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ABSTRACT

A micro-macroscopic coupled model, aimed at incorporating solid state physics of
electrode materials and interface morphology and chemistry, has been developed for
advanced batteries and fuel cells. Electrochemical cells considered consist of three phases: a
solid matrix (electrode material or separator), an electrolyte (liquid or solid), and a gas
phase. Macroscopic conservation equations are derived separately for each phase using the
volume averaging technique, and are shown to contain interfacial terms which allow for the
incorporation of microscopic physical phenomena such as solid state diffusion and ohmic
drop as well as interfacial phenomena such as phase transformation, precipitation, and
passivation. Constitutive relations for these interfacial terms are developed and linked to the
macroscopic conservation equations for species and charge transfer. A number of non-
equilibrium effects encountered in high energy density and high power density power
sources are assessed. Finally, conditions for interfacial chemical and electrical equilibrium
are explored and their practical implications are discussed. Simplifications of the present
model to previous macro-homogeneous models are examined. In a companion paper,
illustrative calculations for nickel-cadmium and nickel-metal hydride batteries are carried
out. The micro-macroscopic model can be used to explore material and interfacial properties
for desired cell performance.



Introduction

Electrochemical power sources such as lead-acid, nickel-cadmium (Ni-Cd), nickel-metal
hydride (Ni-MH), and lithium batteries, as well as various fuel cells, are widely used in
consumer applications and electric vehicles. These and future applications place an ever-
increasing demand for developing more advanced power sources with higher energy
density, higher power density, and longer cycle life. Mathematical modeling is
indispensable in this development process because a cell model, once validated
experimentally, can be used to identify cell-limiting mechanisms and forecast cell
performance for design, scale-up, and optimization. Modeling and simulation of battery
and fuel cell systems has been a rapidly expanding field, thanks in part to the advent of
high-performance computers and advanced numerical algodt@msiprehensive models
are frequently employed to study such battery cells as lead-acidtkel-cadmiun$®
nickel-metal hydridé0 and lithium-ion!l single electrodes such as metal hydrife$3
and fuel cells such as molten-carboA4té> and proton-exchange-membrafel’
systems. The objective of the present work is to develop a new modeling framework to
rigorously and systematically integrate microscopic and interfacial phenomena into a
macroscopic battery or fuel-cell electrode model.

The majority of advanced battery and fuel cell systems employ porous electrodes because
they provide large surface areas and a close proximity of the pore electrolyte or gas (in fuel
cells) to the electrode material to facilitate electrochemical readtidnsorous electrode
cell consists of three phases: a solid matrix, an electrolyte, and a gas phase, with complex
interfacial structures. In order to accurately capture the dynamic cell behavior, it is
important not only to consider species and charge transfer across the cell, but also account
for a variety of microscopic phenomena occurring inside the active material as well as on
the electrolyte/electrode interface. These microscopic and interfacial phenomena largely
control the rate of electrochemical reactions and hence battery performance and lifetime,
particularly in high energy density and high power density situations. For instance, in
nickel-metal hydride batteries, proton diffusion in the active material of nickel electrodes
and hydrogen diffusion in metal hydride particles are found to be the primary factors
limiting battery performance and active material utilizafio¥: 18, 19

For lead-acid batteries under extremely high current and short pulse discharge, LaFollette
and BennioR0 found that the acid concentration at the electrode/electrolyte interface
significantly deviates from that within the pore electrolyte, and interface passivation occurs
as a result of PbScrystal nucleation and growth. These and other non-equilibrium
phenomena occurring at the micro-scale can have strong implications for the cell discharge
and charge curves in high power and short pulse applicafiot?s.

It is usually impossible to solve the exact equations on a microscopic scale due to the
complex interface morphology. Instead, macroscopic cell models are derived by averaging
the microscopic (exact) equations over a representative elementary volume that contains all
phases. This volume is much smaller than the cell size but large compared to the pore size
of the electrode. Phase interaction terms appear in the resulting macroscopic equations that
physically represent the effects of the morphology and chemistry of an interface as well as
microscopic transport phenomena on both sides of the interface. Unfortunately, in the
current literature these phase interaction terms have been either ignored or simplified using
equilibrium assumptions to obtain macro-homogeneous b&terg fuel cel®> models. In



other words, the interfacial quantities, that are important for determining the electrochemical

reaction rates, such as species concentrations and electrical potentials at the
electrode/electrolyte interface, were not distinguished from their phase-averaged

counterparts and, thus the non-equilibrium effects on the cell performance can not be
assessed.

Most recently, efforts have been made to modify macro-homogeneous models in order to
accommodate non-equilibrium effects occurring at the electrode/electrolyte interface and
solid state diffusion in active materials of intercalative electrodes. Notably, LaFollette and
Bennior?0 integrated twaad hocsubmodels for the acid concentration variation within
electrode pores and interface passivation due to RIp8&ipitation, in order to predict
experimental discharge of a lead-acid cell at high rates and short pulses. Fulfer et al.
introduced a microscopic diffusion equation to describe the insertion of lithium ions into the
cathode material. An analytical solution to this equation obtained by the method of
superposition was then incorporated into a macro-homogeneous model to predict
lithium/polymer cell behavior. Similarly, Bouteand De Vidts and Whifeaccounted for
microscopic diffusion and ohmic drop occurring inside the active material of a nickel
electrode, but using a pseudo two-dimensional numerical approach. In this approach, a
pseudo dimension is defined inside the layer of active material from the nickel substrate to
the interface with the electrolyte. Differential equations were then solved numerically in the
physical dimensions as well as along this added 'microscopic' dimension. Thus, the
pseudo two-dimensional approach suffered from excessive computational burdens. Similar
approaches have been applied to simulate single metal hydride ele€rbtmsd a Ni-

MH cell.10

The present work builds upon previous work by using the volume-averaging technique
for the derivation of cell modebs,15. 23, 31and places new emphasis on a detailed
description of the phase interaction terms under interfacial non-equilibrium conditions.
Such a micro-macroscopic coupled model is expected to better capture the dynamic
behavior of high energy density and high power density electrochemical power sources. In
a companion paper, some capabilities of the micro-macroscopic model will be demonstrated
through applications to Ni-Cd and Ni-MH cells.

