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Abstract

By using phase-field computer simulations, we have investigated effects of the coherent strain
due to the phase separation in the olivine-type LiFePOy,. In this system, the coherent elastic-strain
energy due to lattice mismatch between LiFePO4 and FePO, phases accompanied by insertion and
extraction of Li ions is considered to play a crucial role in the phase separation kinetics during
the charge/discharge process. The present phase-field micromechanics simulations reveal several
significant features of the LiFePO4/FePOy system accompanying the coherent strain, such as the
retardation of the phase separation, the charge rate dependence, the thermodynamic stability
of coherent interfaces between dual phases, etc. Nucleation of the new phase is found to be
fundamentally unlikely in terms of the elastic strain energy, except for in the vicinity of the surface
of particles, and thus the phase separation would be dominated by the spinodal decomposition
process. When the nucleus is present precedently, however, the phase separation can proceed in
the mixture mode of the domino cascade and spinodal decomposition processes.
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1. INTRODUCTION

Lithium transition-metal phosphates with an olivine structure[l] have attracted much
attention as promising positive-electrode materials for Li batteries. In particular, LiFePO,
shows an acceptably large capacity, although insertion and extraction reactions of Li ions
take place at relatively low potentials of 3.42 V vs. Li/Li*. Yamada et al.[2] clearly showed
that there are two solid-solution regions outside both endpoints of the miscibility gap at room
temperature, and insertion and extraction reactions of Liions in LiFePO, basically undergoes
a two-phase equilibrium. Furthermore, it is reported that the miscibility gap shrinks and
solid-solution regions extend with reduced size of LiFePO, particles.[3-5] Especially, Gibot
et al.[6] prepared nano-sized LiFePOy, particles of about 40 nm, and demonstrated by X-
ray diffraction that insertion and extraction reactions of Li ions proceeded forming a solid
solution of Li,FePO, over the almost entire composition range, although the electrode-
potential variation still indicated two-phase equilibrium.

On the other hand, recently several works reported that the phase separation kinetics are
significantly suppressed or retarded.[7-9] These interesting phenomena are generally believed
to be due to the elastic strain due to the lattice mismatch.[5, 10, 11] Also in our previous
papers,[12, 13| the strain effects have been discussed for negative electrode materials (Sn, Al
etc) in Li batteries, which have shown that the electrode potential (open circuit potential)
can be significantly affected by the strain energy. Thus, the arguments on a transformation
strain by lithiation and delithiation is gradually becoming frequent. In terms of the elastic
strain energy, it is usually considered that the nanoparticles are quite advantageous for
the phase separation, because the elastic strain accompanied by the phase separation can
be easily released in the vicinity of the particle surface (even without introducing misfit
dislocations or mosaicity). Since the surface effects are usually enhanced as the particle
size decreases, the phase separation is supposed to be facilitated in such small particles.
However, in conflict with this expectation, several recent works have shown that nano-sized
particles tend to undergo the single phase reaction, as before.[3-5] Thus, at the present
stage, it is not yet clarified how the associated elastic strain affects the phase separation
during the charge/discharge processes.

For deep consideration of the LiFePO4/FePO, system, we need to take account of the elas-
tic strain due to the lattice mismatch accompanied by the phase separation. A phase-field
(or time-dependent Ginzburg-Landau) simulation in combination with the micromechan-
ics theory is powerful tool for analyzing the microstructural evolution on structural phase
transformations.[14-16] Recently, for LiFePO, active materials, there are already several
related papers on the non-crystalline phase formation,[17] and simulation for Li distribution
in one particle.[18] Especially, the recent trailblazing works using the phase-field simulations
by Bai, Cogswell and Bazant[11, 19] have successfully provided with deep understanding
of the active material and some indications for a further development. In their paper, the
free-energy functional (equation 1 therein) consisting of the chemical free energy based on
the Li atoms and electrochemical potential of Li ions was given there, but it is surely com-
plicated to understand straightforwardly the physical meaning of the functional. In general,
in the case of the ionic active materials in the battery cells, it is necessary to consider the
free energy for the ionic active material under an electrostatic potential. In many works
previously reported, the free energy functions based on the electric neutral Li atoms (not
Li ions) are frequently used, in most cases, without detailed definition. Actually, there are
often confusing cases in that the derivative of the free-energy function gives the chemical



potential of what kind of chemical species (i.e., Li atoms or Li ions?).

