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Abstract 

We gain new insights into the equilibrium properties and potential two-phase lithiation 

mechanisms in LiFePO4 nano-particles by conducting a first-principles investigation of 

the anisotropic chemical interfacial energy landscape in LiFePO4. The chemical 

interfacial energy per unit area along the ac plane is found to be remarkably low (7 
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 2 

mJ/m2) with respect to the bc (115 mJ/m2) and ab (95 mJ/m2) chemical interfacial 

energies. Because chemical interfacial energy and coherency strain energy have different 

anisotropies, the thermodynamically stable interface orientation is shown to depend both 

on the particle size and on the particle morphology. In particular, ac interfaces are 

favored for isotropic particles below 40 nm. This indicates that, if experimentally-

relevant nano-particles were to (de)lithiate under a thermodynamic two-phase 

mechanism, the resulting front would be orientated along the ac plane, and not along the 

bc plane as is assumed in most lithiation models in the literature.  

Introduction 

LiFePO4 is an important commercial cathode material for Li-ion batteries due to its 

safety 1, reasonable energy density (170 mAh/g, 3.4 V vs. Li+/Li)2, and high rate 

capability. Capacities as high as 130 mAh/g have been achieved at 50 C rate ((dis)charge 

in 72s), and rates as high as 200 C and 400 C ((dis)charge in 18s and 9s respectively) 

have been achieved by removing kinetic limitations at the electrode level. 3-7 These high 

rates are achievable only when the particle size is reduced to the nano-scale (~ 50 – 100 

nm) 3-7, a phenomenon that has been attributed in part to reduced Li mobility due to 

channel-blocking anti-site defects in larger particles.8-10 However, the mechanism by 

which pristine nano-sized particles achieve high rates is still debated in the LiFePO4 

literature. 

 

 Several models have been proposed to explain the (de)lithiation mechanisms in 

LiFePO4 single particles by taking into account the two-phase nature of bulk LixFePO4. 
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2,11-17 Among these models, a large fraction operates under one or both of the following 

assumptions: 

 

1) (De)lithiation is initiated by a nucleation event2,12,15,16,18 

2) Phase transformation proceeds through the propagation of a bc phase front11,12,15,16.  

 

The nucleation assumption is generally accepted, as it describes the phase 

transformation kinetics of a large fraction of two-phase systems19. Several authors, on the 

other hand, have argued against the possibility of high-rate nucleation and have proposed 

a non-equilibrium solid solution mechanism as an alternative16,17,20. The bc phase 

boundary assumption is justified by the minimization of the lattice mismatch in the plane 

of the interface (the lattice mismatch between the LiFePO4 and FePO4 phases is 5.3% in 

the a direction, 3.8% in the b direction, and 1.9% in the c direction21) and has been 

supported by several observations of bc interfaces in ex situ chemically delithiated 

particles11,13,22 .  

 

The bc phase boundary assumption, although widely accepted in the literature, has 

recently been questioned by experimental observations23-26. Observations on single nano-

sized particles have shown that the bc plane is not always the preferred boundary 

orientation in LiFePO4 single particles. Several TEM measurements have in fact 

demonstrated that the phase orientation depends both on the particle size and on the 

particle morphology. Specifically : 
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�By observing preferential fracture planes after electrochemical cycling of spherical 

200 nm particles, Gabrisch et al.23 showed the existence of phase boundaries on 

both the bc and ac planes.  

�Park et al.24 observed only ac interfaces in chemically delithiated 100 nm particles. 

� Suo et al.25 observed ab interfaces after chemical delithiation of 200 nm particles 

(a ~2 nm region of ordered "staging" was also observed between the two phases).   

� Zhu et al observed the propagation of an ac interface using in situ TEM on micron 

sized particles. 26 

�Other interface orientations have also been observed, such as the (101) interface 

by Ramana et al. 13  and the (110) interface by Laffont et al.22   

 

Despite the importance of the bc phase front assumption in the LiFePO4 literature, no 

comprehensive theoretical study has been conducted to verify its validity.  In principle, 

the preferred interface orientation in a single particle can indeed depend both on the 

particle size and on the particle morphology. Chemical interfacial energy and coherency 

strain energy scale differently with particle size (the former being proportional to the 

interfacial area and the latter to the particle volume) and may each favor different 

interface orientations. The interface orientation that minimizes the coherency strain 

energy (typically believed to be the bc interface) may not always coincide with the 

interface orientation that minimizes the chemical interfacial energy, thus creating a 

particle size and morphology dependence of the preferred interface. Understanding the 

orientation dependence of both the chemical interfacial energy and the coherency strain 

energy is therefore crucial to determining the preferred phase boundary orientation in 
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LiFePO4 as a function of the particle size and morphology.  Although the effect of 

anisotropic coherency strain energy has been studied in detail15,27,28, comprehensive 

studies of orientation-dependent chemical interfacial energies in conjunction with 

coherency strain energy have not yet been undertaken.  