A Micro-Macroscopic Model

Consider an electrochemical cell composed of a positive electrode, a negative electrode,
and a separator in between acting as an electronic insulator, as schematically illustrated in
Fig. 1. All three components are porous and wholly or partially filled with an electrolyte
(either liquid or solid). The electrolyte is an electronic insulator, but a good conductor of
the ionic species inside the cell. In many situations, a gas phase is also present in the cell,
e.g., in valve-regulated lead-acid (VRLA) batteries as well as in Ni-Cd and Ni-MH
batteries during overcharge or overdischarge. Therefore, the electrochemical cell under
consideration consists of three phases: solid electrode mg{reddctrolyte €), and gas
(9). During discharge or charge, electrochemical reactions occur at the electrode/electrolyte
interface (i.e., the-einterface) according to the following general formula
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where the summation is over all species involved in reactiopig &general symbol for

the chemical formula of a species participating in the electrochemical reaction, z and s are
the charge number and the stoichiometric coefficient of the species, and n is the number of
electrons transferred in reaction j. The values,af,sand pcan readily be determined by
comparing a specific electrode reaction to this general form.

Multiple electrochemical reactions are considered in the present work. This feature is
important for the modeling of battery overcharge or overdischarge where side reactions
such as oxygen evolution and recombination can occur along with the main electrode
reactions. The production rate of a species due to electrochemical reactions occurring at the
electrode/electrolyte interface is given by Faraday's law

fse= - jz(ﬁ} inj) 2]

. : iF jF
Inj = |oj%ﬂ’%rlj@' ew%ﬁ%m@ [3]

where jjisthe transfer current density of reaction j, F Faraday's constant, R the universal
gas constant, and T the cell temperature. Equation 3, commonly known as the Butler-
Volmer equation, describes a large class of electrode reactions.

The exchange current density for reactionyj,depends strongly on the compositions
and temperature of the electrolyte adjacent to the electrode/electrolyte interface. The anodic
and cathodic transfer coefficientsy andaj, are usually determined from experimental
measurements. The surface overpotential for reactipnis, defined as

Nj=®s- Q- Uj [4]
where@sand@e are the potentials of solid electrode and electrolyte, respectively, at the
electrode/electrolyte interface. The last term in Eq.j4jdthe open-circuit potential of
reaction j which is, in turn, a function of the reactant and product concentrations at the
interface as generally expressed by the Nernst equation with respect to a specified reference
electrode. Note that the interfacial overpotentigl, represents the driving force for
electrochemical reaction j. Also, all variables in the Butler-Volmer equation, Eq. 3, are
evaluated at the electrode/electrolyte interface. In high energy density cells or under high
power operating conditions, the interfacial values may significantly depart from their bulk
counterparts within the electrode pores, giving rise to local non-equilibrium effects.
Incorporating such interfacial effects constitutes a major objective of the present work.

In the present work, it is assumed that a battery cell is isothermal so that thermal effects
are not considered. The electrolyte (in either liquid or solid state) is considered as a
concentrated binary electrolyte; namely, it is dissociated into a cation and an anion. Hence,
the theory for concentrated binary electrolytes is empldy&d.begin with, a set of
microscopic conservation equations is summarized below.

with

Microscopic conservation equatiorsin multiphase electrochemical systems such as
porous electrodes, electrochemical processes are generally governed by the principles of
conservation of mass, momentum, species, and charge in each phase. These field equations
are further coupled through interfacial balance conditions. In most porous electrodes, fluid
motion is absent or can be neglected and, thus, the principles of mass and momentum
conservation can be eliminated from model considerations. However, in the following



model development, we include these balance laws in order for the model to be applicable
to general electrochemical systems, including flow-through electbolefiel cells?>

» Conservation of Mass and Momentum
The fluid motion in phask is determined by the mass and momentum balances, which can
be expressed by

0

A+ M(pvi) = 0 5]
and

0

at (Pkvk) + M(pkvkvk) = - Opk + 0@ K + Bk [6]

respectively. Here subscrifgtstands for phasle andt and B are the stress tensor and
body force vector, respectively. Other symbols are defined in the List of Symbols, and
explanations of the continuity and momentum equations are available in fluid mechanics
textbooks.

» Conservation of Species

Mass balagce of a species in phagegiven by
Ck

ot -~ [Nk [7]
with the jump species balance condition at the interface between presd® given by
Slattery

(Nk- ckwi)'nk + (Nm- CmWm)-Nm = - Tkm 8]
where ¢ and Mre the molar concentration and flux of the species, with subkaiph
referring to phask or m; the vectorsv andn denote the interface velocity and the normal
unit vector pointing outward from the phase denoted by the subscriptkxans the
production rate of the species per unit surface area kirthiaterface due to heterogeneous
electrochemical reactions as determined by Eq. 2 and/or phase transformations of non-
electrochemical nature such as evaporation and condensation.

In general, the molar flux of a species in pHasan be written as

Nk = - DkDCk+;*',‘:ik+ CkVk [9]

where [k and f are the diffusion coefficient and transference number of the species in
phasek with respect to a reference velocity, respectively. In this work, the mass-averaged
velocity of phase, vk, is conveniently chosen as the reference velocity because it is a
primary variable in the continuity and momentum equations, i.e., Egs. 5 and 6. Equation 9
indicates that the species transfer in pHaisedue to diffusion, migration, and advection.

In a solid electrolyte the solid velocity is identically zero, leaving the species transfer by
diffusion and migration only. Furthermore, migration of ionic species in solid electrode
materials under an electric field is usually negligible (iseQ)t

« Conservation of Charge
Electrochemical reactions occur at the interface between the active material and the
electrolyte. Therefore, no charge is generated or consumed within each phase, yielding

Migx=0 [10]
with the interface boundary condition

ikNk=- Yinj [11]
J



whereiy is the current density in phake
The transport of charge in the solid active material is by electrons and thus can be
described by Ohm's law
is=-00s [12]

where isand @s are the current density and electric potential in the solid phase,
respectively, and is the solid electronic conductivity. In contrast, the charge transfer in
electrolytes (in both liquid and solid states) is by ions that are moving due to migration and
diffusion; therefore, the electrochemical potential form of Ohm's law which includes the
combined effects of concentration and potential gradients is used for a concentrated binary
electrolyte

ie =-KIP e- Kp(IN CL) i=+or- [13]

wherek is the effective conductivity of the electrolyte, angdis termed as "diffusion
conductivity" to account for the rate of charged particle motion due to diffusion of ionic
species (under the influence of a concentration gradient). Following Newman

Section 12.4), one can show that
RTkOs . O dinf
:V K 1S o SoCeD ni:

Ko F v  zvi NG T din ce
where ngss+, S, S, V+, V-, andv represent the number of electrons transferred, the
stoichiometric coefficients for anion, cation, and solvent, and the numbers of cation, anion,
and moles of ions into which a molecule of electrolyte dissociates in the reaction at the
reference electrode, respectivelyaad ¢ are the molar concentrations of the electrolyte
and solvent in the electrolyte phase, respectively, Wheﬁéame molar concentration of
ion i. Lastly, f is the mean molar activity coefficient of the electrolyte, afndstthe
transference number of cation or anion with respect to the solvent velocity.