In this work, we consider the elastic strain effects on the phase separation kinetics of the
LiFePOy system, on the basis of the phase-field simulation with micromechanics theory[20,
21] and Cahn’s spinodal decomposition theory.[22-24] First we describe the basic treatment
for the Li atoms in ionic positive electrode materials and intend to clearly show the validity of
the free-energy functional[11] for the electrochemical phenomena by the present phase-field
simulation with a different treatment focusing on the constant current condition (without
considering the value of the overpotential). In our earlier work,[16] we have established
and demonstrated the methodology for the phase-field (time-dependent Ginzburg-Landau)
simulations with the micromechanical theory for the non-conserved system under an external
field. Here we try to address how to calculate the microstructure evolution competing with
a gradual change in the overall Li composition (by the charge/discharge process), where the
conserved parameter is the Li composition and is changed by charge or discharge process.

Next, on the standpoint of the theoretical simulations, we shall describe several significant
features in the phase separation accompanying the coherent strain of the LiFePO,/FePO,
system, and summarize the strain effect on the active materials in the light of previous
experimental results. To date, several models (e.g., core-shell, domino-cascade, spinodal-
decomposition models) for the charge/discharge processes have been proposed from the
viewpoint of the experimental facts and summarized in the literature.[25] Here, from the
viewpoint of the computer simulation, we describe the plausible dynamics mode of the
charge/discharge process in the LiFePO,/FePO, system. As mentioned above, when the
particle size is decreased down to the lower limit (about 40 nm by Gibot et al.[6]), the
phase separation tends to be suppressed, but what is addressed /discussed here is the phase-
separation dynamics under charge when the particle size is sufficiently above the lower limit.
The reason why the LiFePO, nanoparticles undergo the single-phase reaction (without phase
separation) will be described elsewhere.[26]

2. COMPUTING PROCEDURES
2.1. Chemical potential of Li atoms in ionic positive active material

As mentioned above, a similar simulation has already been reported very recently,[11]
in which an electrochemical-potential-like free-energy functional for neutral Li atoms was
considered, and its functional differential was directly substituted to the overpotential term
in the Butler-Volmer equation. It is an interesting trial in terms of the mathematical formu-
lation, but this treatment is rather complicated to be understood in terms of dealing with
the neutral Li atoms. Here, in order to show the validity of the free-energy functional, we
present a more detailed physical meaning for the electrochemical-potential-like free-energy
functional given by the paper.[11]

Active materials for positive electrodes of Li batteries generally consist of Li ions and
other ions. Then, it seems difficult to consider the chemical potential of “Li atoms”, ur;, in
the ionic active materials. It is, however, inevitably required to know the chemical-potential
difference between Li atoms in the Li-metal negative electrode and ones in the positive
material, which yields the electromotive force (emf) in Li batteries.

According to its definition, the chemical potential of Li atoms, pu;, is defined as the
Gibbs free-energy difference when one Li atom is inserted/extracted into/from the system
under the constant pressure and temperature. Thus, when assuming the electrochemical



equilibrium in the positive electrode, we have formally
(e + T Fe) + (He- — @7 Fe) = e + p1e- = s, (1)

where po- and pp;+ are the chemical potentials of electrons and Li ions in the electrode,
respectively, Fi. the Faraday constant, ® the electric inner potential (electrostatic potential)
and the superscript “P” denotes the “positive” electrode. For example, in the case of
discharge, after one Li atom is inserted into the system, the Li atom would be separated to
one Li ion and one electron in the ionic active material, and in frequent cases the other ions
(e.g., Co™ in LiCoO,, Fe** in LiFePOy, etc) are reduced by the separated electron.

Even for a Li metal negative (“N”) electrode, by considering formally one separated Li
ion and one electron, we similarly have

(e + OV F) + (- — OVNF) = piys + pos = gy, (2)

where . equals the chemical potential, u)., of a pure Li metal used for a negative electrode.
When we consider emf of Li batteries, we should evaluate the difference in the sum of the
electrochemical potentials of electrons and Li ions between positive and negative electrodes.
As found from Eqs. (1) and (2), instead of these electrochemical potentials, it is convenient
to consider the difference in the chemical potential of neutral Li atoms in the positive and
negative electrodes.

The above relations always hold even when the electrostatic potential is applied to the
electrodes. Here, as an example, let us consider the case when the electrostatic potential of
the positive electrode is set at ®° = &' Since, throughout this discussion, we are assuming
that the positive electrode shows no dielectric polarization under an applied potential, the
total free-energy change of the active material is completely canceled even under an electro-
static potential. Then, what is the driving force of the charge/discharge reactions under the
applied potential? The answer is the difference in the electrochemical potential of the Li
ions between the electrode and the contacting electrolyte outside of the system; the physical
meaning is described below.

