What determines the critical size for phase separation in LiFePO,
in lithium ion batteries?
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LiFePOy4 characteristically shows a plateau voltage due to a two-phase (LiFePO4/FePOy4) sep-
aration during charge/discharge process in Li ion batteries. In this study, we clearly show that
monodispersed nano-sized (about 10 nm) LiFePOy4 particles exhibit a complete single-phase reac-
tion without showing any plateau voltage. Since the elastic strain due to lattice mismatch between
LiFePO4 and FePO4 would be easily released near the surface, elastic effects are usually expected
to be weaken as the particle size, but, in contrast to this expectation, phase separation does not
occur experimentally in such small nanoparticles. Consideration on the basis only of static thermo-
dynamics is insufficient to explain why such a single-phase reaction occurs in nano-sized particles.
Contrary, the mechanism of the single-phase reaction can naturally be understood, when we consider
a kinetics concept based on the preferred wavelength for stable growth of the spinodal wave under
such an elastic constraint.

1. INTRODUCTION

Lithium ion batteries (LIBs) are seeing widespread use in large-sized applications such as automobiles, which raises
expectations for storage batteries with a higher performance, combined with renewable energy technologies, to realize
a sustainable society. The performance of LIBs, with regard to energy density, rate capability, cyclability and safety,
has been steadily improved since their launch in 1991. Since LIBs are simply based on the transfer of Li ion between
the negative and positive electrodes, the electromotive force of LIBs depends on the difference in the chemical potential
of Li atoms between the two electrodes.

Due to its fascinating fast charge/discharge properties, LiFePO, has attracted increasing attention for the use in
practical battery applications. Electrochemical Li ion insertion and extraction reactions at LiFePOy4 take place at
around ca. 3.4 V with high reversibility. However, LiFePO,4 has the intrinsically low electronic conductivity (10~°-
107 S em™!). In fact, only 70 % of Li can be extracted from LiFePO, even at low-rate discharge conditions (0.05
mA cm~?2), which was reported in the pioneering work by Goodenough et al.[1] in 1997. Afterward several effective
ways have been proposed to overcome this drawback; (1) Carbon-coating of LiFePO,4 enhanced the conductivity of
the positive electrode.[2] (2) Selective doping with supervalent cations increased the bulk electronic conductivity.[3]
(3) The use of very fine particles of LiFePO4 shortened both the conduction path of electrons and the diffusion path
of Li ion, which resulted in the improvement of the rate capability of LiFePO,4.[4] However, the optimum particle size
has not been revealed yet; the effects of the particle size of LiFePO4 on the electrode performance have been less well
understood. In general, LiFePO, shows a constant working electrode potential of 3.42 V, which suggests that the
insertion/extraction reactions of Li ion basically proceed by varying the volume (mole) fraction of LiFePO4/FePOy
in the two-phase equilibrium.

However, Yamada et al.[5] clearly showed that there are two solid-solution regions outside the endpoints of the
miscibility gap at room temperature. The miscibility gap shrinks and solid-solution regions extend with a reduced
size of LiFePQOy4 particles.[6-8] Gibot et al.[9] prepared nano-sized particles (including crystalline disorder) about 40
nm in diameter, and demonstrated by X-ray diffraction that insertion and extraction reactions of Li ion proceeded
along with the formation of a solid solution of Li,FePO4 over almost the entire composition region, while a voltage
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plateau at around 3.42 V was still observed, which suggested the mixing of coarse particles. Thus, the use of
nanotechnology could not only greatly improve the charge and discharge performance of LiFePQOy, but it could also
lead to the disappearance of a phase separation, that is, monodispersed nano-sized LiFePO, particles may realize
facile charge/discharge performance due to a phase-separation-free process.