[14]

Volume averaging—Macroscopic governing equations can be derived from their
microscopic counterparts using the local volume averaging technique as demonstrated in the
literature on transport in porous media® The same technique has also been widely used
in the modeling of batteriéd 31and fuel celld> Therefore, this section will only briefly
outline the key averaging steps and theorems for completeness.

Let Vo be the volume of a representative elementary volume (REV) containing a solid
phase K=s) (electrode matrix), an electrolyte phaked) (liquid or solid), and a gas phase
(k=g). The solid phase may consist of both a substrate and an active material layer. For any
guantity in phasé&, Wy, the general averaging theorems can be staté #as0
Temporal derivative

Wi 0@ 1
LQWD: o VOJ'Aqukwk-nde [15]
Spatial derivative
1
W (= W [+ VofAkwknde [16]

wherewy is the velocity of the surface bounding ph&say is the normal unit vector
pointing outward from phade and A stands for the total interfacial area of #taphase
adjacent to all other phases,
Ak =3 Akm m#zk [17]
m



The averaging operator ang the intrinsic volume average are defined, respectively, as
WklEv ] XkWkdV 1
= v, X 18]

_1
W, ¥ = kavokakdv [19]

with Xy denoting a phase function, equal to unity in plkeaed zero elsewhere, ang ¢
the volume of phadein V. By definition, these two volume averages are related by

W= ek EIJde [20]
whereg is the volume fraction of phagen the averaging volumeg/

Macroscopic equations-Equations 15 and 16 are the theorems needed to obtain a set of
macroscopic equations by volume-averaging the microscopic governing equations. A
detailed derivation follows with particular focus on the treatment of newly arising phase
interaction terms so that a closed micro-macroscopic model is obtained.

» Equation of Mass Conservation
Applying the averaging procedure to Eqg. 5 and making use of the theorems, Eqgs. 15 and
16, yield?2

ALK 1 m (W) = 5 M m# Kk [21]
m
with
1
Tkm= ), oW vic)niclA [22]

Herel ym represents the phase transformation rate akt-tinenterface from phasm to
phasek. Using the mean value theorem for integrals, this interfacial term can be modeled as
a product of a specific interfacial area and a mean interfacial flux, namely

['km= a&mPkWnkm [23]

where ani=Akn{Vo is the specific area of thkeminterface within the averaging volume V
(cm?/cmd) and Wkmis defined as the average normal velocity ofkimeinterface relative
to phasek and directing outward from phakeln the context of porous electrodésyw
stems from the phase transformation accompanying all electrode reactions. One example is
the solid/solid phase transformation, such as Pb to PRSOPbQ to PbSQ in discharge
of lead-acid batteries and Cd to Cd(QHi Ni-Cd batteries. Another example of the
interface movement can be found in hydriding and dehydriding processes of metal hydride
alloys.

At the electrochemically active surface, i.e., fheinterface, the interface movement
leading to electrode structural changes is caused by species transformation during all
electrochemical reactions. Hence

Wnse=y Y Qg& i njVs@ [24]
| speciesi’
Where_inj is the average transfer current density of reaction j as determined by Eq. 3 based
on the average overpotentigj, = @se - Qes - Uj, and \sis the partial molar volume of a
species in the solid phase. Substitution of the above into Eq. 23 results in

S ~ 7
Mse = &ePsy Y Qﬂ.%'njvs [25]

| specie



Applying Eg. 21 to the solid electrode phases) and noting that the solid velocity is zero

result in
0(esPs) _ S T v
ot 3sePs jzspgcieél_jkﬁ InjVs [26]
where the partial molar volume, sVis equal to (MWg), with MW andp being the
molecular weight and density of the species in the solid phase, respectively. In view of the
fact that the electrode porosity is simply equal tadj1Equation 26 is commonly used to
calculate the electrode porosity variation during charge and dischérge.

» Equation of Momentum Conservation
Application of volume averaging to Eq. 6 results in

(Skpkwkﬁ) + Dﬂ(ekpkwkﬂwkﬁ) = - gl pkﬂ + Dfﬂﬁ K+ iy [ﬂ + €k [Bkdf

¥ z(Mkm + M) [27]
with @ 0= Qv - D) (v - wkdf)m [28]
MY = \}OJ’Akak nidA [29]
Mian =7, S, PRI~ Vie) miclA [30]

Here, EtkDis the dispersive shear stress anﬂH\&nd I\/Lm are the interfacial momentum
transfer rates due to viscous/form drag and interface movement, respectively. The
combined macroscopic and dispersive shear stresses in Eq. 27 can be further modeled by
introducing an effective viscos#ty

@ O+ B, 0= pyex Mg [31]

WhereuL represents an overall macroscopic transport property, which is a function of not
only the microscopic transport property but also the microstructure and microscopic flow
fields in porous electrodes. Since flow through electrodes is usually very slow, the
effective viscosity can be taken to be equal to its microscopic counterpart as a first
approximation.

In porous media literature, the total interfacial drag, including bcﬂm ahd M, ., is
usually modeled by introducing the generallzed Darcy'$¥a¥tso that

d
5 M * M) = €5 i, D [32]
m

where K is the absolute permeability of the porous electrode anis khe relative
permeability for phask which accounts for a decrease in the effective flow cross-section
due to the presence of other fluids in the open pores of an elecifbderelative
permeability is a function of phase volume fractions as determined empiéfcally.