When one electron is extracted from the electrode under an external applied poten-
tial ®*** also one Li ion existing inside the active material under ®** must be removed
simultaneously into the electrolyte of an electrostatic potential ®*. When the potential
difference is written as A®™* = @t — ®F the difference in the electrochemical poten-
tial between the positive electrode and the electrolyte is given by (ul:; + AP™E,) — uf,.
Since pf, + ®FF, = pl + (®F + AP®)F, in an electrochemical equilibrium state (here,
APt = @Y — ®F) the electrochemical potential difference of the Li ions at the elec-
trode/electrolyte interface is given by (A®** — A®®1)F;, which is the driving force of the
anodic reaction in the positive electrode and, in other words, the work produced by the
potentiostat. Namely, for thermodynamic phenomena during charge or discharge under
an external electrostatic potential, the above electrochemical potential difference should be
taken into account in addition to the conventional chemical potential of Li atoms. Thus, it
is shown that the free-energy functional presented by Cogswell and Bazant[11] is valid to
consider the microstructural evolution under an external electrostatic potential.

2.2. Free-energy function for a spinodal decomposition system

As shown in the above discussion, after all we have to construct the free-energy function
with regard to Li atoms and vacancies after extraction of Li atoms. As suggested by Malik et
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al.,[27] the free energies of two phases may not be so simple, but actually several works have
successfully explained experimental results on this system by using the free energy of the
regular solution type.[28, 29] Since the lattice structures of LiFePO, and FePO, phases are
both orthorhombic and there are just small differences between their lattice constants when
their space group falls into Pnma, as a first approximation, it is reasonable to assume the
free-energy function, f(¢), of regular solution type for the spinodal-decomposition system.
Then, the coarse-grained molar free-energy, f(¢), is assumed to have the form of the regular
solution type:

F(9) =Qo(1 — ¢) + RT [pIn¢ + (1 — ¢) In(1 — ¢)], (3)

where ¢ is defined as ¢ = 1 —¢p; with cr; the Li composition in the lithium site of the olivine
structure [i.e., ¢ is the Li-vacancy (denoted as Vy;) composition], © the regular solution
parameter, R the gas constant, and 7" the temperature; the coarse-grained order parameter
¢ is in the range of 0 < ¢ < 1. For ¢ = 0, the order parameter ¢ represents LiFePO,, while
it denotes FePO, for ¢ = 1. According to the literatures,[11, 17] the value of (2 is about
12 kJ/mol for the LiFePO,/FePO, system. When converting to the free-energy density
function per unit volume, Eq. (3) has to be divided by the molar volume V;, ~ 43.8 x 107°
m?/mol.

Here, pppp and ppp are defined as the chemical potentials of LiFePO, and FePOy in the
mixture material, Li;_4FePO4 = (1 — ¢)LiFePO4 + ¢FePOy, measured from the chemical
potentials of pure LiFePO4 and FePOy, respectively. As is clearly illustrated in Fig. 1(a),
the first derivative of molar free-energy function, f(¢), with regard to ¢ gives

8f(¢)_NFP—MLFP_
o0 1—-0

—HLi, (4)

because we can regard that LiFePO, = FePO, + Li, and then the relation, uppp = prp + v,
holds in equilibrium.

Figure 1(b) (lower) shows the free-energy density function per unit volume. Since the
chemical potentials of pure LiFePO, and FePO, are set to be equal for simplicity (i.e.,
prep’ = ppp?), when the system is in the two-phase equilibrium, pp; equals zero based
on Eq. (4). Since emf is experimentally about 3.42 V in the two-phase equilibrium, i.e.,
emf = —(pLi — 1Y.)/F. = 3.42 V, it should be noted that the chemical potential of pure Li
metal, 110, is set at 3.42F,. Thus, emf is given by emf = —ug;/F. + 3.42, depicted in Fig.
1(b) (upper).

2.3. Electrochemical delithiation/lithiation process

Let us first begin with the Butler-Volmer equation:

ety ol @

where j is the total current density, 7, and j. the anodic and cathodic current densities,
respectively, jp the exchange current density, S the symmetry factor, z the valence, and
n (= AP — Ad®9) the overpotential, which is the difference in the electrode/electrolyte
potential differences between with an applied external potential and without the potential.
In general, the chemical potential change of Li atoms due to the phase separation causes
the change in A®®1, which would affect the strength of the overpotential 1 at each position

j = Jo = de = o exp(
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in the electrode, but we here focus on the constant current conditions and the evaluation of
the overpotential is out of scope.