On the other hand, many recent reports have indicated that phase separation kinetics are significantly suppressed
and retarded.[10-12] These interesting phenomena are generally believed to be due to elastic strain caused by lattice
mismatch,[8, 13] and discussion on the strain is thought to become gradually activated. Although the previous
computer-simulation studies[14, 15] have fairly clarified the effects of the coherent elastic strain on the phase-separation
kinetics and microstructure formation, it is not yet clarified how the elastic strain affects the phase separation on
very small particles less than 40 nm in diameter. Intuitively, in terms of the elastic strain energy, smaller particles
usually have the advantage of a prompt phase transition due to the surface effect, whereby the elastic strain is easily
released near the surface, and the surface effects are enhanced as the particle size decreases. It would be interesting
to determine what would happen with a further decrease in the particle size of monodispersed LiFePO4. Here, we
experimentally show for the first time that nanocrystals of LiFePO4 with a uniform size of about 10 nm are charged
and discharged in a “complete single-phase state”. Subsequently, on the basis of Cahn’s spinodal decomposition
theory,[16-18] we present a significant conclusion regarding the critical size for “phase-separation-free” particles.

2. EXPERIMENTAL
2.1. Fabrication procedure

A mixture of 1 mmol oleic acid, 33.8 mmol oleylamine, 1 mmol phosphoric acid, 1 mmol lithium hydroxide mono-
hydrate and 1 mmol iron was heated to 280°C at 10°C/min, and kept at that temperature for 3 h under an Ar
atmosphere. The synthesis temperature and holding time are key factors in the synthesis of uniformly-small-sized
particles; these conditions, as well as the atmospheric control, have an especially-strong influence on the particle size
of LiFePOy4. The resultant solution was poured into an excess amount of ethanol, and the mixture was centrifuged
to obtain deposits. The deposits were washed several times in a mixture of ethanol and hexane. The products were
characterized by X-ray diffraction (XRD), and typical working conditions were 50 kV and 300 mA at a scanning speed
of 0.25° /min. The resultant particles were dispersed in hexane, and then dropped on carbon-coated copper grids so
that their morphology could be observed by transmission electron microscopy (TEM).

The charge and discharge properties were investigated using a coin-type cell. The test electrode was composed of the
resultant particles (70 wt%), acetylene black (25 wt%), and poly(vinylidene fluoride) (5 wt%). Li foil and polypropy-
lene film were used as the counter electrode and separator, respectively. The electrolyte used was 1 mol/dm?® LiPFg
dissolved in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1, v/v). The charge/discharge
cycles were carried out at a constant current rate of 0.01 C, which corresponds to the current density (1.71 mA/g)
so that each charge and discharge process should theoretically be completed in 100 hours. The charge and discharge
processes ended at 4.0 V and 2.0 V, respectively. Cell assembly was conducted under an Ar atmosphere with a dew
point below —70°C.

2.2. Structure of nano-sized particles and their electrochemical properties

Figure 1(a) shows XRD patterns of the resultant particles, in which all of the diffraction peaks are identified as
phospho-olivine LiFePQy; a very small peak was observed at around 23.2°, which is identified as Li3PO4. Figure 1(b)
shows typical TEM image of LiFePO, particles; fairly uniform particles with distinct crystal forms were observed.
The particle diameter was about 10 nm, as well as in the previous report.[19] Figure 1(c) shows charge (extraction of
Li ion from LiFePO4) and discharge (insertion of Li ion into FePO4) curves obtained at a very slow rate of 0.01 C.
The discharge capacity was evaluated to be 68 mAh/g, which was much smaller than the theoretical capacity of 170
mAh/g even though the charge/discharge rates were relatively slow. The most distinct feature in Fig. 1(c) was that
charge/discharge curves sloped without any plateau region. This behavior was quite different from those observed for
micron-sized LiFePO,4 powder: insertion and extraction reactions of Li ion at LiFePO,4 usually take place at about
3.42 V under a two-phase equilibrium, and hence a clear plateau is seen at that voltage in charge/discharge curves.

As mentioned above, extraction/insertion reactions of Li ions for nanoparticles of about 40 nm proceed with
retention of a solid solution of Li,FePQy in terms of X-ray diffraction, but the voltage plateaus at around 3.42 V (in
addition to sloping voltage curves) were still observed in the charge/discharge curves.[7, 9] On the other hand, the
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FIG. 1: Experimental observation of single-phase reaction for monodispersed nano-sized LiFePO, particles prepared at 280°C.
(a) X-ray diffraction profile with a powder diffraction file (PDF #40-1499), (b) TEM image, and (c) charge and discharge
curves at a slow C rate of 0.01C, where Q/Qtheo denotes the ratio of the capacity @ to the theoretical capacity.