Substitution of Egs. 31 and 32 into Eq. 27 yields the following form of the macroscopic
momentum equation:

0 *
o EPKIVKEH) + M (ekpk i) = - e picls + M ek M)
+ g By - aﬁ%‘rk Wy T [33]

Further assuming a constant porosity of the electrode, this equation reduces to the one
previously used in the modeling of acid stratification in lead-acid batéeries.



 Equation of Species Conservation
Carrying out the same averaging procedure to Eq. 7 results in

I8 = mne —I (Nie- o) niclA [34]

In view of Eq. 9, the volume- averaged molar flux of a species in ghabigl]lcan be
expressed as

INk[=- DgOek[+ ZLII(: O [+ Cegvid [35]

where the coefficienifzF has been removed from the averaging symbol because it can be
safely assumed to be constant within the averaging volyniehysically, the first term on

the RHS of Eq. 35 describes the macroscopic species diffusion and thus is traditionally
modeled using an effective mass diffusiilyZ3namely

e DET ey [36]

where [ff also includes the effect of tortuosity. The third term on the RHS of Eq. 35 is
traditionally described by the product of the volume-averaged concentration and velocity,
plus an additional term called hydrodynamic dispersion, which results from variations of
the microscopic velocity and species concentraéfaramely
eV &k E:kﬁm’kﬁ - Dalll deT [37]

where [} is the dispersion coefficient representing the effect of axial dispersion due to the
fluid flow near the pore wall differing from the bulk flow. The dispersion coefficient is not
a fundamental transport property; rather, it depends on the extent of fluid mixing and
vanishes in the absence of convective fluid mation.

Substituting Egs. 36 and 37 into Eq. 35 results in

- (DS + D Mo + 2K WD e il [38]
so that Eq. 34 becomes
a(ekmkﬂf) + e x 5w ) = my Deff+ Do)l - Dﬂ%: 0y
+ VOIAkaDCk-nde - \/C)J.Ak%:@lk-nde + \/()IAka(Wk - vk)-nkdA [39]
Application of the averaging procedure to Eq. 10 leads to
M0 O+ Vo‘rAkl KBKdA = 0 [40]

Thus, a part of the second term on the RHS of Eq. 39 cancels out with the fourth term, and
the resultant equation can be written as

a(s"@kﬁ) + e @) = m( DS+ DY Me]
vs F+ J - TImCK [41]
where
K=V j DyoinidA [42]
Jem = \}OJ'AK k(Wi - Vi )-NkdA [43]
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The terms ‘ém and .@m represent the interfacial transfers of a species in phdse to
microscopic diffusion and interface movement, respectively. Equation 41 states the
conservation of species in a liquid or solid electrolyte solution.

The interfacial species transfer terms appearing in the above equation, if properly
modeled, provide ways to incorporate microscopic phenomena into a macroscopic model.
Based on the mean value theorem for integrals, the species transfer term due to interface
movement can be modeled as the product of the mean interfacial concentration and the
interfacial mass flux

Jrkm = Ckml km [44]

Likewise, the integral in Eq. 42 can be evaluated as the product of the interfacial specific
area and a mean interfacial diffusive flux. Physically, this interfacial mass transfer term
describes the diffusion process caused by microscopic concentration gradients. The
diffusive flux is directly proportional to its driving force, namely, the difference between
the interfacial and volume-averaged concentrations of a species. On the other hand, the flux
is inversely proportional to a so-called species diffusion lemhgithich characterizes the
resistance to diffusion. Hence, it follows that

_ ook _ Ckm- Exf
Jﬁm = &m Dk anklkm_ am Dk lkm [45]
Mathematically, the diffusion length of a species in plkaseéhus defined as
_ Ckm- [Gx[K
lkm= ] % [46]
onk |km

where [k refers to the diffusion coefficient of a species in phasad ¢m is the area-
averaged concentration of the species akttmnterface. Figure 2 schematically illustrates
the microscopic concentration distributions in the solid active material and the electrolyte
phase. The interface depicted in Fig. 2 represents an infinitesimal section of the interface
shown in Fig. 1 and is drawn for simplicity as a straight line. The physical meaning of the
diffusion length |, is also shown. The diffusion length defined by Eq. 46 is generally a
complicated function of the microscopic phenomena, and its determination requires a
formal microscopic analysis of the diffusion process in a phase, as will be shown in the
next section.

The two interfacial species transfer terms are constrained by an interfacial balance which
can be obtained by integrating Eqg. 8 over the interface between Blas#s within the
averaging volume Y yielding

1 T
VOIAkm(' Dilck +Spik + Qvk - Gkwi)-nkdA

1 tm . _
* \TOI p,  PmbCm* ZFim + GVm = CnWm) NmdA = -amlkm  [47]

where Ikm iS an average reaction rate over the interfagg By the definitions given in
Egs. 42 and 43 and using the relation given by Eg. 11, the above can be rewritten as

o i) * G = 2T - 45 5 T jag]

Two special cases of Eq. 48 are worth exploring. First, ifkfma interface is
electrochemically reactive, the ionic species usually exists only on one side of the interface,
say in phasé, so that Eqg. 48 reduces to

11



o+ d) =- aknﬁ}(;ﬁ * )T [49]

where use has been made of Eq. 2 in the area-averaged sense. This expression is not only
directly usable in the volume-averaged species equation, Eq. 41, but also can be used to
calculate the interfacial species concentrafign lty substituting the constitutive relations,
given by Egs. 44 and 45, into Eq. 49, yielding
ST+ S0 = o - aalF G + gl (501

where the phase transformation raign is determined via Eq. 25. Note that Eq. 50 is
tightly coupled with the Butler-Volmer equation which calculates the transfer current
density_inj, because the exchange current density and equilibrium potential are strong
functions of the interfacial species concentratiQg,.c

Secondly, if th&k-minterface is electrochemically non-reactive and the species is neutral
(e.g. hydrogen or oxygen dissolved in the liquid phase and existing in the gas phase as
well), the interfacial species balance, Eg. 48, reduces to

Gem* ) + Gge Jd = 0 [51]

Substituting Egs. 44 and 45 into the above and solving the result&nptfgelds

Dk (Ckm - EIPkdf) + am|l::?km (Cmk- EmlT)

M = — K - [52]
Cmk - Ckm

where use has been made of the interfacial mass bdlgpee N'km Equation 52 can be

used to calculate the phase transformation rate, provided the interfacial species
concentrations gk and &m are given by thermodynamic relations at the interphase
boundary.

