and
moderate charging rates. Only for the fast charging rate 3C the simulation
shows some deviation from the measurement. This deviation might be due to
diffusion processes within the electrode particles or electrolyte, which are not
taken into account in the many-particle model.

w
Ul

Voltage (V)
w w w
] w »

w
=

Fig. 13 Comparison between simulation and experiment for different charging rates: C/25
(red), 1C (green), 3C (blue). Solid line — simulation, dashed line — experiment. Experimental
data taken from [41]

6 Thermodynamic model of a many-particle electrode and its
coupling to the surrounding

In this section both the SDE system and the cell voltage- current relation will
be derived on a thermodynamic basis. In a first step we describe an electro-
chemical system in a general thermodynamic framework. The model equations
are grouped into two different classes: i) universal equations of balance for
mass, momentum, energy and entropy and Maxwells equations and ii) consti-
tutive equations that describe the special material properties of the system at
hand.

We restrict ourselves to a non-viscous, isothermal, non-polarizable and non-
magnetizable systems where accelerations and the magnetic field can be ig-
nored, i.e. the temperature is assumed to be constant, the quasi-static version
of the momentum balance and the electrostatic approximation of Maxwells
equations are applicable.

Here we present only a brief introduction of the thermodynamic frame-
work, which is absolutely necessary to understand the derivation of the LFP
electrode model. A detailed description of non-equilibrium thermodynamics
and its coupling to electrodynamics can be found in [36,7,3,39,26].
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6.1 General thermodynamic setting

In the general setup we consider an arbitrary domain (2 that is separated by
a surface S into two subdomains 2% so that S = 921 N 92~ In order to
indicate whether a generic quantity u is defined in the bulk domains 2% or
on the surface S we write u* and w,, respectively.

A point on S is equipped with a surface normal v pointing by convention
into the domain 2.

The boundary 05 of S is assumed to be a closed line on S that is charac-
terized by a unit vector e lying tangential to S and normal to 95.

Constituents and basic quantities. Within the domains 2% and on the sur-
face S we have general mixtures consisting of (N* + 1) and (N, + 1) con-
stituents, which are denoted by Ao, A1, ..., Ay+ and Ag, As 1, ..., As, N, . Each
constituent of 2% is also present on S, but here there may be additional con-
stituents that are exclusively present on S, i.e. NT + N~ < N,. The set of
constituents of the bulk domains and of the surface are denoted by M* and
M, respectively. Further we assume that the constituents of the bulk do-
mains are different, i.e. MT N M~ = (). In case of identical chemical species
in both bulk domains, we treat these species as different constituents. This
is reasonable and necessary because a constituent may have different physical
and chemical properties in the domains £2F.

The general thermodynamic setting is the same for both domains 2%,
Thus for a simplified notation we omit the superscripts + and indicate the
corresponding domains only if necessary.

The constituent Ag plays a special role. For example, in an liquid electrolyte
Ap indicates the solvent and in solid electrode Ay represents the constituent
forming the crystal lattice.

In the isothermal and electrostatic setting the thermodynamic state of the
bulk mixture is characterized by the number densities (n4)qcat, the barycen-
tric velocity v and the electric potential ¢. On the surface the thermodynamic
state is given by the surface number densities (75,4 )aemm, , the barycentric sur-
face velocity vs and the surface electric potential 4. These variables may be
functions of time and space.

Each constituent A, of the bulk or surface has the atomic mass m, and
may be carrier of charge z,eq, where z, is the charge number and eq is the
elementary charge.

Among the surface constituents we may have M surface chemical reactions
of the general form

. ‘ RL, . )
apAgo+ - bap Ay —=DbjA o+ by Ay, forie{l M}
s,b

(31)

The constants a’,, b%, are positive integers and 7, = b%, — a’, denote the sto-

[e2inde?

ichiometric coefficients of the reaction i. R, ; and R, denote the forward
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and backward reaction rates, respectively. The net reaction rate is defined as
R

)

Multiplication of the number densities n, by the masses m, gives the
partial mass densities in the bulk and on the surface:

Pa = MaNg and Ps.a = MaNs o - (32)

For the bulk and surface mixture, the mass densities are defined by

N N,
p= Z Pa and Ps = Z Ps,a - (33)
a=0 a=0

Finally, the free charge densities are defined by
N Ns
nf = Z Za€oMa and n¥ = Z ZaCoMs,a - (34)
a=0 a=0

Jumps at the surface. We introduce the boundary values, the jump and the
mean value of a generic bulk function u(t,z) € 2% at S as

+_ - — Lt |
ulg = wegftn%S“ and  [u] =ulg—ulg  and  (u) = 3(ulg +ulg) .
(35)

In case that the function u is not defined in 27 or in 27, the corresponding
value in (35) is set equal to zero.

6.2 Balance of mass and momentum

Customarily non-equilibrium thermodynamics uses the local equations of bal-
ance. However, for the derivation of the SDE system it is convenient to use
the global version of the mass balances, i.e. in terms of integrals. On the other
hand, the momentum balances, Maxwell’s equations and the constitutive equa-
tions are still represented by their local forms.