 

In this work, we evaluate the validity of the bc phase front orientation assumption by 

comparing the relative stability of the bc, ac and ab interfaces as a function of particle 

size and mophology, using chemical interfacial energies based on first principles and 

coherency strain energies based on continuum elasticity. The results of this study will be 

used to understand the origin of the particle-size and particle-morphology dependence of 

the preferred interface in LiFePO4 single particles. In particular, the preferred phase front 

orientation of experimentally relevant sub-50 nm LiFePO4 particles will be investigated, 

to gain insights on the potential two-phase lithiation mechanisms in nano-LiFePO4 

electrodes. 

 

Methodology 

 

An important assumption that will be made throughout this work is the coherent nature 

of the FePO4/LiFePO4 interface. This assumption is based on two considerations. First, 

incoherent or semi-incoherent interfaces are known to propagate slowly, as they require 

the displacement of all atoms of the interface as opposed to only the lithium. This would 

therefore be inconsistent with the high rates observed in LiFePO4. Second, 

(semi)incoherent interfaces are known to have a higher chemical interfacial energy than 

Page 5 of 39 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 6 

coherent interfaces and are therefore energetically unfavorable at small particle sizes. We 

will also assume that the interface is sharp (i.e., the solubility in each phase is negligible 

and no ordered states exist between the two phases25). Although a large fraction of ex 

situ11,13,22,23,24 and in situ26 observations in the LiFePO4 literature are consistent with this 

assumption, it is important to mention that intermediate solid solution phases at an 

FePO4/LiFePO4 interface have also been observed in recent ex situ25,29 and in situ30 

experiments. The origin of these intermediate solid solution states have been argued to be 

either of kinetic nature (out of equilibrium Li insertion) or of thermodynamic nature 

(partial release of coherency strain energy at the interface). Although only sharp 

interfaces will be considered in this study, a subsequent analysis of the coherency strain 

energy profile at a sharp FePO4/LiFePO4 interface will allow us to determine if a 

thermodynamic driving force to form an intermediate solid solution region at the 

interface does indeed exist (see Discussion for more details). 

 

The total energy penalty for intra-particle phase-separation (with respect to interparticle 

phase separation) is the sum of the chemical interfacial energy, which scales as the area 

of the LiFePO4/FePO4 interface, and the coherency strain energy, which scales as the 

particle volume. This dependence is expressed in equation (1). 

 

Ephase−separation = Ainterfaceγ +Vparticleestrain
 

(1)
  

In equation (1), Ainterface  is the interfacial area, γ  is the (coherent) chemical interfacial 

energy per unit area, Vparticle  is the particle volume and estrain  is the volume-averaged 
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 7 

coherency strain energy density. More specifically, the quantity estrain is equal to the total 

strain energy in the particle divided by the total volume of the particle, as expressed in 

equation (2).  

 

estrain =
1

Vparticle
1
2
σ ijεij

elastic dV
Vparticle
∫

 
(2)  
 

 

In equation (2), σ ij is the stress tensor, εij
elastic is the elastic strain tensor, defined as the 

difference between the total strain tensor and the stress-free strain tensor (see Appendix 

for more details).   

 

The dependence of the preferred interface orientation on particle size and shape can be 

explained by the different size-scaling of the chemical interfacial energy and coherency 

strain energy contributions to the energy penalty for intra-particle phase-separation. 

While both chemical interfacial energy and coherency strain energy depend on the 

orientation of the phase boundary, they scale differently with particle size. Chemical 

interfacial energy scales with the area of the LiFePO4/FePO4 interface, while coherency 

strain energy scales with the particle volume. The effect of the chemical interfacial 

energy is expected to dominate at small sizes, while the effect of the coherency strain 

energy is expected to dominate at large particle sizes. These different scalings can lead to 

a particle-size and particle-morphology dependence of the preferred interface orientation, 

as the interface orientation that minimizes chemical interfacial energy may not coincide 

with the interface orientation that minimizes coherency strain energy.  
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 8 

 

The volume-averaged coherency strain energy density estrain is calculated using 

continuum elasticity models while the chemical interfacial energy per unit area γ  is 

calculated using Density Functional Theory (DFT). A more detailed explanation of these 

two methods follows. 

 

Chemical interfacial energies per unit area are calculated using the Generalized 

Gradient Approximation (GGA+U) to Density Functional theory (DFT) as implemented 

in the Vienna Ab Initio Simulation Package, with a self-consistent U value for Fe of 4.3 

as previously determined by Zhou et al.31 Energies of supercells containing pure LiFePO4, 

pure FePO4 and an LiFePO4/FePO4 interface are calculated and their difference is divided 

by the area of the LiFePO4/FePO4 interface to obtain the chemical interfacial energy per 

unit area. This standard procedure is illustrated in equation (3). (Note that, in equation 

(3), the two-phase supercell contains an equal fraction of each phase.) 

 

γcoherent = Lim
N→∞

EN unit cells
2−phase −

N
2
EFePO4 − N

2
ELiFePO4

$

%&
'

()
Fixed lattice parameters along the interface plane

2Ainterface  

 
(3) 
 

 

Energy calculations of the fully lithiated, fully delithated, and two-phase states are 

performed at the same lattice parameters along the plane of the interface, while the 

dimension perpendicular to the interface is allowed to relax. This standard procedure is 

essential to capture only the chemical interfacial energy component of the energy penalty 

for phase-separation, without any contribution from the coherency strain energy. In 
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 9 

general, the exact values of the lattice parameters along the interface depend on the 

relative phase fraction of the FePO4 and LiFePO4 phases. In the extreme cases, an FePO4 

nucleus forming in an LiFePO4 matrix will be constrained to the lattice parameters of the 

LiFePO4 phase, while the opposite applies to an LiFePO4 nucleus in a FePO4 matrix. 