* Equations of Charge Conservation
The volume-average of Eqg. 10 was given by Eq. 40, which can be rewritten as

MMikF Slkm=0 m Z Kk [53]
m
where the interfacial current pier unit of volume (A%cia given by
lkm= - \/O_[Akmik-nde [54]
Substituting Ohm's law to relate the current density with electrical potential, w& have
Mo e o) + Slsm=0 m#s [55]
m
for the solid phase. For the electrolyte phase, Equation 13 is instead used, resulting in
Mk e o) + Mk MInc[9) + Ylem =0 mze [56]
m
Using a Taylor series, it is easy to prove hat
h ¢ fF = InG (3 [57]
Thus, Equation 56 can be finally rewritten as _
Mk e o) + Mk 0N @9 + Flem=0  mze [58]
m

12



The interfacial current densityy) at the electrode/electrolyte interface is simply equal to
lse=- les= a&e Inj [59]
]

Alternatively, for a generik-m interface, the interfacial current density can also be
modeled, similar to the interfacial species transfer term due to diffusion, by

rf
|km= a&m (pka Epk [60]
where Rmin the unit ofQ cn¥ is defined as
_ Qknr o)
R R — 61
km e [61]
Onk |km

and represents a characteristic ohmic resistance betweenkpragehek-m interface.

Equation 60 assumes that ph&se a solid so that Ohm's law is valid for relating current

to potential. The expression for the interfacial current density in a liquid phase, however,

needs a slight modification by taking migration into account. Hence

Qe il + agm
Rkm Ckmlkm

where phasé& is an electrolyte. Now, combining either Eq. 60 or 62 with Eqg. 59, one can

determine the interfacial potentiagse and @es Which will, in turn, be used to determine
the interfacial overpotential for electrochemical reactions. In practice, because the solid

phase is usually a good electronic conductor (i.e., large valudsiofollows that @se is
nearly identical tdp<S. Semiconductor electrode materials, however, are an exception in
which it is necessary to differentiapes from @s3. In contrast, the ionic conductivities in

liquids are usually low, leading to a substantial discrepancy betg@eand (el
especially in high current situations. This implies that it may no longer be appropriate any

more to useZpeﬁ in place ofgesin the calculation of the transfer current density via the
Butler-Volmer equation. Relations between the volume-averaged and interfacial potentials
are schematically illustrated in Fig. 2.

(Tkm- ) [62]

lkm = &m

Summary of model equationgr-summary, Equations 21, 33, 41, and 55 or 56 form a
complete set of macroscopic governing equations for four volume-averaged unkaowns:
wkdf, mkdﬁ andl@g[l. These are now summarized in Table | along with the expressions
for respective interfacial transfer terms. The interfacial species and charge balances also
given in Table | can be used to determine the interfacial species concentrations and electrical
potentials in non-equilibrium situations and hence the rates of electrode reactions via the
Butler-Volmer equation. Microscopic and interfacial phenomena, reflected through the
various interfacial transfer terms, are integrated into the macroscopic cell model primarily
through three interfacial parameters: the specific agigatlae species diffusion lenglin,
and the ohmic resistanceR Accurate determination of these quantities is crucial and
requires a formal microscopic analysis of the interface morphology, as well as the species
diffusion and charge transfer in the vicinity of the interface, as will be shown below.

13



Microscopic Modeling

This section will present microscopic analyses to develop relations for the three interfacial
parameters that play critical roles in the micro-macroscopic coupled model. It will be shown
that through these constitutive relations, microscopic phenomena such as solid state
diffusion, ohmic resistance in the semiconductor state of active materials, and interfacial
phenomena (e.g., electrochemical area passivation and non-equilibrium conditions), can all
be incorporated into the model in a consistent manner.

Interfacial active area—The previous section shows that the specific area of the
electrode/electrolyte interfacesgaAsdVo, is an important ingredient in the modeling of the
interfacial transfer terms. From a physical point of view, the specific area contains the
information regarding the geometry of an interface that is lost through the averaging
process. This information plays an important part in the cell behavior and must be restored
through a constitutive relation. The specific interfacial area is dependent on the morphology
and dynamics of the interface. It decreases as interface passivation occurs due to solid
precipitation in electrochemical reactions. The specific area of porous electrodes can be
measured by the adsorption method or double-layer charging.

For an electrode made up of spherical particles of radiuke initial specific area is
readily given by 2 a( )

0 _ 85 _ 1 = So
T Tt 163]
whereg, is the porosity of the electrode. For irregularly shaped particles, it is proposed to
directly base the micro-macroscopic model on the specific surfaceggrbaaause it can
be easily measured and its inverse is a more accurate representation of the length scale of a
complex microstructure than traditionally employed average particle38izés.

Interface passivation may occur as a result of nucleation and growth of solid precipitates;
for example, in lead-acid batteries the solid Ph$€stals nucleate and grow during
discharge, passivating a portion of the interfacial area that would otherwise be available for
electrochemical reactions. The passivation in this case can be commonly described by a
simple geometrical relatiéh

ase= & /1 - EPbsay/eo)’] [64]
whereeppsq is the volume fraction of Pb§Mrecipitate and p is a geometrical factor
varying from 0O to 1. Small values of p are indicative of flat, plate-like precipitate of bSO
crystals, which in the limit of infinitely small p values become a sheet of precipitate. Larger
values of p suggest needle-like crystals which block little active area. The volume fraction
eppsq can further be calculated by combining the nucleation and growth models of PbSO
crystals, as done by LaFollette and Benf®An alternative but simpler approach is to
correlate the ratieppsqy/eo With the depth of discharge

EPbsq _ Q
g0 Qo (6]
where Q is the maximum capacity of the electrode (Gitand Q is the number of
coulombs of charge remaining.
Interface passivation of MH particles in an MH electrode has been experimentally noted

to cause slow degradation in the performance of the MH electrode upon d&/cling;
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however, no modeling work has been carried out on the effect of this passivation on battery
performance.

