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Abstract

In this study, the phase separation phenomenon and diffusion induced stresses in lithium
iron phosphate (LiFePQs) particles under potentiostatic discharging process have been simulated
using the phase field method. The realistic particles reconstructed from synchrotron nano X-ray
tomography, along with idealized spherical and ellipsoid shaped particles were studied. The
results show stress and diffusion process in particles are strongly influenced by particle shapes,
especially at the initial lithiation stage. Stresses in the realistic particles are higher than idealized
spherical ones by at least 30%. The diffusion induced hydrostatic stress has a strong relationship
with lithium ion concentration. The hydrostatic stresses and first principal stresses tend to shift
from lower values to higher values as the particle takes in more lithium ions. Additionally, the
diffusion induced stresses are related to the maximum concentration difference in the particle.

High concentration difference will cause high stresses. In ellipsoid particles, the stress levels
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increase with the aspect ratios. The model provides a design tool to optimize the performance of

cathode materials with phase separation phenomena.
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1. Introduction

Lithium ion rechargeable batteries (LIBs) are considered as good candidates for portable
electronics and electric vehicles applications, due to their high energy and power density [1-3].
Among all electrode materials, lithium iron phosphate (LiFePOs) is one of the most promising
cathode materials due to its low cost, low toxicity and excellent rate performance [4, 5]. LiFePO4
is also known for its two-phase structure [6-8]. Many technological improvements have been
made to increase the performance of LiFePOs, including enhancing its electronic and ionic
conductivity [9-11] and increasing surface chemical stability [12-15]. One of the challenges of
LiFePOs is to understand its two-phase structure and enhance the mechanical stability. Diffusion
induced stresses [16-18] done by our group, and phase separation [19-21] during the operations
of batteries have shown to cause fracture and mechanical failure in electrodes and cells. Hence, it
is important to understand the coupled phase change and diffusion induced stress generation in

LiFePOa.

Many studies have been done to study the stress generation to prevent the mechanical
failures of LIBs [18, 22-26]. Zhang et al. [24, 25] studied the stress generation in LiMn,O4 under
galvanostatic and potentiodynamic conditions using ellipsoid shaped particle model. Cheng and
Verbrugge [23, 27, 28] investigated the diffusion induced stresses in spherical and nanowire
electrodes. Zhao et al. [22, 29] and Woodford et al.[30] simulated the stress levels and evaluated
the failure criterion for battery particles. However, many of these studies employed single
spherical particle model, and the diffusion kinetics and electrochemical processes were
simplified greatly. There were some attempts to simulate the stress generation of realistic
microstructures in LIBs. Zhang et al. [31] studied the diffusion induced stresses of realistic

geometry of LiMnyO4 particles reconstructed by atomic force microscopy. Wu et al. [32]



investigated the mechanical behavior of LiMnyO4 cathode reconstructed by 2D SEM images

under discharge conditions. The phase separation was not considered in the study.

Stresses caused by phase separation inside the electrode materials, such as LiFePOs, can
be detrimental to electrode particles. Phase separation can cause volume changes to the structure,
leading to structure instability. ChiuHuang and Huang [33] investigated the stress evolution on
the phase boundary of LiFePOjs particles. Renganathan et al. [20] simulated the stress inside the
porous electrode by taking advantage of the P2D model including moving phase boundary.
However, they used moving boundary method to track the phase boundary explicitly. This
method can only be applied to simple geometry and not robust in complex shaped particles due
to numerical convergence issue. Phase field method is a promising technique [34] to describe the
microstructural evolution. The method is applied to model multiphase microstructure evolution
without tracking the phase boundary explicitly [35, 36] and is robust in complex geometries [37,
38]. Recently, Lei ef al. [39] studied large elasto-plastic deformation in lithiated silicon electrode
by phase field method. Welland ez al. [40] applied phase field method to investigate phase

evolution in LiFePOy particles.

Given the discussions above, there is no previous work on studying the coupled diffusion,
phase separation and stress effects in realistic lithium iron phosphate particles reconstructed from
synchrotron nano X-ray tomography. In this paper, the phase field method will be employed to
simulate the phase evolution and stress generation of LiFePOy in realistic shaped particles, along
with ideal spherical and ellipsoid shapes for comparison. The model will provide a design tool to
optimize the performance of battery materials with phase separation phenomena, such as

LiFePOs.