LiFePO,4 nanocrystals used here were very small (about 10 nm) and fairly uniform; in this case, the average potentials
of the charge and discharge reactions were as low as 3.3 and 3.0 V, respectively, which were both lower than the typical
working potential of 3.42 V, and is a peculiar feature of nano-sized LiFePO,4. Thus, when monodispersed particles are
about 10 nm in diameter, the charge/discharge curves are those of a single-phase reaction, and obviously not those
of a conventional two-phase equilibrium.

3. ON THE MISCIBILITY GAP

3.1. Effects of elastic strain energy

In order to understand the single-phase reaction of LiFePO,4 nanoparticles, first of all, we have to consider the
miscibility gap of the LiFePO4/FePO,4 system by taking into account the elastic-strain energy caused by the lattice
mismatch and the interfacial energy brought by the phase separation. We here employ the two kinds of treatments;
one is based on static thermodynamics and the other is based on the kinetics theory.

First we shall consider the effects of strain energy on the phase separation based on static thermodynamics. In our
recent paper,[15] we revealed that nucleation in this system is unlikely to occur on the interior of the active materials;
nucleation, if any, can take place only near the surface where the elastic strain can be easily released. Consequently,
the system would remain in a single phase until the overall Li composition reaches the spinodal decomposition region,
resulting in the suppression of the phase decomposition of the system, as discussed in recent papers.[13, 14]

To understand the influence of elastic strain on spinodal decomposition, we consider a typical case in which spinodal
decomposition occurs at ¢ = 0.5 (i.e., cr,; = 0.5) in the symmetric free energy of a regular solution type,

f(#) =Q¢(1 - ¢) + RT[¢In¢ + (1 - ¢)In(1 - ¢)], (1)

where R is the gas constant, T' is the absolute temperature, €2 is the interaction parameter of the regular solution.
¢ is defined as ¢ = 1 — ¢r;, where c¢r; is the Li composition at the lithium site of the olivine structure, i.e., ¢ is the
Li-vacancy (denoted as Vi;) composition. According to the literature, [14, 20] the value of €2 is about 12 kJ/mol for
the LiFePQ4/FePO, system. When we consider the free-energy density function per unit volume, Eq. (1) has to be
divided by the molar volume Vj, ~ 43.8 x 107% m?/mol. As suggested by Malik et al.,[21] the free energies of two
phases may not be so simple, but several works have successfully explained the experimental results in this system by
using the free energy of the regular solution type.[22, 23]

In this case, unlike the nucleation process, the lattice mismatch gradually increases with a continuous phase sepa-
ration; the elastic strain due to the mismatch is given by T5,,,(2¢ — 1)/2 when the two separated phases have ¢ and
1 — ¢, respectively, where the eigenstrain, £5,,,(¢), by measuring from the lattice constants of LiFePQy, is given by



(a) (100) interface (010) interface (001) interface (b)  o_Coherent
f-JLR
at300K  |nitial gﬂ\ \ﬂ\aﬂ I
; B :
30 ! 30\ ¢ s0l\06 ! Sosl (010) interface
& & : N & ‘10011\‘ = (001) interface
£ £ £ y 80.6¢
g 20 g 20 [001] ) g 20 f £
;.Im/ ;.I(; Ct;g%e'nl Eij’ Coherent g 04L
+ 10 " CoMerent + 10 otects + 10 "Iﬁ%% 2
- iniyce 11001 - _tioo] - £ 02
y =3 @ Y-
b 010} J | 1100 2
0 o s . 0 . s . . 0 L 010, . ‘ 8 0.0l Incoherent a 300K
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0 00 01 02 03 04 05
Li vacancy composition, ¢ Li vacancy composition, ¢ Li vacancy composition, ¢ Solubility limit of Li, c;
40 = 40 40 40
(c) Ye = 40 mJ/m2 Ye = 100 mJ/m2 (d) Ye = 40 mJ/m2 Ye = 100 mJ/m2
Initial 25nm [nitial
30| 30 ! _ _
— — [s2] [s2]
) [<7) 35 35
£ £ 5 =
o )
= 22 = =
3 3 - 2.5nm <
= -2.5 nm = i‘ m i‘
r 3 m r G 30 \An @ 30
10 fo/ff- 4 nm 10 + 5n +
//.10nm T
.- L = Infinity (Bulk) nm o = Hffinit ini
L = Infinity (Bulk inity (Bulk) £ Infinity (Bulk]
0 Lo 0 phinity Bulk) ) 25 L 25 ity Buk) |
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
Li vacancy composition, ¢  Li vacancy composition, ¢ Li vacancy composition, ¢ Li vacancy composition, ¢