Taking account that the current in this case is a vector quantity and the magnitude of
Jo(x) is proportional to the Li composition ¢;;(x), Eq. (5) for the each position x is simplified
as

J(x) = k(1= 6(x))i(x), (6)

where k; is a constant and j(x) is the unit vector of j(x). Based on the diffusion equation
0p(x)/0t = —0cpi(x)/0t = (1/2F.)V - j(x) and a constant current condition, i.e., J =
[si(x) -ndS = [, V- j(x)dx = Const. (n is the unit outer normal vector in the surface
element dS), we have a following equation

0o 1 :
R AR
/{1 0
= RV /(1 — qﬁ(x))V -j(x)dx = Const., (7)

where ¢ is the spatial average of ¢(x), which is given by ¢ = (1/V) [, ¢(x)dx, and V' is
the volume of the system. After all, Eq. (7) simply means that the delithiation/lithiation
amount at each position x in the charge/discharge process under a constant current condition
should be proportional to 1 — ¢(x).

2.4. Generalized Langevin equation

The kinetic process under a given ¢ is assumed to be governed by the following Langevin

equation,
0 t OF
¢(X7 ) — Lv? {¢}
ot oo
where L is the relaxation rate (assumed to be constant independent of the Li composition)
and 0(x,t) is the thermal fluctuation at a position x and time t. Since the free-energy
consists of the chemical energy and the elastic energy, the free-energy functional F' {¢} is

given by

+0(x,1), (8)

F(8) = [ ax[7 (600) + K [V00 + fu (6] ()

where K is the gradient coefficient, and the elastic strain energy function f is given by[20]
1

Jor = 5Chgmn [£54(#(%)) = a($(x)) 50 (6(x)), (10)

where Cpgmn are the elastic constants, 7,,(4(x)) is the constrained strain, ¢ (4(x)) is the
eigenstrain.
In the elastic equilibrium, the total strain ~;;(x) is given by[14, 21]

1800 = 3 Cotmn A (€) explior ), (11)

£ space



where A;; = (G;jlgk + G,;;Ei)/2 with G;; = i,,jquzq, £ is the unit vector of &, M the
division number of the system for the discrete Fourier transformation, and €7 (£) the Fourier
transformation of ¢} (x'). Especially, if we deal with a special case that one ellipsoidal
inclusion is formed in the matrix, on the basis of the Eshelby theory[20], the total strain
is given by v (X) = Sikmnti,,, where Sim, is called the Eshelby tensor; see, for detail,
literature[21].

Given that the eigenstrain is given by a linear form of €}, = T ¢, the partial differential
of the strain energy function f, with regard to ¢ is given by

8fel o afel ae’:‘:;m o
op O, O0p

ES
_amnTmn )

(12)

where 0 = Cpgmn (€5 — Vpg), and T, represents the strength of the eigenstrain. By using
the Euler-Lagrange equation for the variation 6 F'//d¢, the generalized Langevin equation (8)
is reduced to

00 of

— = LV?*| = — T —2KsV?
5 \Y 96 Omnt o, sVp| +0

= LV (=) + 6, (13)

where pio®! denotes the “total” chemical potential of Li atoms consisting not only of the
pure thermodynamic chemical potential given by Eq. (4) but also of the elastic-energy and
gradient-energy terms. Differently from the treatment of the kinetic equation given by the
previous work,[11] the two equations of generalized Langevin equation and charge/discharge
kinetic equation are solved simultaneously in this work.

2.5. Parameters and procedure

In the actual simulation, we first execute the charge (discharge) process given by Eq. (7)
and subsequently solve Eq. (13). The latter equation has been solved numerically by the
Euler technique:

t+At
ot + At) = ¢(t) — LAtV i + /t odt’. (14)

The time step and the relaxation rate are set at At = 18’ (s’ is a time unit for the simulation)
and L = 25 x 1073° m®/Js’, respectively. The thermal noise, j;HAt Odt’, is given by the
Gaussian random number with a zero average and the variance s¢?, but there exists some
difficulty in evaluating it a priori; thus, a small value (sy = 0.005) is used arbitrarily for the
Gaussian random number in the simulations.

We assume that the Li-composition dependence of lattice constants obeys the Vegard
law; the magnitude of the eigenstrain is expressed by the order parameter ¢. Then, the

eigenstrain, €7, (¢), is measured from the lattice constants of LiFePO, and given by

—0.050 0 0
e =T ¢= 0 —0036 0 |¢. (15)
0 0 0.019



In the calculation of the strain energy, eq. (11) has been calculated by the fast Fourier
transformation technique. Thereby, a periodic boundary condition is inevitably imposed
into the present simulations. The elastic constants of LiFePO, and FePO, are assumed to
be the same, and the average of both phases obtained by the first-principle calculations
(GGA + U)[30] is used for this simulation. The present simulations have been conducted
in a two dimensional (2D) system to reduce the computing time; the system is divided into
128 x 128 areas [i.e. M = 128 in eq. (11)], and the divided grid distance is set at Ad = 0.5
nm. This 2D system assumes that the diffusion of Li atoms (ions) along the b axis is quite
fast and the distribution of the Li composition or Li vacancy composition, i.e., the chemical
potential of Li atoms, is homogeneous along the b axis.