The paper is organized as follows: In section 2, the method of synchrotron nano-CT
imaging processing and microstructure reconstruction of LiFePO4 particles are given. In section
3, a set of mathematical formulations describing the diffusion and the stresses in LiFePO4
particles are listed. In section 4, the phase separation induced lithium ion concentration
distributions and diffusion induced stress levels in spherical, ellipsoid and realistic particles are

discussed and analyzed. Conclusions are given in section 5.

2. Reconstruction of LiFePO4 particle microstructures

The microstructures of LiFePOs particles used for the model were obtained by
synchrotron X-ray tomography at beamlines 32-ID-C and 2-BM at the Advanced Photon Source,
Argonne National Laboratory. Synchrotron X-ray can offer high brightness multi-level views
with less artifacts and high resolutions, which is ideal for microstructure reconstruction. The
LiFePO4 cathode used in the experiment was from a commercial LG HE4 18650 cell. The fresh
LiFePO4 18650 cell was disassembled in argon filled glove box, and the cathode materials were
carefully scratched off. A set of gray-scale images were obtained with a voxel size of 30 nm after
synchrotron X-ray tomography. The carbon and binder phases were neglected in this study,
because it is hard to distinguish them from the background. In order to reduce the computational
cost, an edge preserving smoothing filter and small islands removal filters were applied followed
by greyscale threshold segmentation. After image processing and reconstruction, two realistic
LiFePO4 particles were extracted, as shown in Figure 1. The two extracted particles have

equivalent radius of 0.402 pm and 0.548 um, respetively. The equivalent radius R is defined as
R=(3V/4m)"3, where V is volume of the particle. The meshed particles were imported into

Comsol Multiphysics for further simulation.
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Fig. 1. LiFePOy particles reconstructed from nano X-ray tomography. (a) 0.402 um equivalent

radius; (b) 0.548 um equivalent radius.

3. Model description
The mathematical model consists of diffusion sub-model and mechanics sub-model. The
diffusion model describes the species transports in LiFePOs particles for phase separation
analysis. The mechanics model computes the diffusion induced stresses in particles during

lithium ion intercalation process.

3.1 Mechanics sub-model

The mechanics model computes the stresses and particle deformations in LiFePOs
particles. The total strain &;; contains the mechanical strain &;™° and the diffusion induced strain.
The diffusion induced strain is formulated by the thermal analogy [20, 23]. The constitutive

equation describing the stress and strain before phase transition is given by:

i 1 én
Eij = Ei]'me+ Ei]'dls = E [(1 + U)O'l'j - Uakk6ij] + ?611 (1)



where £ is Young’s modulus; v is Poisson’s ratio; oj is stress tensor; ¢ is the concentration

difference of lithium ions from the original value; Q is the partial molar volume.
The stress components obey mechanical equilibrium:
o; i = 0 (2)

3.2 Diffusion sub-model
In order to describe the phase separation phenomenon in LiFePOjs particles, a Cahn-
Hilliard type free energy functional is adopted [41, 42]. The total free energy density is

comprised of three parts:

lptotal = qjchemical + qjinterface + lpelastic (3)

where ¥enemicats Winterface ad Weygstic are bulk chemical free energy density, interface free

energy density and elastic strain energy density, respectively.

The bulk chemical free energy density depends on local concentration and is expressed

by regular solution model [41, 43]:
Yenemicar = RTCax[c Inc + (1 — ¢) In(1 — c)] + RTcparxc (1 —c) (4
where R is gas constant; 7 is temperature; y is a parameter used to represent phase separation.

The interface free energy density is a function of the concentration gradient and

represents the energy penalty for the phase interface:
1
l‘Uinterface = Ecmaxklvclz ®)

where k is interface parameter.



The strain energy density is formulated as:
1
Yetastic = 5 €ij0ij (6)
The diffusion process in LiFePO4 particles is given by:
2= -V (—MVp) (7)

where M is the degenerated mobility and is represented by M = Dc(1 — ¢); u is the chemical
potential, which is the variational derivative of the total free energy density with respect to the
local concentration, 4 = 0W;,t4;/0c. If the contributions of the interface and elastic energy are

neglected, the chemical potential 4 = Inc — In(1 —c) + y (1 — 2¢).