Species dffusion length-We derive herewith analytical expressions for the species
diffusion length in all three geometries of interest: plate-like, cylindrical, and spherical. The
cylindrical geometry is representative of the morphology of the nickel electrode in Ni-Cd
and Ni-MH batteries, while a sphere is typical of the morphology of many particulate
electrodes such as MH and lithium composite electrodes. Take the cylindrical geometry as
an example. The active materials are assumed to be uniformly coated onto a cylindrical
substrate. Because the layer of active materials is thin, the effect of curvature may be
insignificant and it is reasonable to assume a parabolic distribution for the species
concentration across the lag&mamely

Cs= 2 + ar + g2 [66]
where r is the radial distance. The following boundary conditions apply

9Cs _ 0 atr= [67]

or b

Cs= Cse atr=g [68]

where g is the radius of the substrate agds the radius of the electrode/electrolyte
interface. In addition, the known local volume-averaged concentfagdis defined as
(605 —if csrdr=— 2 rsc rdr [69]
S= T Vlvgs ~ rzfros

S (0]

Using Egs. 67 through 69, the three coefficienis,ag and a in Eq. 66 can be
determined, and the species concentration profile is found to be given by

Cse- C rs-r)(rg- 2rg+ r
- se S — 5 (25 )( S 0 )3 [70]
Cse- m3sﬁ ls-To 2 4rg
T2 13T )
According to Eq. 46, the diffusion length is readily found to be expressed by
3
_Ts*To__ Tdo 2lo 71]

TR g

When =0, the above reduces to
r
|se:ZS [72]

This clearly indicates that the diffusion length is proportional to the characteristic length of
electrode particles with a numerical factor of the order of unity.

The above derivation for the species diffusion length can be similarly extended to
Cartesian and spherical coordinate systems. For brevity, only the final results are presented
here

r
lse= §S [73]
for a plate-like active material layer with the half thickness ahd
_TIs
lse=¢ [74]
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for a spherical particle of radiug. fEquation 74 is useful in the modeling of MH and
lithium composite electrodes, while Eq. 71 is applicable to composite nickel electrodes with
substrates. Note that the diffusion lengths for various geometries differ only by a numerical
factor of the order of unity. Use of diffusion lengths provides an opportunity to include, in
a macroscopic cell model, the rate-limiting microscopic phenomena such as solid state
diffusion in active materials and ionic species diffusion in the electrolyte.

Microscopic ohmic resistance-Similar to the diffusion length, the microscopic ohmic
resistance defined by Eq. 61 is dependent on the charge transport processes in a phase and
must be analyzed microscopically. Once again, the charge transfer inside a cylindrical active
material layer bounded by the electrode/electrolyte and electrode/substrate interfaces will be
considered.

By definition (i.e., Eg. 61), the ohmic resistances from the electrode/electrolyte interface
and from the electrode/substrate interface to the bulk of the active material layer are given,
respectively, by

se= o0 TS [75]

Rsb - A [76]

|r lo

where the subscriit denotes the substrate apglis the microscopic profile of electrical
potential in phase (i.e., active material layer). Note that the conductigityaries with the
location as it is a function of the local state of charge, so the sympalsdos denote the
conductivities at the electrode/substrate and electrode/electrolyte interfaces, respectively.
The current flows only in the radial direction and there is no charge generated or consumed
within the active layer. As such, integration of charge balance over the thickness of the
active material layer yields

PO o o 77

In addition, two other boundary conditions must be met

Ps=@p at r=fp and @s = Pseat =g [78]
Hence, assume a parabolic profile ggr
@s=a+a - ro) + alf - ro) [79]

where three coefficients can be determined from the three boundary conditions given in
Egs. 77 and 78. Substitution of the profile ggiinto Eqs. 75 and 76 yields

s- Ioms + 3rp , 3rg + 519
Rse 12 st rogg Oolo * Odlg @ [80]
and
s- To rs+ 3rp  3rg + 1
Re=15 % & 10D S0 + 1o (o H [81]

Clearly, these resistances are dlrectly proportional to a micro length sgcatagjrand
inversely proportional to the conductivity, thus characterizing the microscopic ohmic
drop occurring inside the active material of the electrode.
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Discussion

The model equations developed in the preceding section and summarized in Table | are
valid for any volume fraction and in both electrode and separator regions. They even reduce
to the correct limit for a pure liquid electrolyte reservoir (eg=1). Therefore, the present
model is suitable for one-domain numerical solution methodologies, which will remove
typical difficulties associated with traditional multi-domain approaches where matching
boundary conditions between sub-domains must be implemented. This feature can facilitate
numerical implementation and simulation of complete cells.

We explore below the limiting conditions with regard to interfacial equilibrium and
associated physical significance. Reduced versions of the present model in the equilibrium
case will then be derived and compared to previous macro-homogeneous models for
batteries and fuel cells.

Interfacial chemical equilibriumm—According to Eq. 50 or 52, interfacial chemical
equilibrium (i.e.,‘qmzmkﬂf) requges that
K [82]
Recognizing that g, ~ 1/is andlym ~ 15 (see Eqgs. 63 and 72 through 74), the condition
given by Eq. 82 can equivalently be expressed as

k
S

For typical liquid-mass diffusivities and particle sizes of battery electrodes, Eq. 83 is
generally satisfied except in high current and/or short pulse situations. In contrast, species
diffusion coefficients in solids are usually four to six orders of magnitude lower than that
of liquids and, thus, the condition expressed by Eqg. 83 is highly questionable, implying
that the solid state diffusion is likely to be a limiting mechanism for cell behavior. The
interfacial chemical non-equilibrium in the solid active material phase has long been
recognized and extensively studied.