FIG. 2: (a) Sum of the free energy and elastic energy when the phase separation is supposed to occur from ¢ = 0.5, f + Es, as
a function of ¢ for three coherent interfaces corresponding to the illustrations shown in the insets. (b) The solubility limit of
Li atoms (lateral axis) as a function of the coherency factor a (vertical axis), determined according to the axes in the phase
diagram; o = 1 means complete coherency, while a = 0 indicates complete incoherency (loss of coherency). (c¢) Sum of the free
energy and interfacial energy, f + /L, as a function of ¢ for 7. = 40 and 100 mJ/m?, when phase separation is supposed to
occur from ¢ = 0.5. (d) The total free energy, f + E. + v/L, as a function of ¢ for . = 40 and 100 mJ/m?, where the (100)
interface is assumed for the calculation.

17, = —0.050, T3, = —0.036, T35 = 0.019, and T7; = 0 for ¢ # j. If we do not consider microstructural optimization,
the elastic energy Es(¢) caused by the separation can be given by

1
Ei(¢) = 5(011117}*12 + o990 To” + 3333 T + 2¢0933 T3 Ty
* * * * 1- 2¢ 2
+ 2e3311 T35 1Y) + 2c1122T7 Ts) (Ta) ) (2)

where « is the coherency factor (contribution factor) of the lattice mismatch, and all components of the 4th-rank
elastic constants c;;r are given by the first-principle calculation (GGA + U);[24] when o = 1 the lattice mismatch
completely affects the total free energy, while @ = 0 means a state of complete incoherency.

Based on our previous calculation results,[15] we consider here three simple types of interfaces, (100), (010) and
(001) interfaces, as shown in Fig. 2. When the coherent interface caused by spinodal decomposition is normal to the
crystallographic [100] axis [called the “(100) interface” or “bc interface”], we can consider T}, = 0, since the [100]
direction is free from lattice coherency. Similarly, T3, = 0 for the (010) interface, and T35 = 0 for the (001) interface;
e.g., B x4 % 29.9(¢ — 1/2)2 MJ/m? for the (100) interface.

Figure 2(a) shows the sum of the free energy and elastic energy, f+ Es, for the three coherent interfaces corresponding
to the illustrations in the insets. As is clearly shown in the figure, among the three interfaces, only the (100)
interface is stable, and the other coherent interfaces are elastically unstable, which is consistent with the experimental
observation.[25] The (010) interface can be stable with a slight loss of coherency, but the (001) interface cannot be
formed unless the coherent misfit strain is sufficiently released (by misfit dislocations, increase in mosaicity, etc). This
trend can be attributed to the ease of release of the eigenstrain;[15] in this olivine case, the lattice mismatch along
the a axis is largest between the LiFePO, and FePO,4 phases.

Figure 2(b) shows the solubility limit of Li atoms (lateral axis) as a function of the coherency factor a (vertical
axis), which is obtained by solving (f + Es)/0¢ = 0 at each a.. As the elastic effect becomes large, Li atoms become



more soluble; i.e., the miscibility gap decreases. Thus, the solubility of Li can be changed by the coherent elastic effect
caused by the lattice mismatch.[6-8] In general, when the particle size is sufficiently large, misfit dislocations can be
easily introduced, but when the particle size decreases, as a rule of thumb, they are inclined to be scarcely introduced
into crystals. For this reason, it is considered that Li solubility increases with a decrease in particle size. However,
it should be noted that the miscibility gap is not, in principle, absent, even with the complete coherent interface. If
the (100) interface (i.e., the bc plane) cannot be formed for some reason, the miscibility gap would disappear, but it
is difficult to assume such a case from the discussion above. Thus, we can conclude that there is a lower limit of the
coherent misfit effects on the miscibility gap.