When the phase fractions are comparable, the lattice parameter at the interface takes a 

value intermediate to the lattice parameters of the two phases. Since it was found that the 

calculated chemical interfacial energy per unit area has a weak dependence on the choice 

of these lattice parameters (e.g. ± 0.5 mJ/m2 for the ac interface), only the average values 

obtained at the FePO4 and LiFePO4 lattice parameters will be reported.  

 

The energy cutoff used in each DFT calculation is 520 eV, while the k-points mesh 

density is 0.3A-1. All calculations were performed in the ferromagnetic state, following 

previous studies20,32. The ground state Fe2+/Fe3+ ordering at the LiFePO4/FePO4 interface 

was identified for each interface orientation. Using the linear interpolation method of 

Fiorentini and Methfessel33,34, γ values were found to converge at a supercell size 

consisting of three unit cells of each phase (N=6 in equation (3)).  All the calculation 

parameters stated above ensure that the reported γ values are converged to within 1 

mJ/m2. The calculated lattice parameters of the pure FePO4 and the LiFePO4 phases, at 

which the chemical interfacial energies are calculated, are given in and are consistent 

with previous reports27. 
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 10 

Table 1. Calculated lattice parameters for the LiFePO4 and FePO4 phases 

 a (A0) b (A0) c (A0) 

FePO4 9.98 5.92 4.88 

LiFePO4 10.44 6.07 4.75 

 

 

At the particle scale, coherency strain energies are calculated using the standard 

equations of the theory of linear elasticity: mechanical equilibrium, strain compatibility 

and the linear stress-strain relationship (see Methods section for details). In addition to 

these standard relations, a continuity condition of the displacements at the 

LiFePO4/FePO4 interface is imposed, thus reflecting the fact that the interface is coherent. 

A traction-free boundary condition is also imposed at the external surfaces of the particle. 

The latter condition is critical, as it allows stress relaxation via volume 

expansion/contraction at the particle surface and therefore leads to significantly smaller 

coherency strain energies than if the entire particle were elastically strained.  

 

Values of the elastic constants for the LiFePO4 and FePO4 phases are taken from the 

first principles calculations of Maxisch et al.27 The equations of continuum elasticity are 

cast into the smoothed boundary method as formulated by Yu et al.35 to solve for the 

elastic stress tensor and strain tensor using the alternative direction iterative (ADI) 

method in a second-order central-difference scheme in space. The volume-averaged 

coherency strain energy density is then calculated from equation (2). 
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Due to the assumptions of linear elasticity, the volume-averaged coherency strain 

energy density as defined in equation (2) depends only on the lithium concentration xLi, 

the interface orientation and the particle morphology, but not on the particle volume (at a 

given particle morphology).  In other words, the total coherency strain energy Estrain can 

be written (equation (4) ):  

 

Estrain =Vparticle •estrain xLi, interface orientation, particle morphology( )
 

(4)
  

For example, all cubic particles with xLi=0.5 and an interface in the bc plane have the 

same volume-averaged coherency strain energy density estrain , regardless of the 

dimensions of the cube. In this study, only cuboid particles of dimensions La x Lb x Lc are 

considered. One length parameter is used to describe the size of the particles (the 

dimension perpendicular to the interface, e.g. Lb for ac interfaces), while two length ratios 

are used to describe the morphology of the particles (the ratios of the dimensions parallel 

and perpendicular to the interface, e.g. Lb / La and Lb / Lc for ac interfaces). 
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 12 

Results 

 

Table 2 presents the chemical interfacial energies per unit area (excluding coherency 

strain energy) that were calculated using DFT.  

 

Table 2. Calculated chemical interfacial energies per unit area 

bc interface ac interface ab interface 

115 mJ/m2 7 mJ/m2 95 mJ/m2 

 

 

An important consequence of the values reported in Table 2 is that the chemical 

interfacial energy landscape is highly anisotropic. The relationship between the 

magnitudes of the various chemical interfacial energies per unit area is expressed in 

equations (5).  

 

γ ac << γ ab < γ bc

 

(5) 

 

The order of magnitude of the calculated chemical interfacial energies per unit area are 

inconsistent with the 960 mJ/m2 reported using previous ab initio calculations36. The 

latter value does not seem realistic however, as it is higher than the surface energy of 

LiFePO4 in the (100) direction and would therefore lead to particle fracture37. Our 

calculated values are also consistent with the general order of magnitude of coherent 

chemical interfacial energies per unit area, which are known to be on the ~100 mJ/m2 

scale19, with the exception of γac which is found to be exceptionally low. We note that 
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 13 

our values are also closer to the isotropic value of 39 mJ/m2 recently used in phase field 

models38. 