Bulk mass balance. The determination of the mass densities p, = mqng relies
on the balance equations of mass. The mass of constituent A,, a =0,1,..., N,
changes due to convection, diffusion and chemical reactions,

i/manadmz—/ ja-l/da—i—/radm with  jo = pa(v —w) + J, .
dt Jo 892 2

(36)
The quantities 7, are the mass production densities. Here we do not consider
chemical reactions in the bulk domains, i.e. we have r, = 0. The velocity of the
boundary 9f?2 is denoted by w and J, is the bulk diffusion flux of constituent

A,. To guarantee the total mass conservation the diffusion fluxes satisfy the
side condition [36,7,39]

> Ja=0. (37)
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Surface mass balance. The surface mass density ps.o = Mmans,q, of the surface
constituent A o is determined by surface mass balance equation,

d
— / MaNso da = —/ Js.a-edl — / [Fa - v] da —|—/ Ts.q da. (38)
dt Js 85 s s

The line integral gives the tangential mass flux normal to the line 0 into the
surface S, while the normal flux from the bulk domains across the surface S is
represented by the double bracket. The tangential mass flux density is denoted
by js, and consists of convection and diffusion,

js,a = ps,a(vr,s - wT) + Js,a 5 (39)

where v, ; and w, represent the tangential parts of the surface barycentric
velocity vs and of the surface velocity w of S, respectively. The tangential
diffusion flux of constituent A5, on S is denoted by J; . As in the bulk the
diffusion fluxes must satisfy the side condition

Ns
> Jea=0. (40)
a=0

The third term on the right hand side of (38) represents surface chemical
reactions with surface mass production densities rs . The production densities
are related to the reaction rates by

M
oo = DY amaRL . (41)
=1

Bulk momentum balance. In the quasi-static setting the Cauchy stress o of
the matter is balanced by the electrostatic force —n*V,

—div(e) = —n"'Vp in £2. (42)

Here the force density due to gravitation is ignored. An alternative formulation
of the momentum balance reads, [39,16],

div¥ =0 in 2, (43)
where the newly introduced quantity X is the total stress tensor,

Y =0+¢c0(Ve®@Vp—1|Vep|’1) . (44)

Surface momentum balance. The quasi-static surface momentum balance equa-
tion is represented by, [39,6],
HE ’ V]] = —2kprysV — Vs on S, (45)

where 7, denotes the surface tension and kj; is the mean curvature of the
surface S.



28 Clemens Guhlke et al.

6.3 Maxwells equations and electric current

In the quasi-static regime Maxwells equations are significantly reduced. The
equations for the electric field E can be solved by introducingan electric po-
tential ¢,

E=-Vo. (46)

Without polarization the solely relevant Maxwell equation in the bulk is the
Poisson equation,

div(eoE) = nt . (47)

The quantity g is the dielectric constant. Maxwells equations for the surface
S separating the bulk domains 2% are satisfied by (i) a continuous electric
potential,

vs =¢ls = ¢ls (48)
and (ii) by the jump condition for the electric field

[eoE] -v =nk . (49)
A further crucial equation in electrochemical systems is the electric charge
balance,

d

— ncdm:—/ j¢-vda with j°=n®(v—w)+J°. (50)
dt Jo 1e)

where n® is the electric charge density and J° is the electric current density.
In a non-polarizable and non-magnetizable system charge density and electric
current density are represented by

n® =n" and J¢ = Z Zaf0 J ., (51)

i.e. they are determined by the number densities and the diffusion fluxes of
the constituents. For the surface S the corresponding charge balance reads

d

— nida:—/ jg-edl—/[[je-u]]da with  js =ni(v.s —w;)+ JS .
dt Js a5 5

(52)

In an analogous manner to the bulk the surface electric charge density n
and the surface electric current density J¢ are given in a non-polarizable and
non-magnetizable system by

N
ne =nt and J: = Z 20 o (53)
a=0
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6.4 Constitutive model

The balance equations for mass and momentum have to be supplemented by
constitutive equations for the mass fluxes J,, Js o and for the surface reaction
rates R.. The constitutive equations are restricted by the principle of material
objectivity and the 2°¢ law of thermodynamics consisting of a list of axioms.
In the following most results are derived in [7,3,4,26].

Free energy, chemical potentials and electrochemical potentials. The crucial
quantities of a constitutive model are the free energy functions for bulk and
surface materials. The free energy functions must be given at first. Then all
other constitutive quantities can be represented by the free energy functions
and their derivatives in a thermodynamically consistent manner. For the dif-
ferent mixtures of the current study we use free energy functions of the general
form

/n/} = PdJ(T, Lo, - - - 7PN) and Psd)s = Psdfs(Ts, Ps,05+ - ps,Ns) . (54)

Note that in non-polarizable and non-magnetizable materials, the free energy
functions do not explicitly depend on the electromagnetic fields. The inter-
ested reader might consult [39,17,26] where more details on polarization and
magnetization can be found. In the isothermal setting surface temperature T
and bulk temperature T are constant and equal in each phase. Therefore the
temperature occurs here only as a constant parameter.

The chemical potentials of bulk and surface materials are defined by

_ 9y
0pa

_ 9psibs
s,

He and Ms,o (55)

In addition to the chemical potentials there are electrochemical potentials
which play the central role in the constitutive equations, particularly in the
isothermal case. The electrochemical potentials are defined by

flo = fo + 35200 and  pg = s+ S0, (56)

Ma Ma

Diffusion fluzes for the bulk domains. The N + 1 diffusion fluxes J, must
satisfy the side condition (37) so that only N constitutive equations can be
given. In the isothermal setting the 2nd law of thermodynamics is guaranteed
by the choice [7]

Jo =MV (ué —ps), a=1,--- N. (57)

The mobility coefficients M, > 0 are non-negative material parameters.
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Cauchy stress tensor and pressure. For simplicity, we assume that the viscosity
has a minor impact on the battery performance and can be neglected. Then the
simplest thermodynamically consistent constitutive equation for the Cauchy
stress tensor reads

where p is the material pressure satisfying the Gibbs-Duhem equation

N
P=—p+ Y Patta - (59)
a=0

Diffusion fluzes for the surface S. The equations of surface mass balances (38)
have to be supplemented by constitutive equations for the tangential diffusion
fluxes Js ,, and the normal components of the mass fluxes j,. As in the volume
the surface constitutive relations are related to the surface electrochemical
potentials. We choose the following thermodynamically consistent constitutive
equations for the mass fluxes, [3,26],

Js,a - _Ms,avs(ﬂgﬁa - Ng,o) ) o = ]-7 T 7Ns 9 (603’)
ja ! V‘? = :FMS:‘,:Q((ILLZ - H’S)‘TS‘E - (lui,a - M;O)) y = 1) T 7Ni 3
(60b)
p(v —w)-v[5 = FLy(uGl§ — nio+ f7), (60c)

where M ,, LT and Mfa denote non-negative material parameter, the so
called kinetic coefficients. These constitutive equations embody surface diffu-
sion, (60a), and adsorption from the bulk to the surface S, (60b) and (60c).
The newly introduced quantities f* will be used to model stochastic processes
on the particle surfaces in Section 6.9 .