3.2. Effects of interfacial energy

The interfacial energy is frequently discussed as another cause of the increase in Li-solubility when the particle size
becomes small. As described in Ref. [15], the interfacial energy 7 as a function of ¢ can be approximately expressed
as v & 7e(1 — 2¢)?. Based on the literature,[13, 14] the interfacial energy 7. can then be expected to be in the range
from 40 to 100 mJ/m?, and we can evaluate the effect of the interfacial energy on particle size by assuming that one
interface is formed in the middle of a perpendicular-parallelepiped particle.

Figure 2(c) shows the sum of the chemical free energy given by Eq. (1) and interfacial energy per unit volume, i.e.
(f(@)SL +~(¢)S) /SL = f(¢) + v(4)/L, as a function of ¢ and L, where L denotes a dimension of the particle that
is normal to the interface S. Although the interfacial energy affects the Li solubility of small particles, we find that
the effect is not so large unless a dimension L is extremely small (less than about 3 nm for 7. = 100 mJ/m? and there
is virtually little effect for 7o = 40 mJ/m?). Thus, it is shown that the single-phase reaction observed for particle
diameter of 10-40 nm cannot be explained based on consideration of only interfacial energy.

3.3. Effects of both energies

In light of the previous experimental findings regarding the Li solubility in sub-micrometer-sized particles,[6-8] we
cannot consider the elastic strain effect as a primary cause, since the elastic effect would be greater than the interface
effect in such relatively large size and is always possible to yield a change in Li solubility regardless of the particle
size. Hence, it would be vitally important to consider the effects of elastic strain on nano-sized particles in addition
to the interface energy. Figure 2(d) shows the total free energy (including the elastic strain and interfacial energies)
as a function of ¢ and L, where the (100) interface is assumed for the calculation. In this case, it is indicated that
the single-phase reaction can take place when the particle size is under 4 nm for 7. = 40 mJ/m? and 10 nm for
Ye = 100 mJ/m?. The estimated size for the single-phase reaction is close to the actual observations but is still rather
smaller than the experimental values (about 10-40 nm). These estimated values are considered as the limits of static
thermodynamic in an infinite time scale. We would need to consider the single-phase reaction on the basis of the
kinetics viewpoint in order to understand the actual finite-time-scale phase-separation process.

4. PREFERRED WAVELENGTH FOR SPINODAL DECOMPOSITION AND THE CRITICAL SIZE
FOR NUCLEATION

Generally, the preferred wavelength of spinodal decomposition and the critical nucleation size are greatly affected by
the elastic strain energy that accompanies transformations. According to the Cahn-Hilliard theory,[16-18] a critical
or preferred wavelength is very important for the actual spinodal decomposition process in the time evolution of the
spinodal wave. In the initial stage of decomposition, a linear approximation of the one-dimensional Cahn equation
can be given by

0¢ 9” frot ) ¢

9 ~ M( ) 90 _omKsZ2, 3
ot 362 ) 4o 02 s )
where M is the kinetic coefficient, Ky is the gradient energy, and fio4 is the sum of the chemical free energy function
and the elastic strain energy function. The solution of this differential equation is simply expressed as ¢(z,t) =~
oo + A(k,0) exp[R(k)t] exp(ikz), where A is a constant, k is the wavenumber, and R(k) is called the concentration
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FIG. 3: The preferred wavelength Ac and critical radius R. in spinodal decomposition and nucleation processes in the
LiFePOy4/FePOy4 system at 300 K, respectively. These values are estimated for three gradient coefficients Ks & 0.5 x 10710, 0.9 %
107'°, and 3.5 x 107'° J/m, which correspond to the interfacial energies vs = 40, 50, and 100 mJ/m?, respectively.

amplification factor and is expressed as

62ftot
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R(k) = —M( )¢ k? — 2M Ksk?, (4)
0
where R(k) > 0 is required for stable growth of the spinodal wave. Note that the case of k = 0 corresponds to the
thermodynamic limit mentioned above, and a concentration wave with such a long wavelength cannot grow stably or
grow at a quite slow rate from the kinetics viewpoint (because R(k) = 0).
From this condition, the preferred wavelength \. (= 27/k.) of spinodal decomposition, at which the rate of spinodal
decomposition is the greatest, is given by

2K

Ae X 2T\ | O IE. 3RT

()
where E; used here is the magnitude of Eq. (2) at ¢ = 1. Incidentally, the critical wavelength that gives R(k) = 0 is
Ae/ V2, but we should actually discuss the phase decomposition using the preferred wavelength as well as the above
discussion. The critical temperature T, is defined as the temperature where the magnitude of A, diverges to infinity;
T. is expressed as T. ~ (2 — 4E;)/2R.