 

The low chemical interfacial penalty along the ac plane is consistent with the formation 

energy of key ordered solid solution states in the LixFePO4 system.  Figure 1 shows the 

energy of various solid solution configurations in LixFePO4 as calculated by Zhou et al32, 

among which two have been highlighted. The first ordered configuration consists in a 

sequence of alternately lithiated and delithiated bc planes (referred to as "bc staging" by 

Zhu et al20, which we will refer to as "bc ordering"), while the second configuration 

consists in a sequence of alternately lithiated and delithiated ac planes (which we will 

refer to as "ac ordering"). These orderings are purely comprised of LiFePO4/FePO4 

interfaces and are therefore key in understanding the origin of the low ac chemical 

interfacial energy with respect to the bc chemical interfacial energy. The ac ordering, 

which was shown by Malik et al to be along the path of the low-energy non-equilibrium 

free energy curve17, has a formation energy of 10 meV per formula unit of Li (f.u.). By 

comparison, the bc ordering25 was calculated by Zhu et al20 to have a positive energy 

penalty of 70 meV/f.u. The fact that it has been observed experimentally was argued to 

be either due to kinetic stabilization20 or to relieve stress along a sharp ab interface25. 

Taking into account the fact that the energy penalty for the ac ordering state is 7 times 

lower than that for the bc ordering, and taking into account the fact that the interfacial 

area per formula unit along the ac plane is approximately twice that along the bc plane 

(the lattice parameters approximately being a=10.4 A, b=6.1 A, c=4.8 A for LiFePO4), a 

rough estimate indicates that γac should be approximately 14 times lower than γbc . 
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Using this ratio to calculate γac  based on the value of γbc , we find that this simple 

model gives an approximate value of γac=10 mJ/m2, which is very close to the calculated 

value. The relative energies of bc and ac microscopic orderings are therefore consistent 

with the relative values of the ac and bc chemical interfacial energies per unit area. 

 

By virtue of equation (1), the low value of γac  means that the majority of the energy 

penalty associated with an ac interface lies in the coherency strain energy, with only a 

small contribution from the chemical bonds at the interface. Figure 2 illustrates this fact 

by comparing the energies of the three configurations that were used to calculate γac  : a 

two-phase LiFePO4/FePO4 supercell, a pure LiFePO4 supercell and a pure FePO4 

supercell (all three under the lattice parameters of LiFePO4 for the purposes of this 

example). Consistent with the phase-separating character of the LixFePO4 system, all 

three formation energies are greater or equal to zero. The dashed line in Figure 2 (linear 

interpolation between the energy of the LiFePO4 and strained FePO4 phases) represents 

the energy penalty only due to coherency strain. The actual formation energy of the two-

phase state is higher than the dashed line by a quantity that is proportional to γac . This 

quantity is found to be small for an ac interface, thus leading to a low value of γac (7 

mJ/m2). 

 

In order to fully characterize the energy penalty for phase-separation, both the chemical 

interfacial energy and the strain energy resulting from the coherency strain at the 

interface must be considered. Figure 3 presents the local coherency strain energy density 

calculated in cubic particles for ac, bc and ab interfaces. In this figure, the 
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LiFePO4/FePO4 interface located in the center of the particle, corresponding to an overall 

composition of xLi=0.5 at the particle level. 

 

Because of stress relief at the external surface, elastic strain is limited to a small region 

around the interface, as illustrated in Figure 3. The length of the strained region is on the 

order of 10-20% of the particle length, and the maximal local strain energy density in that 

region is on the order of 30-70 MJ/m3, depending on the interface orientation. The local 

coherency strain energy distribution in the particle can be integrated to obtain the 

volume-averaged coherency strain energy density (total coherency strain energy divided 

by total volume) as reported in equation (2). The volume-averaged coherency strain 

energy density can then be calculated as a function of the lithium concentration in the 

particle by varying the position of the interface, as illustrated in Figure 4. 

 

Figure 4 shows that the volume-averaged coherency strain energy density profile is 

relatively independent of the volume fraction of the particle that is transformed. This is a 

consequence of the fact that coherency strain energy is only localized around the 

interface. A departure from the plateau value occurs when the distance between the 

interface and the external surface is on the same order of magnitude as the length of the 

strained region, which corresponds to concentration values close to xLi = 0 and xLi = 1. 

The plateau value of the volume-averaged coherency strain energy density is lowest for 

the bc interface ( estrainbc = 3.7MJ /m3 ) and largest for the for the ab interface (

estrain
ab = 9.6 MJ /m3 ). The ac interface has an intermediate value ( estrainac = 6.5MJ /m3 ). 

Thus :  
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estrain
bc < estrain

ac < estrain
ab

 

(Cubic particles) 
(6) 

 

This is in agreement with the common assumption that bc interfaces minimize 

coherency strain energy. 

 

For the remainder of this study, only the plateau value of the volume-averaged strain 

energy density will be stated. This approximation is valid when the phase fraction of the 

minority phase is sufficiently high (~10-20%). In this regime, Li concentration 

dependencies can be neglected, such that the dependence on xLi in equation (4) can be 

discarded.  

 

The total energy penalty for phase-separation in cubic particles can be calculated by 

combining chemical interfacial energy and coherency strain energy as in equation (1). 

Figure 5 shows the total energy penalty for phase-separation normalized by the particle 

volume for cubic particles with sizes ranging from 10 to 110 nm. 