Moreover, note that the left-hand side of Eq. 83 represents the inverse of the
characteristic time for species diffusion from the electrochemical interface into the interior
of each solid particle or electrolyte-occupied pore. For a pore sizgrofté 10pum and an
effective diffusion coefficient of 18 m2/s in common liquid electrolytes, this leads to
diffusion times on the order of 1 ms to 100 ms. In rapidly pulsed charge and discharge
situations where pulses are usually of 1 ms duration, the interfacial chemical equilibrium
inside electrolyte pores within an averaging volume is clearly invalid. For a solid-phase
electrolyte (e.g., in lithium/polymer batteries), the diffusion coefficient is on the order of
1011 m2/s 39, 40and the corresponding diffusion times would increase up to between 100
ms and 10 s. In this case, the interfacial chemical equilibrium in solid-phase electrolytes
becomes questionable even under normal discharge and recharge conditions. A scenario of
relevance is the electric vehicle application, in which batteries are tested using such standard
procedures as dynamic stress test (DST) and simplified federal urban driving schedule
(SFUDS) in which the discharge peak occurs over a period of only 8 s.
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Interfacial electric equilibrium—Likewise, according to Eq. 60 or 62, the condition for
interfacial electric equilibrium (i.eqkm:Epkﬁ) can be stated as

&m

Rkm ~ * [84]
or

o K

?OI’I’*2 — [85]

S S

for the solid active material and electrolyte, respectively. Clearly, a large conductivity and a
small pore size would support the electrical equilibrium at the electrode/electrolyte interface.
The left-hand side of Eq. 85 represents the inverse of a volume resi<tano®)( the
physical significance of which can be explained by the Wagner nédhibesed on the
microscopic length scale. We can define the Wa number as the ratio of the interfacial
electrochemical kinetics resistancg,, B the microscopic ohmic resistance across the
active material particles or the electrolyte-occupied porgs, R
Wa :RRk (o ork)(0n/dip) [86]

km I's
where the characteristic kinetics resistance is taken as the tangent to the polarization curve
described by the Butler-Volmer equation. Apparently, Wa defined by Eq. 86 is a
guantitative measure of the relative magnitude of interfacial electrical non-equilibrium as
compared to the kinetic surface overpotential; in other words, for Wa«1, interfacial
potential non-equilibrium would become too significant to be neglected.

In high current situations, Tafel kinetics is a good approximation and so Eq. 86 for the
electrolyte phase can be simplified to

wa =FiHEE 1 [87]

where the first term is roughly a constant (approximately equal to 0.6R2&t\foom
temperature) and thus the second term controls the magnitude of Wa. Furthermore, noting
that the transfer current density is related to the cell current density i through a
geometrical factor, i.e.k@in ~ i/Le as can be seen from Egs. 55 and 59, one can then

recast Eq. 87 as
_ T Le|:|
Wa = @%@% i [88]
s

which is the ratio of the volume interfacial kinetics resistance gRIHL) to the volume
ohmic resistancegmk) appearing in Eq. 85 characterizing interfacial electrical equilibrium.

It is clear from EQ. 88 that Wa is smaller than unity in cases of resistive electrolytes and/or
high current densities, indicative of the significance of the microscopic ohmic drop in the
vicinity of the interface. For a typical battery electrode with the particle $i26 um and

the electrode thicknessetl mm, Wa is then dependent only on the conductivity and
current density. For lead-acid batteries where the ionic conductivity in the electrolyte is
around 1€ S/cm, Wa is estimated to be less than 0.026 for current densities up to 1
Alcm2, This shows that interfacial electric equilibrium is usually a good assumption in
aqueous electrolyte batteries. However, for solid-phase electrolytes such as those used in
plastic lithium ion batteries, the electrolyte conductivity is on the order#®51€m40 and

hence Wa is equal to 0.26 for the current density of 1 A/és such, the electrical
equilibrium on the electrolyte side of the electrode/electrolyte interface may break down.
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Likewise, in semiconductor active materials (e.g. NiOOH), the solid conductivity can be as
low as 16° S/cm and so the Wa is around 26 in this case for the current density of 1
Al/cm2. Clearly, the microscopic ohmic drop in semiconductor active materials is not
negligible and must be taken into account in cell models.

For thin film batteries where dis less than 0.1 m@?; 42 the threshold of current
densities for interfacial electrical non-equilibrium becomes as low as 12Aécragueous
electrolytes and 0.1 A/c#rfor solid-phase polymer electrolytes, respectively. These are
common conditions encountered in practice.

Macro-homogeneous modelsin this subsection, we show how the present model
reduces to previous macro-homogeneous models under interfacial chemical and electrical
equilibrium. Two scenarios are examined separately. One is that the ionic species exists
only in one phase (either solid electrode material or electrolyte), so that the macroscopic
species and charge conservation equations are given by Eq. 41 along with the interfacial
balance given by Eq. 49. Combination of the two equations leads to:

a(skm:kﬁ) + e E:kdfﬁykﬁ) = I Deff"' Da)mjckﬁ]
- asegn F'”J@ D]]( [ﬂ kD) [89]

wherelik[is the superficial current density through phlesand the interfacial transfer
current density_rjj is evaluated via the Butler-Volmer equation using the volume-averaged
concentrationm:kﬁand potentiaIkaﬁ because interfacial chemical and electrical
equilibrium holds true. Similarly, the macroscopic charge balance equations can be
rewritten as :
Mo e o) + ase Tnj= 0 [90]

J

and
Mk e o) + Mk &T0In [@9) - asey Tnj= 0 [91]
J

for the solid and solution phases, respectively. Equations 89 through 91 constitute a
complete set of governing equations for three unknowns: species conce jesolid
potential®sS, and electrolyte potentiaelS, whereas the interfacial transfer current
density is calculated by the Butler-Volmer equation as a functi@x&f @S, and@elS.

The superficial current density is determined in terms of either potential gradient irkphase
or the interfacial transfer current density. This mathematical system is the basis for previous
macro-homogeneous models for a wide variety of battery systems.

In many fuel cell systems, the species exists both in the electrolyte as a charged ion and in
the gas phase as a neutral species. One can then add up the macroscopic conservation
equations for the electrolyte and gas phases and make use of the interfacial balance to obtain
the following

d(gelC, a(e m: K| ff ff S -
(eateﬁ) (a8 = DM meed + o DS mcg@]-ase%#.n@- (2000
[92]
where the interfacial species transfer terms between pbaseg have been canceled out
and convective terms neglected for clarity. Equation 92 is general and does not require
interfacial equilibrium conditions. However, in order to render Eq. 92 for a single
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unknown, one must invoke the chemical equilibrium condition,[ﬁ@ﬁ = HigeS, where
H is a Henry's constant. Otherwise, there are too many unknowns contained in Eq. 92,
ie., mgﬁ and@cS. Prins-Jansen et Hl.argued that without making the above-mentioned
chemical equilibrium assumption, Eq. 92 can be reduced for the single variable defined as
[60F eeltel§ + egltgld [93]
whereld¢[tan be interpreted as the mixture concentration in both electrolyte and gas phases.
But, this approach does not ultimately circumvent the problem associated with too many
unknowns because one always needs to deteriitfeand Etgﬁ individually from [¢[]
Therefore, Equation 92 along with the equilibrium condition essentially represents the
macro-homogeneous theory for porous electrodes previously derived by Prins-Jansen et
al.15 for molten-carbonate fuel cells.