3.3 Boundary conditions, material properties and nondimensionalization
For the diffusion sub-model, on the particle surface, the reaction rate is described by

Butler-Volmer relationship [42, 44]:

al=Bab

jo = e = exp (—p 12) - exp (1 - )22 ®)

ToY

where ¢, 1s the concentration of intercalation sites on the particle surface. 7, is the mean time for
a single reaction step, which is set to 1 [44]. y is the chemical activity coefficient of the active
state [45], which is (1 — ¢/Cpmay) ™. B is the symmetric factor for a forward and backward
reaction, which is 0.5. The parameters a,, a and a_ are the activity of lithium ion in the
electrolyte, lithium in the host material and electrons, respectively. Due to the fast diffusion of
lithium ion in the electrolyte and fast migration of electrons, a, and a_are set to 1.7 is the

surface overpotential, which is expressed as [35],

1 1 1
N =2l =t — —Me-] = s+ Qe —@ =_p+Ap 9)
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where @, is the electrostatic potential of the electrode and ¢ denotes that of the electrolyte. A¢ is
the voltage drop across the electrode-electrolyte interface. In this study, potentiostatic
discharging condition is applied on particle surface. Given the potential difference, the particle
will take in lithium ions, evolve from lithium-poor phase towards lithium-rich phase and reaches
equilibrium. With the galvanostatic charging condition, however, the local lithium ion
concentration may exceed the maximum concentration, and caution should be applied to avoid

system instability.

For the mechanics sub-model, traction-free boundary condition is applied on the particle

surface and rigid body motion is suppressed.

According to Ref. [46], the two phase coexistence region of LixFePOs is in the range of

0.032< X <0.968. The phase separation parameter y is fitted to be 3.56 to produce a two phase
region 0.035< X <0.965. The partial molar volume, Young’s modulus and Poisson’s ratio are

calculated from Ref. [47]. The material properties used in the model are listed in Table 1.

In order to achieve good convergence, the physical quantities mentioned above need to be

nondimentionalized. The normalized Li concentration, space and time coordinates are given by:

=X z_°2
E=T,T=5t (10)

where L is the characteristic length. Quantities such as chemical potential, stress, Young’s

modulus and overpotential are normalized as:

&)
Il

X
I
|

o (11)

RT’ RTCmax RTCmax’

Table 1: Material properties used in the model with reference source



Initial normalized concentration ¢,

0.03

Maximum concentration C,,

21190 mol m-3 [48]

Diffusivity D

7.0x10™" m? s-1 [49]

Young’s modulus E

108.1 GPa [47]

Poisson’s ratio v

0.23 [47]

Partial molar volume (2

2.307x10° m? mol-1

[47]

Interface parameter k

1x10"9Jm? mol-1 [43]

Phase separarion parameter y 3.56
Voltage drop across interface Ag -25 mV

Characteritic length L I pm
Temperature T 296 K

4. Results and discussion

The mathematical model described in section 3 was implemented in Comsol
Multiphysics PDE module. The simulation time step was set to 0.001 s. The spherical particles,
ellipsoid particles and realistic-shaped particles of LiFePOs were simulated, independently. The

LiFePO4 particles were potentiostaticaly discharged from initial lithium-poor phase to

equilibrium lithium-rich phase.

To study the diffusion process in phase separating electrodes, the lithium concentration

and hydrostatic stress profiles in the spherical, ellipsoid and realistic particles are shown in Fig.

10




2. Here, the state of charge (SOC) is defined as the ratio of the average local lithium ion
concentration to the stoichiometric lithium ion concentration in LiFePOs particles. For the
ellipsoid particle, the lengths of three semiaxes a, b, and c satisfy a = b, and the aspect ratio is

defined as c/a.