 

A general feature that can be noted from Figure 5 is that the energy for intra-particle 

phase-separation, when normalized by the particle volume, decreases with particle size 

for any interface orientation. This is because the interface to volume ratio decreases, thus 

reducing the relative contribution of the chemical interfacial energy to the total energy 

penalty for phase-separation. Figure 5 demonstrates that the favored interface orientation 

depends on the size of the particle. At small particle sizes, an ac interface is energetically 

favorable. Chemical interfacial energy indeed dominates at small particle sizes, thus 
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favoring ac interfaces by virtue of equation (5). At large particle sizes, a bc interface is 

energetically favorable because the coherency strain energy, which is lowest for bc 

interfaces (equation (6)), dominates. The crossover happens at particle sizes on the order 

of 40 nm. For cubic particle sizes below 40 nm, the favored boundary orientation is 

therefore ac, as opposed to bc which is assumed by most lithiation models in the 

literature 11,12,15,16 .  

 

Up to this point, we have only considered cubic particles. For non-cubic morphologies, 

in which the dimensions of different interfaces are different, both the chemical interfacial 

energy and the coherency strain energy will depend on the particle morphology, as 

expressed in equation (7).  

 

Ephase−separation
i = Aiγ i +Vestrain

i particle morphology( ) .
 

(7) 

 

The chemical interfacial energy penalty for interface i, Aiγ i , depends on the particle 

morphology through the surface scaling Ai. For non-cubic morphologies, the difference in 

surface area between different interface orientations can make interfaces with large γ i

more favorable if their associated interfacial area Ai is small. This is not the case for cubic 

morphologies, where all three interface orientations have the same interfacial area. 

Coherency strain energy also depends on the particle morphology. Coherency strain 

energy is minimized when the direction perpendicular to the interface, over which 

coherency stress is allowed to relax, is smaller than the dimensions of the interface, 

where coherency stress is created. For example, for an interface located in the bc plane, 
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the coherency strain energy will depend on the Lb / La and Lc / La ratios, with La being the 

direction perpendicular to the interface and Lb and Lc being the dimensions parallel to the 

interface. The value of estrain decreases as these ratios decrease.28 It is important to 

emphasize that, for a given particle morphology (i.e., at fixed Lb / La and Lc / La ratios in 

the previous example), the value of the volume-averaged quantity estrain is independent of 

the volume of the particle, as expressed in equation (7).  

 

The particle-morphology dependence of the chemical interfacial energy and coherency 

strain energy can be illustrated in a specific subspace of particle morphology, by fixing La 

= Lc and varying the morphology ratio Lb / La. According to the value of Lb / La , this 

subspace spans ac-platelet particles (Lb  / La  << 1,  La = Lc), cubic particles (Lb  / La = 1, La 

= Lc) and b-needle particles (Lb  / La >> 1, La= Lc), as illustrated in Figure 6. Figure 7(a) 

shows the variation of the total chemical interfacial energy along that subspace 

(normalized by the particle volume, i.e Aγ /V ), while Figure 7(b) and (c) show the 

variation of the volume-averaged coherency strain energy density estrain and the total 

energy penalty for phase-separation along that same subspace. In Figure 7, the value of Lb 

is fixed to 50 nm. 

 

The trends in the chemical interfacial energy penalty Aγ /V observed in Figure 7(a) can 

be readily explained by considering the relative difference between the bc, ac and ab 

interfacial areas along the morphology subspace under consideration. As the Lb / La ratio 

is increased from a value of 0.5 to a value of 2, the area of the ac interface relative to the 

total volume of the particle decreases, while the areas of the bc and ab interfaces 
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increase. The relative stability of the ac interface is therefore more significant for small 

Lb / La ratios than for large Lb / La ratios.  

 

Similarly, the trends in the volume-averaged coherency strain energy estrain (Figure 7(b)) 

can be explained by considering how the dimensions parallel and perpendicular to the 

interface vary as the Lb / La ratio is increased. The volume-averaged coherency strain 

energy density associated with an ac interface decreases as the Lb / La ratio is increased, 

because the dimension perpendicular to the interface (Lb) is reduced with respect to the 

dimensions parallel to the interface (La and Lc). The opposite applies for bc and ab 

interfaces, for which the dimension perpendicular to the interface (La and Lc, respectively) 

decreases with respect to one of the dimensions parallel to the interface (Lb) . As a result, 

while cubic and ac-platelet morphologies favor bc interfaces, ac interfaces become 

favorable for b-needle morphologies.  

 

The previous considerations can be combined to determine the preferred interface 

orientation as a function of both particle size and particle morphology. These 

relationships are presented in the form of "interface orientation maps", which illustrate 

the preferred interface orientation for particles of different sizes in a given morphology 

subspace. Figure 8 illustrates three examples of such interface orientation maps. Figure 

8(a) presents the same morphology subspace as discussed in Figure 6 and Figure 7 (La = 

Lc, Lb / La allowed to vary), while Figure 8(b) and (c) present the morphology subspaces 

respectively characterized by Lb = Lc and La = Lb. The interface orientation maps reported 
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here constitute a qualitative interpolation based on a discrete set of calculated 

morphologies. 