Note that the surface constitutive equations (60b) and (60c) depend on the
constitutive assumptions that were made for the bulks, [3,26]. For example,
if we were to consider a viscous material so that viscous term occurs in the
constitutive equation for the Cauchy stress (58), then additional viscous terms
would likewise arise in the constitutive equation (60c).

Surface tension. The constitutive equation for the surface tension is similar
to the Gibbs-Duhem equation for the pressure in the bulk,

N
Vs = psws - Z Ps,alls,a - (61)
a=0
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Surface reaction rates. We use a linear relation between the reaction rate and
the corresponding driving force,

Ng
R’; = _RE) Z ’yg,ama:u’g,a . (62)
a=0

The kinetic coefficients R{ > 0 are called exchange rates.

We refer the reader to [4,17,18] where exponential non-linearities of Arrhenius-
type were introduced in the constitutive equations for the surface reaction rates
so that Butler-Volmer type equations come out instead of (62).

6.5 Introduction of stochastic objects in the constitutive model

The constitutive equations for the mass fluxes, reaction rates and stresses have
been chosen so that the entropy production becomes a non-negative bilinear
form which is zero in equilibrium. In this sense the constitutive equations are
compatible with the 2°4 law of thermodynamics.

The introduction of the quantities f* in the total mass fluxes (60c) is
crucial in this work. For this reason we describe here the essential steps for
the derivation of the constitutive relations (60b) and (60c).

Let us consider the entropy production ¢! due to the normal fluxes of
momentum, heat and mass across the interface:

€2 = (07— (= 3 ) — (Top(2f —5))) ' ]
s - a=0

[ @ 3 g =) (- )]

a=0

- :fj o (16, = 16) = (00 — 150)) | - (63)
a=1

A derivation of the entropy production including tangential fluxes and surface
reaction can be found in [3] and in the full case of coupled electro- and thermo-
dynamics in [26]. Here g, denotes the normal heat flux and pn is the entropy
density of the corresponding bulk domains. The entropy density is related to
the free energy by pn = —9py/0T.

The entropy production can be extended by the following observation. The
substitution

+ +, 7
pels = pels + /1 (64)
leaves the surface entropy production invariant. Here f + are arbitrary func-

tions of time and space defined at S that do not depend on the constituent
index a.
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Next we insert the constitutive equations (58) and (59) for the stress tensor
and the pressure, respectively, in (63). Then we choose linear relations for the
normal fluxes and obtain the relations

plo—w) - vf = FLET(RE - 52+ 1), (69)
N 1 1
(QV + (Tpn + Z Paﬂa)(vu - wV))'éE = i(’fsi + (p(vu - wu)f)'?) (ﬁ - ?) s
a=0 S s
(66)
) 1
Jo VIS = FMET (L (e — i) — = (1la — 1S0))

T,
(67)

where we have replaced f by f which is defined as f = (# - %) f. Here we
S s

are only interested in the isothermal case, thus we set T — oo. Furthermore
we assume that f is non-zero in the isothermal case. Thus we have a continuous
temperature across the interface,

T.=TE. (68)

Then we obtain the constitutive equations (60b), (60c).

6.6 Special cases of the constitutive model

The constitutive equations for the mass fluxes can be written in the general
form

F=KD, (69)

where F' represents a mass flux, K > 0 is the corresponding kinetic coefficient
and D denotes the corresponding thermodynamic driving force.

In this section we consider two important regimes where the kinetic coeffi-
cients of the constitutive equations for the mass fluxes assume extreme values,
viz.

— K — 0 slow regime for diffusion and adsorption ,
— K — oo fast regime for diffusion and adsorption.

In the slow regime K — 0 the flux is zero and the driving force is independent
of the flux. In the fast regime K — oo the driving force is zero and the flux
is determined by the balance equations. In particular the fast regime leads to
some implications, which we study now in more details.
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Infinite bulk mobilities. If the bulk mobility is very large, the fast regime M, —
oo is appropriate. For finite diffusion fluxes we must have

V(pg, —ps) =0, a=1,2,.,N. (70)
The equations (70) can be further simplified by the condition

N
Z mana Vg =0 . (71)

a=0

This condition follows from a combination of (i) an identity between the spatial
gradients of chemical potentials, (ii) the Gibbs-Duhem equation, and (iii) the
local form of the quasi-static momentum balance [16].

Inserting (70) into (71) leads to

Vil =0, a=01,...,N. (72)

Thus the electrochemical potentials u¢ are the same in every point of the
mixture.

Infinite surface mobilities. If the surface mobility is very large, the fast regime
M, , — oo is appropriate. In an analogous manner as in the last paragraph
we obtain constant surface electrochemical potentials,

Vssa=0, a=0,1,...,N; . (73)
We conclude that the surface electrochemical potentials g , assume the same

value in every point of a surface S.

Fast adsorption. The rate of an adsorption process, i.e. the transport of bulk
matter to the surface, is determined by the kinetic coefficients LT and M S{Ea.
We talk about fast adsorption of constituent Ag if LT assumes a large value.
In the fast regime LT — oo, we have

pels —pSo+ f5=0. (74)

Insertion into the constitutive equations (60b) of the other constituents then
yields

Jo Vs = FMIL(GIS — pea+17) (75)

If additionally the constituents A, were also fast adsorbed so that the fast
regime M éia — o0 is appropriate, the adsorption relation (75) would implying

PEIS — o+ fE=0. (76)

However the latter case is not considered here.
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6.7 Application of the thermodynamic model to the LFP electrode

In this section we apply the thermodynamic model to the electrochemical cell
presented in Figure 1. To this end several assumptions on both the balance
equations and the kinetic coefficients are involved to simplify the general ther-
modynamic model of the last section. The final result will be the LFP electrode
model introduced in Section 3.