For all these three cases, core-shell structures are obtained, which is in agreement with
the experimental observation [50]. During discharge, the Li-rich phase initiates from the outer
surface and propagates to the inner region subsequently. The hydrostatic stresses in Fig. 2 (d), (e)
and (f) are relevant to corresponding lithium ion concentration profiles in (a), (b) and (c). It can
also be observed that the compressive stresses build up in shell regions and tensile stresses

accumulate in the core areas, though the particle surfaces are without any mechanical constraints.

The diffusion process in particles are strongly influenced by particle shapes, especially at
the initial lithiation stage. For example, when SOC is 0.25, the concentration distributions are
very different. For ellipsoid particles, the Li-rich phase initiates around the equator tip first, and
then occurs around the semi-minor axis, which is unlike the homogeneous Li-rich phase
propagation from surface to center in spherical particle. For realistic particles with rough
surfaces, the Li-rich phase occurs at the convex area first, and then propagates to the rest of the
particle. The inhomogeneous concentration distributions will also affect the stress distribution, as
shown in Fig. 2 (e) and (f). The ellipsoid particle and realistic particle tend to have higher
stresses than the spherical one. Thus, it is very important to understand the geometry effect on

stress.
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Fig. 2. Lithium ion concentration and hydrostatic stresses for different SOC. (a) and (d) are

concentration distribution and hydrostatic stresses for spherical particle with 1 um radius; (b) and
(e) are those for ellipsoid particle with 1 um equivalent radius and 1.414 aspect ratio; (c) and (f)

are those for realistic particle with 0.548 um equivalent radius.

To better understand the diffusion process and stress generation in spherical particles, the
concentration distributions and stresses are plotted in Fig. 3. During the discharging, the lithium
ions flow from the outer suface into the inner regions. As shown in Fig. 3 (a), the phase
separation phenomenon can be cleary seen, and the phase boundary has a smoothly transitioned
lithium ion concentration. The Li-rich phase has a normalized concentration about 0.965, while
the Li-poor phase is about 0.035. The corresponding hydrostatic stresses change smoothly at the
phase boundary regions, as shown in Fig. 3 (b). The hydrostatic stresses tend to shift from lower

values to higher values as the particle takes in more lithium ions. In order to evaulate the failure

12



of the particle, the first principal stress was introduced. In Fig. 3 (c), the development of the first
principal stress has a similar trend as the hydrostatic stress, shifting from lower values to higher
values. The maximum first principal stresses always occur at the center of the spherical particle.
The first principal stresses have values of 0 at the out surface due to lack of mechanical

constraints on outer surface.
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Fig. 3. Concentration and stresses along radial axis for spherical LiFePO4 particle with 1 pum

radius.(a) Concentration distributions; (b) Hydrostatic stresses; (c) First principal stresses.

In order to study the geometry effect on diffusion induced stresses, the maximum
principal stress in the ellipsoid particles was studied. Here, to better compare the stress levels in
the ellipsoid particles with the spherical one, the volumes of the particles were kept constant
while the aspect ratios were varied. It is found that the history of the maximum first principal
stress has a relationship with the maximum concentration difference in the particles. Maximum
concentration difference is defined as max lithium concentration difference in the particle. As
seen in Fig. 4, with the discharging, the maximum concentration difference will increase. In the
meantime, the stress levels also increase. After the systems reach equilibirum, corresponding to
the drop of the concentration difference, the stress levels will reduce due to less concentration
gradient. From Fig. 4 (a), particles with higher aspect ratios have a higher concentration
difference, especially at the initial discharging. For example, when SOC is around 0.15, the
maximum concentration difference for particle with aspect ratio 2 is about 0.86, which it almost
doubles the values of the spherical particle. In the meantime, the corresponding first principal
stress in aspect ratio 2 particle is around 26 MPa, which is about 2.4 times the stress in the

sperical one.

It can also be concluded that particles with larger aspect ratios always have higher stress
levels than those lower aspect ratios, as shown in Fig. 4 (b). The maximum first principal stresses
with aspect ratios varing from 1 to 8 are summarized in Fig. 5. The stress levels increase
monotonically with the aspect ratios, which is in agreement with the observations in Fig. 4 (b).