Figure 3 shows the preferred wavelength of spinodal decomposition, A, the critical nucleation radius, R, for various
interfacial energies (vs), and 7. as a function of the elastic strain energy E; for the LiFePQy system. An elastic strain
energy F of about 40 MJ/m? leads to divergence of the preferred wavelength \. for spinodal decomposition. As
discussed above, E, for spinodal decomposition is approximately 30 MJ/m? in this system (yellow-colored region),
where \. is about 10-30 nm for Kg ~ 0.5-3.5 x 10710 J/m. This value corresponds to v5 & VKA finax = 40-
100 mJ/m?2, where A fiax is the free-energy difference between ¢ = 0.5 and ¢ = ¢, (equilibrium order parameter).
Spinodal decomposition would be significantly suppressed when the particle size is less than these values, which well
explains the present experimental result that the single-phase reaction took place for nano-sized particles of about
10 nm as shown in Fig. 1(c). Furthermore, the critical temperature T, decreases significantly from about 720 K to
about 400 K due to the elastic effect without any lattice mismatch. Thus, the driving force of spinodal decomposition
is decreased at room temperature from this viewpoint on T.

Finally, we consider the case of nucleation. As shown in Fig. 3, E; of about 90 MJ/m? yields divergence of the
critical radius R. for nucleation, since the driving force of nucleation is about 90 MJ/m? according to our previous
paper.[15] In the paper, we calculated the elastic strain energy for the formation of an infinitesimal FePO,4 nucleus
in the infinite homogeneous LiFePO, matrix, and showed that the minimum value of E is about 100 MJ/m?. Thus,
the elastic strain energy in the case of completely coherent formation is beyond the chemical driving force, i.e.,



A fehem + Es > 0, which hinders the nucleation of FePO, in the LiFePO, matrix under charging (LiFePO, formation
in the FePO4 matrix on discharge).

5. CONCLUSIONS AND REMARKS

In conclusion, we have addressed the effects of elastic strain due to a lattice mismatch and gradient (interfacial)
energy on the phase-separation behavior of olivine LiFePO4, and have revealed experimentally and theoretically the
mechanism of single-phase delithiation/lithiation reactions that has hitherto been unclear. We have shown experi-
mentally that nano-sized particles (about 10 nm in diameter) did not show phase separation and were charged in a
single phase state for the first time. In addition, we clarified the mysterious phenomenon of why the single-phase
reaction proceeds with very small particles. In general, the specific surface area of particles increases with a decrease
in particle size. Thereby, the elastic strain is believed to be easily released in smaller particles, and the phase separa-
tion is thought to be facilitated; however, actually, this is not the case. The present experiments have revealed that
nano-sized particles tend to undergo a single-phase reaction. If we only consider this phenomenon from the viewpoint
of static thermodynamics, the single-phase reaction cannot be explained unless the particle size is extremely small
(below 4-10 nm). It is important to consider the phenomenon from a kinetic viewpoint, i.e., we must consider whether
a single-phase reaction or phase separation takes place based on the concept of a preferred wavelength of spinodal
decomposition. We should emphasize that extremely small nanoparticles would not undergo phase separation in terms
of kinetics, and a certain appropriate particle size (more than about 10-30 nm in this case) is required for the phase
separation.

In our previous paper[15], the initial condition associated with the gradient term of the Li concentration was
considered by using the numerical simulation based on the Cahn-Hilliard equation. Our simulation suggested that,
in such a case, a domain wall motion like domino cascade[26] can surely occur, but the spinodal decomposition is still
dominant even in the case. Thus, the gradient term tends to promote the domain wall motion, but this motion is very
sluggish because of the strain energy effect. Actually, in our experiment, the phase separation cannot take place in
very small nanoparticles, which indicates that the gradient term plays just a role in the macroscopic change of the Li
concentration in the bulk. Thus, the fact that the single-phase reaction occurs without the phase separation strongly
indicates that the charge/discharge process of LiFePO,4 cannot be explained only by the domino cascade model, but
the phase separation as a transformation is also inevitably involved in the charge/discharge process of normal sized
particles.
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