The gradient coefficients are estimated as follows. When we consider only the free-
energy increase due to an one-dimensional interface of the gradient term, we have dF =
[ Ks(do/dx)?dedydz = S [ Ks(dp/dx)*de ~ SKsA¢?/¢ = ~S, and then we obtain
v = KsA¢?/(, where ( is the thickness of the interfacial wall, A¢ is the order-parameter dif-
ference, which equals A¢ = 1—2¢. On the other hand, according to Cahn-Hilliard theory,[22]
the equilibrium-interface thickness is given by (. = A¢er/Ks/A finax, Where Afiax is the
free-energy difference between at ¢ = 0.5 and at ¢ = ¢, (equilibrium order parameter), A,
is the equilibrium order-parameter difference, and A¢, ~ 1 in this case. After all, we obtain

a relation ,
Ve

Ko~ ——.
A fnax

(16)

3. RESULTS AND DISCUSSIONS
3.1. Nucleation process

Before the dynamic simulation, we first show a stable shape and direction of an infinites-
imal FePO, (LiFePQ,) precipitate when it is formed in the infinite homogeneous LiFePO,
(FePO,) matrix. Figures 2(a) and 2(b) show the [001] pole figures showing the precipitate-
direction dependence of the elastic strain energy Eg (a) for the disc-like (plate-like) pre-
cipitate and (b) for the rod-like (needle-like) one. These figures indicate that disc-like (or
plate-like) shape whose normal axis is along the [101] direction in the reciprocal space is
most favorable in terms of strain energy, and disc inclusions whose normal axis is along the
[100] direction ( i.e., so-called ac plane, frequently observed experimentally) would be also
favored (as to the interface stability, we will discussed in a later section). The minimum
value of Ey amounts to about 100 MJ/m?, while the driving force of the nucleation A fiem
is about —80-90 MJ/m?* in Fig. 1(b), that is, Afepem + Es > 0. Incidentally, the strain
energy amount to be about 160 MJ/m? for the sphere precipitate, and about 130 MJ/m? for
the rod-like precipitate. Consequently, this hinders the nucleation of FePOy in the LiFePO,
matrix on charge, and vice versa.

In order to confirm this, the phase-field simulation is performed at ¢ = 0.1, at which
nucleation process is supposed to occur. Figures 2(c) and 2(d) show the changes in the
free energy and elastic energy as a function of time (c) with or (d) without the coherent
strain due to the lattice mismatch. The simulations also show that the phase separation
is difficult to take place via nucleation process when the coherent misfit strain is present.
However, the phase separation via nucleation and growth process can easily occur if the
coherent strain is absent, despite that the other conditions are totally the same with each



other. Thus, nucleation in this system is basically unlikely to occur in the inner side of the
active materials, if any, nucleation can take place only near the surface where the elastic
strain would be released relatively easily.

3.2. Spinodal decomposition

On the basis of the above arguments, the b axis (the [010] direction) should be normal to
the objective plane to be observed in the 2D simulation, in terms of the diffusion direction[31]
and elastic energy. Figure 3(a) (upper) shows the Li composition, free energy, and elastic
energy maps in a later stage of the kinetics (¢ = 20000 s’), which is the microstructure
evolution of the phase separation kinetics from the homogeneous matrix of ¢ = 0.5, being
consistent with the above strain energy calculation with the micromechanics theory.This
microstructure is also in good agreement with the microstructure pattern by Cogswell et
al.,[11] and also very similar to the actual microstructure observed in a transmission electron
microscope (TEM)[29, 32, 33]. The modulation length on the separation is about 10-20 nm
in this calculation, which means that the gradient energy corresponding to the interfacial
energy of 40 mJ/m? used in this simulation is judged to be valid.