Composition. The electrochemical cell consists of the many-particle cathode,
an electrolyte and a metallic lithium anode as shown in Figure 1 and described
in Section 2. For the modeling we decompose the total domain of the cell into
volume domains and surface domains.

The Np LFP particles occupy the volume domains 2%, i = 1,2, ..., Np. The
volume domains of the metallic substrate of the cathode, the electrolyte and
the anode are denoted by {2, {2 and (2, respectively.

The total domain is bounded by the upper and lower surfaces Sy and St
and by the two electrode surfaces Sy and Sg. A LFP particle P* has a common
interface with the electrolyte, Si, and may have an interface with another
particle P/, which is indicated by S%. Moreover, the particle P* may be in
contact with the metallic substrate of the cathode via the interface S¢. Thus
the total interface of a particle P? is given by S* = Si U St U > S, where
the sum runs over all particle-particle interfaces of particle P?. The interface
between the metallic substrate of the cathode and the electrolyte, and the
interface between the anode and the electrolyte are denoted by Sge and Sjg
respectively.

By convention the normal vector v of the surfaces Si, Scg, Sy always
points into the electrolyte. The normal vector of the surface S& points into the
metal substrate.

Each of the four bulk materials are mixtures with the following constituents:
The metal substrate of the cathode and the lithium anode are binary mixtures
of metal ions and electrons. We have (AlT,e™) in the metal substrate of the
cathode and (Lit,e™) in the anode. A LFP particle is formed by the FePO,
lattice and neutral lithium atoms Li. The constituents of the electrolyte are
the lithium cations, Li™, a solvent S and anions A~. The constituent Ay in-
dicates (i) FePO, in the LFP particles, (ii) the metal ions AlT and Li* in
cathode and anode, respectively, and (iii) the solvent in the electrolyte.

As assumed in the general setting the constituents of the bulk domains
are likewise present on the various interfaces. Moreover, the carbon coating of
the LFP particles is a part of the LFP surface. Therefore we have additional
surface constituents, viz. (i) C* and free electrons e~ on the LFP surfaces.

On the LFP surfaces only one chemical reaction is considered,

Lit +e"=1Li onS". (77)

Model equations for the LEFP particles. The masses of lithium and iron phos-
phate within a particle P* changes due to the normal component of the fluxes
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Jri and jrepo,, respectively. The corresponding mass balances (36) read

d : d '
dat QiPLidm:—/SiJLpuda, ﬁ/mppcpoéldxzf/SiJFCPO(l.Vda'
(78)

The surface S° of particle P? consists of subsurfaces, viz. S* = S¢ USéUZj S
To simplify the mass balances and to specify the lithium flux for the various
subsurfaces of the particles we make the following assumptions:

A1 The phase transition within a single LFP particles is not observable on the
time scale of charging/discharging.

A2 The diffusion of lithium within the LFP particles is fast, i.e. we assume
that the fast diffusion regime applies in £2°.

A3 There is no lithium exchange between the metal cathode substrate and the
particles, i.e. the slow regime for lithium adsorption applies at Sg.

A4 The contact surface between to particles ¢ and j is small compared to the
total particle surface, thus the lithium exchange between to neighboring
particles can be ignored. The slow regime for lithium adsorption applies
on S%,

A5 The surface constituent FePO, is in equilibrium with the bulk constituent
FePO, of the particles, i.e. we assume that the fast adsorption regime for
FePO, adsorption applies on the LFP particle surface S°.

Due to Assumptions Al and A2 we can apply the reasoning leading to equation
(72) of Section 6.6. The chemical potentials within the LFP particles (72) are
constant in space, thus

Vur =0 and Vprepo, =0 in . (79)

The chemical potentials ug; and HFePO, only depend on the number densities
of lithium and iron phosphate. We conclude

Vny; =0 and Vngepo, =0 in 0. (80)

Thus Assumptions Al and A2 imply that the particles are homogeneous. Note
that the value of the number densities depends on the particle index, i.e the
number densities assume different values in the particles.

Moreover Assumptions A3 and A4 imply that the normal component of
the lithium fluxes are zero at S and S%. Thus we have

Jrepo, - vda .
i

(81)

mLi%(Vlnii) = — /S7 JLi - vda and mFePO‘l%(VZn%‘ePOAL) = _/

Due to Assumption A4 for FePO, we obtain the adsorption relation

prePO, — thsFePo, T f7 =0 on Sg. (82)
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Then the lithium flux on S{ is given by

Jui Vg = g kuiuns — o+ f7) on Sp  with ky; = M, kel
(83)

Two remarks: i) Li and FePO, have no electric charge, thus in equations
(82) and (83) the electrochemical potentials are equal to the chemical poten-
tials. ii) Up to now only the bulk chemical potentials p, are constant in space,
the surface quantities y5 o and f~ may still variate on the particle surface.

Model equations for surfaces of the LFP particles. Next we apply the surface
mass balance (38) for lithium to the surface S* of particle P*.
For its exploitation we introduce further assumptions:

A6 The tangential transport of the surface constituents Li,LiT,e™, S, A~ is
fast, i.e. we apply the fast regime for surface diffusion.

A7 The surface constituents C* and FePO, move with the particle surfaces,
i.e. the tangential fluxes js c, Js rePo, are zero.

A8 On §* the changes in the masses of all surface constituents are determined
by stationary processes.

A9 The chemical reaction Li* +e~ == Li exclusively occurs on the subsurface
Si.