The maximum stress in particle with aspect ratio 8 is about 86 MPa. Compared with the aspect

14



ratio 8 case, the spherical particle has only 58 MPa. Hence, when designing the electrode, the
geometrical shape of the particle needs to be taken into account. Especially when taking

diffusion induced stress into consideration, the stress levels in ellipsoid particles may differ

greatly from the ideal spherical particles.
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Fig. 4. (a) Maximum concentration difference and (b) maximum first principal stress for

ellipsoid particles with different aspect ratios during discharging process. The equivalent radius

of all three cases is 1 pm.
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Fig. 5. Maximum first principal stress in ellipsoid particles with different aspect ratios.

The stresses in the realistic particles were also studied compared with the spherical
particle. The maximum concentration difference and first principal stress for the spherical and
realistic particles with an equavalent radius 0.402 pm are plotted in Fig. 6. The history of
maximum concentration difference and first principal stress in Fig. 6 has a similar trend as in
Fig. 4. Like elliptical particles, the concentration difference of the realistic particle is much
higher than the spherical particle at the initial stage. Comparing Fig. 4(a) with Fig. 6 (a), the
concentration differences of the smaller particles at the initial discharging process are smaller
than those large particles. This is because small particles have shorter diffusion lengths, leading
to less concentration difference. Comparing with maximum first principal stresses, small

particles tend to have lower stress.
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The morphology of the realistic particle is very different from the spherical ones. Such
difference will cause huge differences in diffusion process and stress accumulation. As shown in
Fig. 7, for realistic LiFePO4 particles, although the core-shell structure is formed, the
concentration distributions are very different from the spherical particle (see Fig. 2 (a)). Besides,

the maximum stress of the realistic particle may not necessarily occur in the center.

To quantify the stress levels of the realistic particles, the maximum first principal
stresses of spherical and realistic particles with different particle sizes are plotted in Fig. 8. For
spherical particles, the stress levels increase with the particle size, which is in good agreement
with Zhao’s results [22]. The maximum stress in the 1.5-pm spherical particle is 62 MPa, and is
about 30% higher than the particle with radius 0.25 pm, which is 49 MPa. For realistic particles
with equivalent radius of 0.402 pum and 0.548 pum, the stresses are about 68 MPa and 75 MPa,
respectively, which are approximately 30% and 40% higher than the spherical particles with the

same equavalent radius.
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Fig. 6. Maximum concentration difference and first principal stress for spherical and realistic
particles during discharging process. The equivalent radius for both cases are 0.402 um. (a)

Maximum concentration difference; (b) Maximum first principal stress.
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Fig. 7. Lithium ion concentration and hydrostatic stresses for different SOC for realistic LiFePO4
particle with 0.402 um equivalent radius. (a) Concentration distributions; (b) First principal

stresses.
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Fig. 8. Maximum first principal stresses of spherical and realistic particles.

S. Conclusions
In this paper, the phase separation and diffusion induced stresses in LiFePOg particles
under potentiostatic discharging process have been simulated using the phase field method. The

conclusions are summarized as follows:

(1) The diffusion process in LiFePOs particles is strongly influenced by particle shapes,
especially at the initial lithiation stage. Stresses in the realistic particles are higher

than idealized spherical ones. For realistic particles with equivalent radius of 0.402
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um and 0.548 pum, the stresses are about 68 MPa and 75 MPa, respectively, which are
approximately 30% and 40% higher than the spherical particles with the same
equivalent radius.

(2) The stress levels increase with the increasing aspect ratios in ellipsoid particles. The
maximum stress in particle with an aspect ratio 8 is about 86 MPa, while the spherical
particle with the same volume has the value of 58 MPa, which is only about 67% of
the aspect ratio 8 ellipsoid case.

(3) Stresses increase with particle sizes for spherical particles. The maximum stress in 1.5
um spherical particle is 62 MPa and is about 30% higher than particle with radius
0.25 pm.

(4) During the discharge, the compressive stresses build up in shell regions and tensile
stresses accumulate in the core areas.

(5) The hydrostatic stress has a strong relationship with lithium ion concentration. The
hydrostatic stresses and first principal stresses tend to shift from lower values to
higher values as the particle takes in more lithium ions.

(6) The diffusion induced stresses are relevant to maximum concentration difference.

High concentration difference will cause high stresses.
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