It is worthwhile to note that there is a certain amount of interface regions with ¢ ~ 0.5
between the LiFePO4 and FePO, phases, whose free energy is about 29 MJ/m? and elastic
energy is almost zero. Namely, the interface regions are not strained when the volume
fraction is almost the same as each other. The reason why such non-equilibrium regions are
stably present despite that they are unfavorable in terms of the chemical free energy is that
the whole strain energy can be considerably reduced, leading to the gain of the total free
energy. Consequently, the interface is not a direct attachment of the two phases but consists
of a certain interlayer of middle-range composition of Li atoms. This theoretical finding is
quite significant in considering the reason why such non-equilibrium regions are frequently
observed experimentally.[33]

As seen in Fig. 3(b) (lower), it is also noted that a certain incubation time is needed
as well as nucleation process even when the phase separation proceeds via the spinodal-
decomposition mode. This phenomenon is caused by the facts that all the spinodal waves
cannot be allowed to grow and a certain favorable spinodal-wave direction ([100] or [101] in
this case) is present in the system whose elasticity and eigenstrain is strongly anisotropic. For
this reason, it looks like a nucleation process even though the spinodal decomposition takes
place. Hence, based on this fact, one should not use the Johnson-Mehl-Avrami equation
that is available for the nucleation mode for analyzing the phase separation kinetics.

3.3. Strong anisotropic stability of interface between LiFePO, and FePOy4

Next the stability of anisotropic interfaces is discussed. It is frequently reported that
the bc interface (or be plane) is observed experimentally. Here we show the thermodynamic
and mechanical stability of the anisotropic interfaces of (a) the bc¢ interface and (b) the ab
interface; the time evolution of the interfaces after the respective interfaces are set initially
as shown in Fig. 4. Obviously, the be interface is found to be stable with the elapse time.
On the contrary, the ab interface is quite unstable and cannot be retained, tends to collapse
with time, being in consistent with the experimental fact that the bc interface is frequently
observed in the actual TEM observations.[29, 32, 33|



The difference between the interface stabilities is due mainly to anisotropy of the lattice
mismatch, which is given by eq. (15). Namely, to understand why the be interface is the most
stable, it is significant to notice that the fact that the lattice mismatch along the a axis is
maximum and that along the ¢ axis is minimum in this system, that is, the coherent interface
that includes the maximum lattice mismatch along the a axis becomes more unstable than
the bce interface that is not relevant to the ¢ axis. From this viewpoint, the ac interface is also
unfavorable in terms of the elastic strain energy as well. Thus, there is a strong anisotropic
stability in the formation of interfaces, so that the core-shell model is unlikely to be realized
during charge/discharge process. This fact is quite significant in discussing the dynamics of
phase separation by the charge or discharge process.

3.4. Microstructure evolution in charge process
In the case where nucleus is absent in the initial matriz

We show the charge process competing with the phase separation from almost homoge-
neous LiFePO4 matrix without any initial nuclei. In the light of Fig. 3(a), as the spinodal
decomposition almost ends at ¢ = 20000 s’, we have performed the charge simulations around
the C rate of 1/(20000 s’). Figures 5(a) and 5(b) show the kinetics and microstructural evo-
lution during charge (i.e., delithiation) process: (a) C rate &~ 1/(20000 s’) and (b) C rate ~
1/(100000 s’). Thus, also in the charge process, nucleation cannot be observed and, further-
more, the spinodal decomposition is considerably suppressed; the spinodal decomposition
does not take place immediately even when the overall Li composition reaches the spinodal
point ¢, that satisfies f” = 0?f/0¢* = 0 in the phase diagram. When the C rate is lower,
the composition at which the spinodal decomposition starts to occur is found to be lower (in-
cidentally the single-phase reaction occurs when the charge rate is quite fast), and thus the
phase separation kinetics tends to follow the electrochemical delithiation process. However,
even if the C rate is further decreased, it is shown that the nucleation process is absent as
seen in Fig. 5(d). Incidentally, in contrast to the former cases, the nucleation can be clearly
observed without any lattice mismatch as shown in Fig. 5(c), despite that the C rate is the
same as in Fig. 5(b). These results are consistent with Fig. 2 obtained by the argument
based on the statics. Again it can be said that it is quite unlikely for the nucleation process
to take place inside this active material, and suppression of the phase separation is revealed
to be essential in this phase-separation system. Thus, it is demonstrated that the increase
of the strain energy due to lattice mismatch conclusively affects its kinetics.

In the case where nucleus is present in the initial matriz

Finally we argue the case where one plate-like FePO, precipitate exists precedently in
the middle of the system. This would correspond to consideration of the case where the
nucleation preempts the spinodal decomposition; the nucleation would be possible around
the sample surface where the elastic strain would be easily released.

Figure 6 shows the charge (delithiation) process. In this case, the domain wall motion
of LiFePO4/FePOy, like domino cascade precedes spinodal decomposition in the early stage,
until the Li composition of the other region reaches spinodal point. In this simulation, such
a domino-cascade-like domain motion occurs within the range of around 20 nm in the early
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charge stage, followed by the spinodal decomposition in the far distant region from the initial
plate, after the system reaches to the spinodal point. Since the initial FePO, plate is along
the (100) plane (this direction is shown to be stable; see Fig. 4), the spinodal wave in the
[100] direction is also stable due to the elastic interaction effect. Although the presence
of the disordered regions of ¢ ~ 0.5 plays a significant role for the redox reactions in the
domino cascade model reported by Delmas et al.,[34] this simulation can also reproduce the
domino cascade behavior even for a simple kinetic model based on the first chemical reaction
equation without assuming a specific polaron property in the disordered region of ¢ ~ 0.5.