A common exploitation of Assumptions A6 and A7 and the reasoning from
Section 6.6 imply that the surface electrochemical potentials i , do not de-
pend on the position of the surface S?,

Vsl =0, for « = Li,LiT,e”,C", S, A7, FePO, on Si, S S¥ . (84)

The Assumptions A8 and A9 simplify the surface mass balances for surface
constituents. For a = Li, Li*,e™, S, A~ we obtain

/ Jso-€dl=— / [Jo - v]da+ ma’y&a/ R, da for S =Sg, Sk SY .
as s s

(85)
These equations are used to determine the corresponding tangential fluxes

Js.a- The Assumptions A7 and A8 yield that the surface mass balance for C*
is identically satisfied, and we have for FePO,

/erpO4 vda=0 for S =S¢ Sk SY . (86)
s

Finally due to equation (62) and Assumption A7 the surface reaction rate
reads

Ry = Rg(mLﬁM;Lﬁ + Me— g o~ — MLIKS ;) On S - (87)
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Model equations for the electrolyte. The boundary of the electrolyte domain
QE is given by SE = Zi Sé U SCE U SAE U SU U SL.
We characterize the electrolyte by the following assumptions:

A10 The diffusion of the electrolytic constituents is fast.

A1l The masses of the electrolytic constituents are determined by a stationary
process.

A12 There is no adsorption on the surface Scg of the metallic substrate and on
the upper and lower surfaces Sy and S, respectively. Thus we assume for
the electrolytic constituents the slow adsorption regime at Scg, Sy, St.

A13 On both the particle-electrolyte surface Si and the anode substrate surface
Sie we have fast adsorption of the solvent and the anions.

A14 The quantity f7T is set to zero at the anode surface, i.e. we ignore stochastic
effects on the anode surface.

According to Section 6.6 the fast diffusion regime, Assumption A10, implies
constant electrochemical potentials of the electrolyte species,

Vue, =0  fora=Li" A S in . (88)

In contrast to the LFP particles there are charged constituents in the elec-
trolyte. Thus we cannot replace the electrochemical potentials by the chem-
ical potential. Moreover we cannot conclude that the corresponding number
densities are constant.

Assumptions A1l and A12 simplify the bulk mass balance in the electrolyte
to

Np
0=Z/ ja-uda—i—/ jo-vda a=Li" A8, (89)
=175 Sz
Finally due to Assumption A13 the anions and the solvent must satisfy
e, — o+ =0 fora=A,S on Si S . (90)

Then the adsorption fluxes of lithium are represented by

JLi+ ~1/|+% = _ME,LH (Wi — /‘i,Lﬁ + 1) on S , (91)
Jri+ ‘V|§AE = *M:,ELH— (g — ﬂi,Lﬁ-) on Sy . (92)

Note that we may have different kinetic coefficients M, 1;+ on St and Syg. This
is indicated by the superscripts. The representation (92) relies on Assumption
Al4.

Model equations for the electrolyte-anode interface. Both the electrolyte and
the metal lithium anode contain lithium ions with the same electric charge
number. Nevertheless lithium ions in the liquid electrolyte and the solid lithium
anode are treated as different constituents in this model because lattice ions
have different electrochemical properties as solute ions. At the interface Syg the
different lithium ions are indicated by the subscripts E and A. The electrolytic
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lithium ions LigF can freely move on Syg whereas the metallic lithium ions of
the anode Li are fixed in the crystal lattice of the lithium metal. In this
context on the anode surface Sy we have the surface reaction

Lif = Lij  on S . (93)

The surface Syg is characterized by the assumptions

A15 The tangential surface transport of all surface constituents is fast, i.e. the
fast regime for surface diffusion is assumed.

A16 On Syg the masses of all surface constituents are determined by a stationary
processes, and there is no tangential mass flux over the boundary 0.S.

Assumption A15 implies that the surface electrochemical potentials do not
depend on the surface point,

Vst o =0 for « = Lij ,Lif,e™, A, S on Sj. (94)

Assumption A16 yields for the electrolytic constituents

0:—/ Ju+ -vda —mp+ Rs e da and 0:/ Ja -vda a=A4A,S8,
SAE £ SAE

(95)

Sie

and for the anode constituents
0= / Jui+ - vda+my+ / R ax da and 0= / Jo- -vda . (96)
Sie 4 SiE She

According to (62) the reaction rate R s reads

Rs,AE = -R?)E:TnLiJr (Mi,Li; - Mz,Li:’) on SAE . (97)

Model equations for the metal substrate-electrolyte interface. Here we assume

A17 The tangential transport of all surface constituents on Scg is fast, i.e. we
apply the fast regime for surface diffusion.

This Assumption implies that on Sge the electrochemical potentials are con-
stant in space,

Vepioa=0  fora=Al" e Li", A, S on Sc . (98)
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Model equations for the metals. Both the anode and the substrate of the cath-
ode are metals. We assume

A18 The diffusion of the electrons is fast.
A19 There is global charge neutrality in both metals.
A20 On metal surfaces we have fast adsorption of both electrons and metal ions.

Assumption A18 implies in the bulk domains
Vul =0 a=e ,Lit)Al" in 02,0 . (99)

We conclude from Assumption A19 that the volume integral under the time
derivative of the charge balance (50) vanishes. Thus the charge balance for the
anode reads

0:/ je'uda—i—/ j¢-vda . (100)
Sh She

The charge balance for the metal substrate of the cathode is represented in a
similar manner.

Assumption A20 is now applied to the constitutive equations (60b) and
(60c) for adsorption. For the anode it follows

Ha = He.o a=e ,Li" on Sg, Sy , (101)
and for the metal substrate of the cathode we obtain

Ho = Hs o a=e ,AlT on S%, Se, Sce - (102)

Properties of electrochemical potentials at the contact lines. So far our ther-
modynamic model exclusively treated bulk and surface domains. Additionally
we meet contact lines between the different subsurfaces. However, here we will
not enter a careful thermodynamic treatment of line phenomena, rather we
simply proceed with the Assumption

A21 The electrochemical potentials of electrons, lithium ions and lithium atoms
of the two intersecting surfaces are continuous at the corresponding contact
line.