 

The results from Figure 8(a) are a direct consequence of the change in the dominant 

contribution to the energy penalty with the particle size (Figure 5) and particle 

morphology (Figure 7). A horizontal cut at Lb  / La = 1 in Figure 8(a) corresponds to an 

analysis of the size dependence of the preferred interface in cubic particles, as was 

illustrated in Figure 5. In that analysis, it was seen that particles smaller than 40 nm favor 

ac interfaces, while particles larger than 40 nm favor bc interfaces. A vertical cut at Lb = 

50 nm in Figure 8(a) corresponds to the morphology dependence of the preferred 

interface at a fixed particle size of Lb  = 50 nm, as was previously illustrated Figure 7(c). 

In that analysis, it was seen that low Lb / La ratios favor bc interfaces, while high Lb / La 

ratios favor ac interfaces, with a transition between the Lb / La = 1 and Lb / La = 2 ratios.  

 

An interesting consequence of the interface orientation map in Figure 8(a) is that, for b-

needle particles with an Lb / La ratio on the order of 2 or higher, ac is the favored interface 

orientation at all particle sizes. Conversely, as the Lb / La ratio is decreased from 1 (cubic 

morphology) to lower values (ac-platelets), the ac interface is favored over smaller and 

smaller ranges of particle sizes, until the range becomes negligible. 

 

Figure 8(b) and (c) give interface orientation maps for two additional geometry 

subspaces, corresponding to Lb = Lc and La = Lb respectively. Figure 8(c) demonstrates 

that, in addition to the bc and ac interfaces, ab interfaces can also be favorable at certain 
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particle sizes and morphologies. In particular, particles with a morphology ratio of Lc / La 

= 2  favor ab interfaces in the 50 nm-130 nm range. This can be rationalized by 

considering that ab interfaces have a smaller interfacial area than ac or bc interfaces in 

that specific particle morphology.  

 

 

Summary and Discussion 

 

Per unit area, the ac chemical interfacial energy (7 mJ/m2) was shown to be much 

lower than the ab and bc chemical interfacial energies (95 mJ/m2 and 115 mJ/m2). The 

exceptionally low value of γac was shown to be consistent with the formation energy of 

key ordered solid solution states, indicating that the chemical penalty to form an interface 

along an ac plane is much lower than along a bc or ab plane. Because the interface 

orientation that minimizes the chemical interfacial energy per unit area (ac) is not the 

same as the interface orientation that minimizes the volume-averaged coherency strain 

energy density (bc for cubic particles), the preferred interface orientation in LiFePO4 

particles is size-dependent. In particular, isotropic particles below 40 nm favor an ac 

interface. Particle morphology has a strong effect on the favored interface, as it results in 

some interfaces being geometrically larger than others. Thus, even when an interface is 

not favored for isotropic morphologies, it can become favorable for anisotropic 

morphologies when the high-energy interface has a sufficiently small area as compared to 

other interfaces. Hence, the issue of what is the lowest energy interface is determined by 

intrinsic factors of the material (chemical interfacial energy per unit area, elastic 
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constants and lattice parameters differences) as well as by extrinsic factors such as 

particle size and shape. 

 

By comparing the stability of bc, ac and ab interfaces, our study rationalizes important 

qualitative features of ex situ observations of phase front orientations reported in the 

literature. In particular, our results are consistent with the observation of bc interfaces in 

ac-platelet micron-sized particles 11. The energy penalty for phase-separation in large 

micron-sized particles is dominated by the coherency strain energy, which favors bc 

interfaces. This preference is further accentuated for ac-platelet particles, in which the bc 

interface is geometrically smaller than the ac interface.  Observations of interfaces other 

than the bc interface in nano-sized particles, where chemical interfacial energy plays a 

larger role, are also consistent with the results our study. For particle sizes in the 100 nm 

– 200 nm range, several interface orientations have indeed been experimentally reported 

(ac, bc, ab, 110 and 101 13,22,23,25,26). Consistent with these observations, the interface 

orientation maps of Figure 8(a)-(c) show that the preferred interface orientation depends 

strongly on the particle morphology at this particle size. The b-needle and bc-platelet 

morphologies tend to favor ac interfaces, cubic, ac-platelet, ab-platelet and a-needle  

morphologies tend to favor bc interfaces and c-needle morphologies tend to favor ab or 

bc interfaces depending on the particle size. 

 

An exact quantitative comparison between the predicted interface orientations of Figure 

8 with experimentally observed interface orientations is challenging due to the fact that 

the exact particle morphology is often not reported in experimental literature. 
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Nevertheless, a more quantitative comparison is possible through the work of Gabrisch et 

al23. These authors report both ac and bc interfaces in 200 nm spherical particles, but only 

bc interfaces in micron-sized particles. As seen in Figure 8, our results suggest that ac 

interfaces could be observed in 200 nm particles that would be slightly anisotropic in the 

b and/or c direction, i.e. b-needles with Lb/La~2 or bc-platelet particles with La/Lc~0.5. 

Although not spherical, these particle morphologies are much more isotropic than the 

highly anisotropic micron-sized ac-platelet particles reported in the same paper 

(Lb/Lc~0.05, Lb/La~0.1), for which only bc interfaces were observed23. Our results are 

therefore consistent with the fact that ac interfaces can be observed in 200 nm particles 

with a low level of shape anisotropy. 