New features of the present modeln comparison to the previous models for porous
electrodes of batteries and fuel cells, some new features of the present model can be
summarized as follows:

1. In situations where the interfacial equilibrium (chemical and/or electrical) breaks down
on the electrolyte side, as identified earlier in the present section, all previous macro-
homogeneous models become invalid, whereas the present model provides the only model
capable of distinguishing the interfacial values from their phase-averaged counterparts and
therefore able to address such non-equilibrium problems. Work is ongoing to utilize the
present model to simulate high-current charge and discharge.

2.In cases where there exists interfacial equilibrium in the electrolyte phase but not in the
solid electrode phase as occurring in most insertion batteries, the present model is, in
principle, similar to previous macro-homogeneous models extended to account for solid
state diffusion, notably the Ni-Cd model of De Vidts and whitlee Ni-MH model of

Paxton and NewmalS,and the Li-ion models of Doyle et ¥land Fuller et at* There is,
however, a slight difference in the way of accounting for solid state diffusion. While the
previous works used either numerical (e.g. Ref. 8) or analytical (Refs. 10, 11 and 39)
solutions to a partial differential equation for microscopic species diffusion within solid
particles, the present model uses the diffusion length concept. In the case of perfectly
spherical particles, previous approaches are exact, while the present treatment is only
approximate. But the approximation thus introduced is quite acceptable as demonstrated by
a detailed comparative study to be reported in P4&#tli2 the case of irregularly shaped
particles as found in reality, the previous numerical and analytical approaches become
impossible, whereas the present model still gives good approximations. Computationally,
the present model utilizing the diffusion length is most economical among all the
approaches, thus allowing for efficient simulation of complex discharge and charge
schedules and driving cycles.

Conclusions

A micro-macroscopic coupled model of electrochemical kinetics and transport phenomena
occurring in batteries and fuel cells has been developed utilizing the technique of volume
averaging. The model accounts for the effects of microscale and interfacial non-equilibrium
processes on the macroscopic species and charge transfer. It is shown that the solid state
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diffusion, ohmic resistance in resistive active materials and electrolytes, and interface
passivation can all be incorporated in the present model in a consistent manner. This will
ultimately allow for the integration of detailed chemistry and morphology of the
electrode/electrolyte interface into a battery behavior model.

Application of the present model to Ni-Cd and Ni-MH batteries is described in detail in a
companion papet3 Efforts are underway to apply the model to simulate high power,
rapidly pulsed discharge and charge batteries where interfacial non-equilibrium and thermal
transport are prominent and operate concurrently. In addition, the present model capable of
including a gas phase will be used to study fundamental mechanisms for overcharge or
overdischarge through gas generation and recombination processes.
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List of Symbols

A total interfacial area, cin

a specific interfacial area, &am3

B body force vector, N/cin

Ck concentration of species in phasenol/cn?

Ckm interfacial concentration of species in phlasek-minterface, mol/crd

Ckm area-averaged concentration of species kweinterface, mol/crh

Etklﬁ volume-averaged concentration of a species over phasa/cn?

D diffusion coefficient of species, éfs

Da dispersion coefficient, cffs

F Faraday's constant, 96,487 C/mol

fa mean molar activity coefficient of the electrolyte

I volumetric interfacial current density, A/ém

ik current density in phase k, A/ém

inj transfer current density of reaction j, A&m

i exchange current density of reaction j, Aflcm

J?(m interfacial species transfer rate due to diffusion, mal/fsm

Jem interfacial species transfer rate due to interface movement, ndal/cm

K absolute permeability of porous electrode

Krk relative permeability of phase

Le thickness of electrode, cm

lkm diffusion length of species frokminterface into phaske cm

sz symbol representing the chemical formula of species with a charge number of z
in reaction |

Ml‘im interfacial momentum transfer rate due to diffusion, g/em

M m interfacial momentum transfer rate due to interface movement?.glcm

21



molecular weight of species, g/mol

normal unit vector pointing outward from phase

molar flux of species in phagemol/cn®-s

number of electrons transferred in reaction |

pressure, Pa

charge capacity of electrode, Ckcm

maximum charge capacity of electrode, Gicm

universal gas constant, 8.3143 J/mol-K

electrical resistance frokrminterface to the bulk of pha&eQ-cn?
radial coordinate, cm

production rate of specieskminterface, mol/crits

radius of cylindrical substrate, cm

radius of cylinder or sphere of electrode active material, cm
stoichiometric coefficient of species in reaction j

absolute temperature of the cell system, K

time, s

transference number of species in phase k with respect to a reference velocity
transference number of cation or anion with respect to the solvent velocity
open-circuit potential of reaction j, V

volume of phas& in the REV, cm

volume of the REV in porous medium, €¢m

reference velocity of phagecm/s

Wagner number

average normal velocity of theminterface relative to phagecm/s
X- coordinate, cm

charge number of species

Greek symbol

aaj, GCJ
€k
€0

nj
K

anodic and cathodic transfer coefficients for reaction |
volume fraction of phadein the REV

porosity of electrode

surface overpotential of electrode reaction j, V
conductivity of an electrolyte, S/cm

diffusion conductivity of species, A/lcm

density of species, g/én

conductivity of the active material in the electrode, S/cm
dynamic viscosity, kg-cm/s

moles of ions into which a mole of electrolyte dissociates
numbers of cations and anions into which a mole electrolyte dissociates
stress tensor, N/cin

potential in phask, V

surface potential of phageatk-minterface, V

average surface potential of ph&aseverk-minterface, V
volume-averaged potential over phas¥

general quantity in phase
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Subscript

b substrate

e electrolyte

g gas phase

S solid phase

Superscript

eff effective

o] initial

overbar

- average over interface
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