This assumption can be derived within thermodynamics of lines if one assumes
that the contact line is itself not a carrier of mass, momentum and energy.

The Assumption A21 has far-reaching consequences here: The surface elec-
trochemical potentials of electrons, lithium ions and lithium atoms, respec-
tively, assume the same values on the LFP particle surfaces, i.e. they do not
depend on the particle index,

B olsi = 15 o for =e”,LiT,Li on S*. (103)
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Remarks on the momentum balance equation. At first glance the reader may
think that until now the momentum balance has not been used. However,
this is not the case. In particular, the exploitation of the fast diffusion regime
heavily relies on the momentum balance. For example, the momentum balance
is needed to conclude that V(ug, —p§) =0 for o = 1,2, ..., N implies V&, =0
for « =0,1,2,..., N, see [16,17] for more details.

Constitutive theory. Until now explicit constitutive equations for the chemical
potentials and the pressure were not needed. Moreover an inspection of the
model equations reveals that in this study explicit constitutive equations are
exclusively needed for the LFP particles. These will be given now. Recall both
chemical potentials and pressure are derived from a single free energy function.
In [13,14] a free energy function for LFP is introduced, incorporating (i) the
mixing entropy of the distribution of lithium over the interstitial lattices sites
of the iron phosphate lattice and (ii) the mechanical deformation of LFP due to
the intercalation process. The resulting representations of chemical potentials
and the pressure are

i = piH(Tp) + i ( L(1=29) + kpT(In(y) — (1 —y)) ) . (104)

prepo, = 1o, (T,p) + b ( Ty + kpTin(1 - y) ), (105)
p=rp°+ K((UrF%fF)O4nFepo4 + vicifnLi) — 1) , (106)

where we have introduced the lithium mole fraction y = np;/npepo T The ref-
erence chemical potentials p*f are in general function of temperature and pres-
ref
ref are calculated by pi (T, p) = gri(T)+vri (p*'+ K In(PE—+
ref
1)) and MrFifpo4 (T,p) = grero, (T) + vrero, (" + K In(2=E— + 1)). Thus the
temperature dependence is left unspecified and the pressure contribution de-
scribes linear elastic behavior with volume expansion due to intercalation. The

positive constants v{,?ﬁ)% and v}¢ are the specific volumes of iron phosphate

sure. Here the p

and lithium in LFP. Here p™f is a reference pressure and K is the bulk mod-
ulus of LFP. In general the bulk modulus is a function of the lithium content
in LFP. For simplicity this is ignored here and K is assumed to be constant.

Volume expansion and surface momentum balance. The intercalation of lithium
into the iron phosphate lattice is accompanied by a volume expansion. This is
incorporated into the model by the constitutive relation (106). In this study,
however, we want to keep the model as simple as possible and neglect the
volume expansion. We thus assume

A22 The volume expansion due to intercalation of lithium is negligible, i.e. we
set vi¢t = 0.
It is important to note that the pressure in each particle is still different due to
surface tension and mean curvature of the particles. To avoid this complexity a
further model simplification becomes necessary. It concerns the surface balance
of momentum (45). We assume
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A23 The normal component of the total stress X is continuous at the particle
surfaces S°, i.e.

[v-X-v]=0 at S . (107)

This assumption is satisfied if the product of mean curvature and surface stress
is small compared to the total stress.

The outer pressure pg acting on the cell surface, i.e. the pressure on S¢ U
Sy USyUSL, is constant. Under the Assumptions A22 and A23 the momentum
balance equation yields that the pressure within each particles is given by the
outer pressure,

p=Dpo - (108)

This implies that the particle density nrepo, of the iron phosphate lattice of
the particles is determined by the constant specific volume,

NFePO, = (vﬁif];04)_1 for all ¢ . (109)

Moreover we conclude from the mass balance equations (81) and (86) of FePO,
that the volumes of the LFP particles are time independent,

dyi=0 forall i=1,...,Np. (110)
Constant number density of iron phosphate and constant pressure within the

particles imply that the chemical potentials of lithium only change if the
lithium mole fraction y = nr;/nrepo, changes,

pri = pLi(y) - (111)

6.8 Evolution equations for the lithium mole fractions of the LFP electrode
model

The balance equation (81) and the corresponding constitutive equation for the
mass flux (83) form the basis of the LFP electrode model.

Due to the assumptions of the last subsection, the lithium mass flux normal
to the surface S¢ is spatially constant if we assume a spatially constant f~ on
Sg;

du vl = k() — pon+ £27) atsi. (112)

Finally we use (109),(110) and (112) so that the lithium mass balance
equations (83) becomes the central evolution equation of this study: For i =

1,...,Np
dyi 1 mii : P . 1 kLi AZE
= T g () - fT) with - — i e (g3
T kBT(u =iy’ = f77) with — (113)
Taking
. T 2 ... .
f’v—zﬁ( — VW - Z) (114)
M Tt

we find the SDE system (12) that we were looking for.
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6.9 Wiener process

In this section we clarify the meaning of the term W that appears in the
expression (114) for the average of f©~. This is formally the white noise, that
is the time derivative of a Brownian motion W (introduced in Section 3.2).
Now such a derivative is not well-defined: as well-known, the typical paths of
the Brownian motion are continuous but not differentiable. However equation
(12) makes still sense: from a mathematical perspective, (12) does require only
the definition of W, not of its derivative, moreover the SDE theory allows to
control the so-called It6 integrals ( fot XdW for certain stochastic processes X)
even if dW is not defined.

From a physical perspective, one should think of f~ not as the (scaled)
white noise but as a suitable approximation of it (that is, one should replace
W' by the time derivative of a smooth approximation of the Bronwian motion
W?). Possible drawbacks may come from guaranteeing compatibility with other
assumptions: for example, equation (82), for f~** approximation of white noise,
implies that ps repo, should also be a highly oscillating functions assuming
large values. We do not discuss these issues here.