 

An important implication of our study is that, contrary to the assumptions of many 

lithiation models in the literature11,12,15,16, the bc interface is not always the preferred 

orientation in nano-sized LiFePO4 particles. In particular, in the case of cubic particles, 

the preferred orientation was shown to be the ac boundary for particle sizes below 40 nm. 

This result is particularly relevant, as primary sizes of particles used in high-rate LiFePO4 

electrodes are typically on the order of 50 nm, with a certain spread on the particle size. 

This suggests that if lithiation of a single isotropic sub-40 nm particle were to occur 

under a two-phase nucleation and growth process, phase growth would actually occur in 

the b direction with the phase front oriented along the ac plane. In addition to being 

energetically favorable, this phase front orientation is also kinetically favorable, as it 

allows b-channels to be (de)lithiated simultaneously instead of being (de)lithiated 

sequentially.  

Page 23 of 39 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 24 

 

Our study can also be extended to predict the critical size for equilibrium phase-

separation in nano-particles. Several authors have attempted, using electrochemical 

methods39,40 or phase field models41, to determine the critical size at which solid solution 

becomes thermodynamically favorable over phase-separation in nano-particles. Based on 

the work by Malik et al.17, the free energy of the non-equilibrium solid solution at room 

temperature is on the order of 10 meV per formula unit of Li, which corresponds to 21.5 

MJ/m3. Using the phase-separation energy of different interfaces in cubic particles as 

presented in Figure 4, it can be concluded that all three interface orientations (bc, ac, ab) 

are thermodynamically favored over a complete solid solution for particle sizes above 10 

nm. These findings are in general agreement with the recent theoretical predictions of 

Ichitsubo et al41, which state that the critical size for phase-separation is on the order of 4-

10 nm. However, it should be noted that these results do not rule out a lithiation 

mechanism through a non-equilibrium solid solution path17,  which is by definition a 

mechanism that is out of thermodynamic equilibrium.  

 

Lastly, our study can be used to determine if a thermodynamic driving force exists to 

form an intermediate solid solution region as an alternative to a sharp FePO4/LiFePO4 

interface. Although two-phase coexistence is favored over a complete solid solution for 

particles larger than 10nm, Figure 3(a)-(c) show that, in a small region around the 

interface, the maximal value of the local coherency strain energy at a sharp 

FePO4/LiFePO4 interface can vary between 30-70 MJ/m3 (depending on the interface 

orientation), which is higher than the free energy of the non-equilibrium solid solution 
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(21.5 MJ/m3). Forming a limited intermediate solid solution region as an alternative to a 

sharp FePO4/LiFePO4 can therefore be energetically favorable, by reducing local 

coherency strain energy at the expense of a higher bulk free energy. This may help 

explain recent ex situ25 and in situ30 observations of intermediate solid solution regions.  

 

In this study, we did not consider interface orientations other than the bc, ac or ab 

interfaces, and therefore no inference can be made on the incidence of higher order 

interfaces such as (110) and (101). Furthermore, non-cuboid particle shapes have not 

been considered and the interfaces were assumed to be sharp. However, the conclusions 

of this study are not very sensitive to the exact value of the anisotropic chemical 

interfacial energies. For example, even if GGA+U underestimated the ac chemical 

interfacial energy by as much as 20 mJ/m2 (which is much larger than the  ~1 mJ/m2 

numerical uncertainty associated with the DFT calculation), the crossover size between 

ac and bc interfaces in cubic particles would only decrease by 5 nm. This lack of 

sensitivity also holds for the interface orientation maps presented in Figure 8. 

 

Conclusions 

In this paper, we show using first principles calculations that the chemical interfacial 

energy landscape in LiFePO4 is very anisotropic, with the ac interface having a 

remarkably low chemical interfacial energy with respect to the bc and ab interfaces. 

Because the interface orientation that minimizes the chemical interfacial energy (ac) is 

not the same as the interface orientation that minimizes the coherency strain energy (bc), 

the preferred interface orientation in LiFePO4 single particles is shown to depend both on 
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the particle size and on the particle morphology. Our work therefore rationalizes the 

variety of interface orientations that have been observed in ex situ chemically delithiated 

particles.  In particular, we show that isotropic sub-40 nm particles, which have been 

shown to exhibit high-rate capabilities, favor an ac interface. This indicates that, if such 

particles were to lithiate under a two-phase nucleation and growth mechanism, the 

preferred phase front would be oriented along the ac plane, and not the bc plane as has 

been assumed in most lithiation models in the literature.  
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Figure 1. Energy of solid solution states calculated using GGA+U. The energy of an ac 

staging configuration (hereunto referred to as "ac ordering"), consisting in a sequence of 

lithiated and delithiated ac planes, (10 meV/f.u) is significantly lower than the energy of 

a bc staging configuration (hereunto referenced as "bc ordering"), consisting in a 

sequence of lithiated and delithiated bc planes. The formation energies of these 

configurations are respectively 10 meV/f.u. (ac ordering) and 70 meV/f.u (bc ordering). 