It is interesting to note that the interface along the (100) plane in the domino cascade
model is elastically stable also in the case of spinodal decomposition and it induces the
spinodal wave in the [100] direction. Thus, we can point out that the mixture mode of
domino cascade and spinodal decomposition during charge/discharge process is possible in
principle, when the particles are sufficiently larger than the lower limit (about 40 nm),
especially for nanoparticles of appropriate size where the strain energy due to nucleation is
relatively easily released. After the phase separation, probably the many-particle effects[28]
play a very significant role in the redistribution of Li ions in respective particles.[35]

4. CONCLUSIONS

We have conducted the computer simulation study to reveal the effects of the lattice mis-
match due to the phase separation of olivine LiFePO,. The salient results can be summarized
as follows:

1. The definition and physical meaning of the chemical potential of Li atoms in the ionic
active materials have been clearly given here, and the driving force of the anodic reaction
during a charge process is shown to be given by the difference in the electrochemical
potential of Li atoms between the electrode and electrolyte. Thus, the seemingly compli-
cated free-energy functional presented by the previous paper[11] is definitely validated by
the present argument. In addition, the charge process under the cc condition has been
analyzed by solving the simultaneous equations of the first-order reaction equation (7)
and generalized Langevin equation (13). We have substantiated that both of the simula-
tion procedure presented here and Butler-Volmer kinetics presented in the paper[11] are
validated for the simulation of the electrochemical phenomena of the storage batteries.

2. Our phase-field simulations revealed that the nucleation is unlikely when the lattice mis-
match is present while it is possible without the lattice mismatch. This is different from
the previous result by the simulations[11], which would be caused by the difference in
whether the relaxation near the surface is taken into account or not. Thus, in terms of
the elastic energy, as shown in Fig. 2, the nucleation of new phase during charge or dis-
charge process is unlikely to take place inside the particles, and fundamentally it would
be only possible near the particle surface. Therefore, on the charge/discharge processes,
the system needs to wait for the composition region where the spinodal decomposition
can take place. However, in the light of the experimental facts that reducing the particle
size tends to cause the solid-solution reaction (without phase separation),[3-6] the phase
separation by nucleation seems to be fundamentally quite difficult to occur in this system,
being consistent with the present simulation results.

3. Even though the overall composition is within the composition range where the spinodal
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decomposition can take place, the separation kinetics looks like the nucleation process,
as shown in Fig. 3; the system needs an incubation period to start the phase separation
so as to reduce the elastic strain energy. Also for charge, it has been proven that the
phase separation kinetics is significantly retarded due to the elastic effect; see Fig. 5.
This simulation result is in good agreement with the experimental facts that the phase
separation kinetics are significantly suppressed or retarded,[7-9] and this can be easily
understood by the fact that the nucleation is fundamentally difficult to occur in this
system. From the simulation results with various charge rates, at all the rates the phase-
separation-onset composition was significantly higher than the spinodal point (the cross
point of the spinodal line and temperature) determined by the free-energy function.

4. The stability of the anisotropic interfaces were considered here; the be interface is consid-
erably stable but the ab interface is quite unstable in terms of the elastic strain energy
(this is also the case for the ac interface, but not presented here). This is because the
coherent strain along the a axis is the largest and the formation of the bc interface is free
from the coherent connection associated with the a axis. Therefore, when the phase sepa-
ration occurs, the system cannot produce the ab interface and also ac interface. These are
consistent with the actual microstructures observed in a transmission electron microscope
(TEM).[29, 32, 33] Thus, in terms of the elastically stable interfaces, it can be concluded
that the usual core-shell model is not plausible, as the other interfaces (except for the be
interface) are unstable in terms of the coherent strain energy.