6.10 Charge transport

The charge is transported by the lithium ions from the anode to the cathode,
whereby the electrons have to flow through an electric device. The electric
device is connected to the battery via the surfaces Sy and Sg.

We define the electric current I of the battery by the electric current density
7€ which flows through the outer anode surface S,., viz.

I:/je-uda with o= Y ey (115)
Sa

m
a=e—,Lit &

Using the mass balances (100), (95), (96), (89) and (85) we conclude

e o & o

0 . 0 . 0 .

I= / I+ -vda=— g / Jri+vda = — E / Jui-vda.
myi+ JS mry i+ i1 Si myi =1 S

L
(116)
In a further step we replace the lithium fluxes of the electrolyte side by the
fluxes of stored lithium in the LFP particles. To this end we use equation (81)
and then obtain a relation between the current and the total lithium mole
fraction that we seek for,

d /& Vi dg
I =egn V—( —l) =eon Ve— . 117
0MFePO, VP ; pr 0MFePO, VP 7y (117)

This equation expresses the intuitive relation that the electric current is di-
rectly related to the amount of stored lithium in the ensemble of LFP particles.
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A further important observation is that the relation (117) is exclusively
derived from balance equations. Thus the equation (117) is independent of the
constitutive equations and especially of the materials at hand. Note, we have
assumed that the mass balances at the surfaces, in both metals and electrolyte
are stationary. This implies that the electric charge is exclusively stored in the
LFP particles. In particular without the stationary balance equations for the
LFP particles, a surface contribution would appear in (117).

6.11 Battery voltage

The electric potential difference between the metallic substrate of the cathode
at the surface S and of the anode at S, defines the cell voltage

U= @'Sc - SO|SA . (118)

Herein we use the electrochemical potentials, g, = pa + 2% ¢, for the elec-

trons in the substrate of the cathode and for lithium 10ns in the anode to
obtain

e MyLit e
U= (Me - Me*)'sc + eLT(MLi:' - :U’Li;r)‘SA . (119)
The assumptions of fast diffusion and fast adsorption for the electrons in the

cathode imply that its electrochemical potential uf_ is the same everywhere
in the cathode where electrons exist. In particular we have u¢ _|s, = pé_|s;,

where Sg is an abbreviation for Sg = UiSé. The fast diffusion assumption for
the anode implies that the electrochemical potential of the lithium ions in the
anode is everywhere the same and thus we have u¢ s, = g i |s,-

»yHly Ia

Thus we may write

U_

m i+ >
(/’Le | M;c* ‘SE) + eLio(:uLi;r |SA - 'I”L:,Li;r |SAE) : (120)

In order to generate differences that can be represented by adsorption fluxes
and the reaction rate, respectively, we add some new terms that cancel each
other,

U :% (mLi+MLir ‘SA + Me— He— ‘Sc)
- i(mw#i,m; [ s = ML+ 15 i |54 )

mri+ Mz,LiJr | S — ML+ ML+ |§AE>

Sl= 8=

8|~

o

(mLi+ /Liﬁ |§,E — Myi+ Niﬁ |§E)
(mLi+ Miﬁ |§E — M+ M;LH |SE)
(

L

P mLi+M§ i+ lse + Me— [l o lse — mLi/~L§ Li|SE)

i

- mL‘ZA H’s JLi T luLl - 60 (121)
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Next we use the relations (97),(92),(88),(91),(87), (83) and (111) to replace in
(121) the chemical potential differences,

U_i(leJﬂu’Ll |Sn+me He— ‘Sc)

LR
egR‘(‘)E s,AE

Mt 1 i d
eq M™E + Age Juit - vaa
s,Li ShE

Ne
MLit Ag mL: E £+
+W E 2 Ui - v)ss + § :AEf sz
=1
1
EORBRS
No s Ne Ne
kT 1 ZES ._mLiEié—._mLiEiE (o)
+ €o kLiZAEJLI V|SE eo Ag |SE eo AEMLl(y
i=1 =1 i=1

(122)

Note that a choice of the function f* has not been made up to now. Therefore
we can use f* = f~ to eliminate f~ in (122). In the next step we replace
the mass fluxes and the reaction rate by the current I. To this end we use the
equations (95), (116) and (85) and obtain

U= (mL1+l’LL1 |SA + Me— fhe— |Sc>
_( 1 1 ( Li+) 1 (mLi+)2

1 + 1 1 + myikpT 1 1 I
egR'éE Ape eSM‘:'fLi_*_ Ape ESME‘LH' Ag egRS Ag eg kr; Ag

mmz " uLl . (123)

Finally we introduce the abbreviations

ref _ 1 ref
v = eo (mLﬁﬂLij sy + Me— pe— |5 — MLipT; ) (124)
and

eok}BTME i+

P € -P s,Li .p E

Jic = my kL Jad = "m0z o Jre = €0kBT Ry ,
eokpTM*™

A AE A s,Lit

Jde = €okBT Ry, Jad = ()2 (125)

Then we obtain a relation that relates the thermodynamic state of the elec-
trochemical cell to the voltage,

_rrref  myy Al iy orvef\ kT 1 (1, 1 , 1\r_ ksT 1 (1
u=0U S a2 (pily') — pish) — k2l o mtmte) - ant

(126)
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7 Discussion and outlook

Noise is thermodynamically consistent introduced in the stochastic many-
particle model. This is a remarkable feature because up to now there was
no possibility to apply non-equilibrium thermodynamics [36,7,39] on a scale
where stochastic fluctuations can be observed. For the first time we found that
stochastic objects exclusively can be introduced within surface thermodynam-
ics but not within non-equilibrium thermodynamics of the bulk. This fact fits
to the observation that stochastic effects are more likely to influence surface
phenomena rather than bulk phenomena. A prominent example concerns nu-
cleation processes.