Because these highly ordered solid solution states are purely comprised of interfaces, this 

rationalizes the low value of the ac chemical interfacial energy with respect to the bc 

chemical interfacial energy. 
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Figure 2. (a) Qualitative illustration of the ac chemical interfacial calculation, in the 

case where LiFePO4 lattice parameters are imposed along the ac interface. The formation 

energies of all three configurations intervening in the chemical interfacial energy 

calculation (equation (3)) are positive or zero, consistent with the phase-separating 

character of the LixFePO4 system. The coherent chemical interfacial energy is 

proportional to the difference between the energy of the two-phase state and the linear 

interpolation between the energy of the FePO4 and LiFePO4 phases under the lattice 

parameters constraint (this linear interpolation represents the coherency strain energy 

penalty). This energy difference is very low for an ac interface. 
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Figure 3. Color contour plots of the local coherency strain energy density for cubic 

particles with lithium concentration xLi=0.5. (a) bc interface  (b) ac interface  (c) ab 

interface . 

 

Figure 4. Variation of the volume-averaged coherency strain energy density (defined in 

equation (2)) with the lithium concentration at the particle level (xLi) for a cubic particle. 

(a) Correlation between xLi and the position of the interface (b) Coherency strain energy 

as a function of xLi for bc, ac and ab interfaces.  
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Figure 5. Total energy penalty (normalized by the particle volume) for phase-separation 

in a single particle as a function of the particle size for cubic particles. Each curve 

corresponds to a different interface orientation (bc, ac and ab). 

 

Figure 6. Morphology subspace used in Figure 7 and Figure 8(a). The lengths of the 

particles along the a and c directions are equal (La = Lc) while the aspect ratio La / Lb is 

allowed to vary. Three values of La / Lb are investigated : 0.5 (corresponding to an ac-

platelet particle), 1 (corresponding to a cubic particle) and 2 (corresponding to a b-needle 

particle). 
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Figure 7. Effect of particle morphology on the (a) chemical interfacial energy, (b) 

coherency strain energy and (c) total energy penalty for phase-separation in the 

morphology subspace illustrated in Figure 6. A particle size of 50 nm is assumed along 

the b direction (Lb = 50 nm).  
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Figure 8. Qualitative interface orientation maps, displaying the favored interface 

orientation as a function of particle size along a certain morphology subspace. (a) 

Morphology subspace with La = Lc, as illustrated in Figure 6. (b) Morphology subspace 

with Lc = Lb (c) Morphology subspace with La = Lb. In all three cases, morphology ratios 

of 0.5, 1 and 2 have been explicitly calculated, while intermediate morphology ratios 

have been qualitatively extrapolated. White dots correspond to calculated transition 

points, while black boundary lines represent extrapolations.  
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Appendix : Equations of Continuum Elasticity 

Coherency strain energies are calculated using the theory of linear elasticity. The 

nomenclature used in linear elasticity is noted in Table 3, while the equations of linear 

elasticity are provided in equations (8) to (12). The corresponding boundary and 

continuity conditions are expressed in equations (13) and (14).  

 
Table 3. Definition of variables used to calculate coherency strain energy 

Stress tensor Displacement vector Total strain tensor 
σ ij  u   εij

total
  

Elastic strain tensor Vegard coefficients tensor Stiffness tensor 

εij
elastic

  εij
0
  Cijkl  

 
 

Table 4. Equations of Linear Elasticity 

Mechanical equilibrium  
∂σ ij
∂x j

= 0   (8) 

Strain compatibility  εij
total =

1
2
∂ui
∂x j

+
∂u j
∂xi

"

#
$
$

%

&
'
'

  (9) 

Elastic strain  εij
elastic = εij

total − xLi εij
0   (10) 

Linear stress-strain relation  σ ij =Cijklεkl
elastic   (11) 

Concentration-dependent stiffness tensor 
(linear approximation)  Cijkl xLi( ) =CijklFePO4 + xLi CijklLiFePO4 −CijklFePO4( )   (12) 

 
 
 

Table 5. Boundary and continuity conditions 

Traction free condition on the particle 
surface 

σ ij ⋅n j External surface
= 0 (13) 

Coherency condition at the FePO4/LiFePO4 
interface 

u is continuous across the interface (14) 
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Equation (8) ensures that the system is at equilibrium, equation (9) links the total strain 

tensor with the displacement field, equation (10) defines the elastic strain tensor as the 

difference between the total strain tensor and the natural strain induced by variation in 

lithium concentration, equation (11) expresses the linear relation between stress and 

elastic strain through the stiffness tensor and equation (12) expresses the concentration-

dependence of the stiffness tensor. The traction-free boundary condition in equation (13) 

is a consequence of the fact that the external surface of the particle is traction-free, while 

the continuity condition in equation (14) ensures that the interface between the lithium-

poor and lithium rich phases is coherent. 

 

Values of the elastic constants for the LiFePO4 and FePO4 phases and values of the 

Vegard coefficients are taken from the first principles evaluations of Maxisch et al 27.  
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Graphic and One Sentence Summary 

Using calculations based on first principles, we demonstrate that the preferred interface in 

singles LiFePO4 particles depends both on the particle size and morphology. 
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