5. The present simulation shows that the domino-cascade mode is also possible if the nu-
cleation can take place (possibly around the particle surface). However, also in such a
case, the spinodal mode can also take place in the far distant regions from the initial nu-
cleus. Namely, in a single particle, it is reasonable to consider that the phase separation
proceeds via the mixture mode of domino cascade and spinodal decomposition. This re-
sult obtained from the computer simulation is in consistent with the recent experimental
observation.|25]
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FIG. 1: (a) Schematic illustration of molar free-energy function with regard to the Li-vacancy
composition for explaining the chemical potential of Li atoms in the ionic solid. (b) The free-
energy function of regular solution type with {2 = 12 kJ/mol (bottom) and the chemical potential
of Li atoms (upper) for the pseudo-binary LiFePO4/FePO, system.
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FIG. 2: The left figures show the [001] pole figures for the elastic strain energy Ej calculated for
typical shapes of FePO, nucleus formed in a infinite LiFePO4 matrix: (a) rod shape, and (b) disc
(plate) shape. The minimum strain energy (102 MJ/m?) is realized for the disc shape when the disc
normal direction is almost [101] or [100] directions. The strain energy for a sphere precipitate is
calculated to be about 160 MJ/m3. The right figures show the kinetics of the nucleation processes
by the phase-field simulations; (¢) with and (d) without the coherent strain due to the lattice
mismatch. In this simulation, the standard deviation of ftHAt Odt’ is arbitrarily set at 0.005 as the

thermal fluctuation.
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elastic strain energy. (b) Thermodynamic quantities accompanied by the spinodal decomposition
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17



(a) bc plane (normal to the [100] direction)

At an initial stage

%-

|

||
0.99958 98.998 -0.47672 27.578 1.1741 28.267

g

[ |
2.7964 97.333 0.10936 29.022 0.0374 25.709
V_; composition (x 100) Free energy (MJ/m?) Elastic energy (MJ/m?)

With time
-

At a later stage

&-
e

(b) ab plane (normal to the [001] direction)

- TR [RERD
(@]
©
»
S
IS
c
©
| - -
2
£ ) ] )
| 0.99997 98.999 -0.47669 28.524 2.2349 84.111
g T p—
o . p
(@]
© -
5 | FTY N
Z“' i “
© H 4
z
EE—— ] ]
13.103 88.556 7.5103 29.022 0.00406 41.396

V_; composition (x 100) Free energy (MJ/m?3) Elastic energy (MJ/m?)

FIG. 4: The stability of the anisotropic interfaces: (a) bc plane and (b) ab plane. In the simulation,
the gradient energy Ky corresponding to v = 40 mJ/m? is used.



3 200 5~ 3 200 5~
o E o E
—-200 3 12003
< f(single phase without ph tion) /400 = <L - - =
= (single phase without phase sepration) ~ " o 1.0 |5 f(single phase without phase sepration) 0 &
£ £
g | 2 f+ e
s f (wnh phase - 08~ | &
° °
! separatlon) Charge S f (with phase Char
e —420 & — £ d ! ge &
3 T 5 % i separation) —20 g
@ ; S o6 @ : — 5
; =3 o i =S
2 Zo4 &
i 410 + I H ~0.3 +
~ N 5 ; X —410 &
0 Ogarn~ 0.4 ot 1= 20000 ; Detart -
Q2 i f L
fel e 0.2 i el -
i i i ° 00 0
5000 10000 15000 20000 ’ 20000 40000 60000 80000 100000
Time t (s Time t (s')
t=8500 t=10000 e 12500 t=16000 t=18000 t= 30000 t=50000
(¢)  Nucleation S @
t = 6500 o E
—-200 2
2 —1-400 \E, 1 0 —
<t =7433 S0 o : /
Z
2
= f (single phase
] w(ltho%t phase Charge & 0.8 —
2 sepration) J20 E . .
5 S With coherent strain c
* = o
101 t_=7433 - = o
& - T o6F e
~ 08| 04l + = —
E 4= ~10 = S [}
" 05| A s < 3
- K e
" o4 0.2~ w =
=z L — 04— =3
= 02— @
e I 0
oottt 0.0 L L L L | . -
4000 6000 8000 10000 0 20000 40000 60000 80000 100000 Retardation o
Time t (s') Time t (s") 0.2+ i by elastic effect ) ) k=)
- Y Spinodal point, ¢g o
u c
t Without coherent strain tg
00k 1+ 1 111l | | ! T i
2 3 45678 2 3 45678 2 3 45 5
LY ' . 5 4 E
R ~ » 10 10 =
t= 20000 t= 60000 t= 80000 t= 100000 C rate (1/s’)
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obtained during charge process in LiFePOy; (a) C rate ~ 1/(20000 s’), (b) C rate ~ 1/(100000 s’)
with the coherent strain, and (c) C rate ~ 1/(100000 s’) without the coherent strain. (d) The onset
composition where the phase separation starts to occur as a function of the C rate. The simulation
started from the homogeneous LiFePO,4 matrix to observe nucleation and spinodal processes. As is
expected, no nucleation is detected in the coherent case, and even spinodal decomposition occurs
in a very later stage after reaching the spinodal point (¢g).
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