Due to our assumptions from Section 2, which are fulfilled by high power
batteries, the relevant kinetic phenomena are reduced to pure surface phenom-
ena. For this reason we are able to embody the complex charging-discharging
process of a LFP electrode in a model of remarkable simplicity with few phe-
nomenological parameters. The dynamics of the many-particle electrode is only
controlled by two parameters: the intercalation rate kr; and the strength of
the stochastic fluctuations vy. Consequently the experimental determination
of the two parameters is an easy task.

However, the battery voltage is controlled by further surface phenomena,
viz. surface reaction, adsorption and deposition at the lithium anode. The
careful derivation of the current-voltage relation (9) reveals that these three
phenomena only lead to a shift of the voltage plateau in the voltage-current
diagram if the charging rate changes. The magnitude of the shift is verified
by measurements [41], see Figure 13. Thus the rate dependent capacity of the
battery cannot originate from these surface phenomena. In our many-particle
model, where diffusion is ignored within both particles and electrolyte, the rate
dependent capacity can only originate from the intercalation of lithium into
the iron phosphate lattice which is accompanied by phase transition within
the many-particle ensemble of the electrode.

The many-particle model incorporates two different mechanisms for stochas-
tic effects: (i) particle size distribution and (ii) stochastic fluctuations on the
particle surfaces. From our simulations we conclude that the particle size dis-
tribution is the dominant stochastic effect in the electrode, particularly for the
description of the battery voltage. An impact of the stochastic fluctuations on
the phase transition is only observed in a slow charging regime. All simula-
tions performed with a particle size distribution already show a pronounced
phase separation. Moreover, the model is capable to predict the characteristic
voltage plateaus of LFP electrodes. In the case of single size LFP particles
stochastic fluctuations are necessary to initiate the phase transition but only
in a very low charging regime. For moderate and fast charging regimes the
single size particles behave identical and do not exhibit voltage plateaus.

A further prediction of our many-particle model concerns the ordering of
the phase transition by the particle size: small particles undergo the phase
transition first. However, the size distribution effect on the phase transition is
less pronounced in experiments, [34], compared to the model. Certainly this
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difference between experiments and model might be induced by our assump-
tion of fast charge transport within the electrolyte. If the charge transport is
limited by finite ion mobilities in the electrolyte, the phase transition would
be more affected by the distance of the LFP electrode to the anode than by
the size distribution of the LFP particles at least in thick electrodes.

Comparison with experimental data reveals that our many-particle model
is capable to describe the voltage-capacity characteristic of real LFP batteries
for different charging rates. Particularly the open-circuit potentials of the cell
is predicted by the model.

Common battery models assume an electro-neutral electrolyte, which is not
presumed in our many-particle model. Due to the assumption of fast charge
transport within the electrolyte the electrochemical potentials are spatially
constant. If the geometry of the electrode were known we could use the Pois-
son equation and the constant electrochemical potentials to determine both
the electric potential and the charge distribution within the electrolyte. In
particular, by means of suitable electrolyte models [16,17] the dimension of
the electric double layer within the pore space of the LFP electrode could
be studied. Then one could test if the assumption of electro-neutrality of the
electrolyte in the pore space is appropriate.

The stochastic many-particle model of this study is derived in Section 6
from a more general and even more complex thermodynamic model for many-
particle electrodes. About 23 assumptions on electrochemical processes where
necessary to derive the simple stochastic many-particle model for the LFP
electrode of Section 3. Already the comparison of simulation and experimental
data suggest that processes like diffusion within the electrolyte cannot be
ignored for high charging rates. However, the derivation in Section 6 gives us
a systematic approach to extend the many-particle model in a consistent way
to incorporate more phenomena like diffusion or heat transport.

The stochastic model of this paper is not restricted to a LFP electrode
against a metallic lithium anode. For example, it is possible to replace the
lithium anode with a graphite anode, Li Cg, or lithium titanium oxide anode,
Li,Ti; O, that is likewise to be represented by a many-particle model. In this
setting simulations of commercial cells with the many-particle model become
possible.
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List of symbols many particle model

U [V] - reference potential
kr;  [kg/m2s] - lithium intercalation rate
j»  [A/m?] - exchange current
Vo [m%] - stochastic strength
L [J] - heat of solution
A' [m?] - particle surface area
AL [m?] - active surface area
Vi [m? - particle volume
V% [m3] - total volume
Ag  [m?] - total active area
Yy, Yt - lithium mole fraction
T - relaxation time
v - stochastic strength
List of symbols
ks [J/K] - Boltzmann constant
eo [C] - elementary charge
eo [C/(Vm)] - electric constant
Za - charge number
mea kgl - molecular mass
i, ’ygya - stoichiometric coef. bulk and surface reactions
v - normal vector
ka o [1/m] - mean curvature
TTs [K] - bulk and surface temperature
Ne [m~3] - bulk number density
Ns,a (M2 - surface number density
pa [kg/m3] - bulk mass density
ps,a  |kg/m? - surface number density
v, vs [m/s] - bulk and surface barycentric velocity
w  [m/s] - surface velocity
E [V/m] - electric field
p,es  [V] - bulk and surface electrostatic potential
nf  [C/m?) - charge density
nf  [C/m?] - surface charge density
pb [J/m3] - free energy density
pss  [J/m?] - surface free energy density
oy ps,e [J/kg] - bulk and surface chemical potential
o [N/m?] - Cauchy stress tensor
¥  [N/m?] - total stress tensor
p [N/m?] - material pressure
vs  [N/m] - surface tension
Jo  [kg/sm?] - mass flux density
Js,a  [kg/sm? - surface mass flux density
Jo  [kg/sm? - total mass flux density
Js,a  [kg/sm] - surface mass flux density
Js,a  |kg/sm] - total surface mass flux density
R?  [1/sm?] - bulk reaction rate density
RY  [1/sm?] - surface reaction rate density
ri [kg/sm?] - bulk mass production density
ri  [kg/sm?] - surface mass production density
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