ABSTRACT
CHIU HUANG, CHENG-KAI. Modeling Diffusion Induced Stresses for Lithium-Ion
Battery Materials. (Under the direction Dr. Hsiao-Ying Shadow Huang).
Advancing lithium-ion battery technology is of paramount importance for satisfying the
energy storage needs in the U.S., especially for the application in the electric vehicle
industry. To provide a better acceleration for electric vehicles, a fast and repeatable
discharging rate is required. However, particle fractures and capacity loss have been reported
under high current rate (C-rate) during charging/discharging and after a period of cycling.
During charging and discharging, lithium ions extract from and intercalate into electrode
materials accompanied with the volume change and phase transition between Li-rich phase
and Li-poor phase. It is suggested that the diffusion-induced-stress is one of the main reasons
causing capacity loss due to the mechanical degradation of electrode particles. Therefore,
there is a fundamental need to provide a mechanistic understanding by considering the
structure-mechanics-property interactions in lithium-ion battery materials.
Among many cathode materials, the olivine-based lithium-iron-phosphate (LiFePO4)
with an orthorhombic crystal structure is one of the promising cathode materials for the
application in electric vehicles. In this research we first use a multiphysic approach to
investigate the stress evolution, especially on the phase boundary during lithiation in single
LiFePO4 particles. A diffusion-controlled finite element model accompanied with the
experimentally observed phase boundary propagation is developed via a finite element
package, ANSYS, in which lithium ion concentration-dependent anisotropic material
properties and volume misfits are incorporated. The stress components on the phase
boundary are used to explain the Mode I, Mode II, and Mode III fracture propensities in

LiFePO4 particles. The elastic strain energy evolution is also discussed to explain why a
layer-by-layer lithium insertion mechanism (i.e. first-order phase transformation) is
energetically preferred.
Another importation issue is how current rate (C-rate) during charging/discharging
affects diffusion induced stresses inside electrode materials. For the experimental part we
first conduct charging/discharging under different C-rates to observe the voltage responses
for commercial LiFePO4 batteries. Then Time-of-Flight Secondary Ion Mass Spectrometry
technique is applied to measure the lithium ion intensities in different C-rate
charged/discharged samples. These experimental results could be used to support that a more
significant voltage fluctuation under high C-rates is due to different lithium insertion
mechanisms, rather than the amount of lithium ions intercalated into electrode materials.
Thus the investigation of C-rate-dependent stress evolution is required for the development
of a more durable lithium ion battery.
In this dissertation, we extend the single particle finite element model to investigate the
C-rate-dependent diffusion induced stresses in a multi-particle system. Concentration
dependent

anisotropic

material

properties,

C-rate-dependent

volume

misfits

and

concentration dependent Li-ion diffusivity are incorporated in the model. The concentration
gradients, diffusion induced stresses, and strain energies under different C-rates are discussed
in this study.
Particle fractures have been observed in many experimental results, in this study we
further discuss the effect of the crack surface orientation on the lithium concentration profile
and stress level in cathode materials. The results of this dissertation provide a better
understanding of diffusion induced stresses in electrode materials and contribute to our

fundamental knowledge of interplay between lithium intercalations, stress evolutions,
particle fractures and the capacity fade in lithium-ion batteries.
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CHAPTER 1 INTRODUCTION

1.1 Background
According to the prediction of international energy agency (IEA), energy related
greenhouse gas (GHG) emissions are projected to more than double by 2050 if no action is
taken [1]. For the United States, increasing dependence on petroleum is a threat for national
economy and security. The oil consumption for transportation sector in 2010 occupies almost
70% of total oil consumption in the United States [2], and the gap between United States
petroleum production and consumption is expected to keep increasing as shown in Figure
1.1a. The transportation sector occupies for approximately one third of U.S. carbon
emissions. The development of electric vehicles (EVs) (Figure 1.1b) and plug-in hybrid
electric vehicles (PHEVs) shows good potential to significantly reduce both the petroleum
consumption and GHG emissions.
Although the power density of batteries at current technology could not reach the level of
Internal Combustion Engine, rechargeable battery is still considered one of the most
competitive products for power sources in the future. As shown in Figure 1.2, compared to
other rechargeable batteries, lithium-ion battery has higher energy density (~50 Wh/kg for
traditional Cd-Ni battery and ~150 Wh/kg for Li-ion battery) and power density which is
more suitable for the development of EV/PHEVs [3].
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(a)

(b)

Figure 1.1: (a) United States petroleum production and consumption for all sectors [2]. (b)
GM 2014 Spark Electric Vehicle and its lithium-ion battery module.

2

Figure 1.2: Schematic representation of different secondary batteries in terms of power
density and energy density [3].

1.2

How a Lithium-ion battery works
Figure 1.3 shows the main composition of lithium ion battery, including cathode, anode,

separator and electrolyte. Figure 1.4 shows the structure in a commercial A123 cylindrical
Li-ion battery. During charging and discharging, Li-ions extract from and intercalate into the
cathode material, accompanied with the transport of electrons through the current collector.
Lithium ion diffusion in cathode or anode materials results in diffusion-induced-stresses

3

(DIS) inside materials due to the volume change. Table 1.1 compares the three most
commonly used cathode materials (LiFePO4, LiCoO2 and LiMn2O4) in the electric vehicle
industry. In this research, we select one of the most promising cathode materials, LiFePO4, as
our model system.

Figure 1.3: Composition of lithium ion battery.

Figure 1.4: Layered structure inside a commercial A123 cylindrical Li-ion battery.
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Table 1.1: Comparisons between different cathode materials [4-8].
Cathode Material

LiFePO4

LiCoO2

LiMn2O4

Olivine

Layer

Spinel

1 D (b direction)

2 D (c plane)

3D

10-14 ~ 10-15

10-10~ 10-8

10-11~ 10-9

Electrical
conductivity
(σ) (S/cm)

10-9

10-4

10-6

Gravimetric energy
density (Wh/kg)

130

180

100

Volumetric energy
density (Wh/L)

220

305

330

Crystal structure

Li+ diffusion path
Diffusion
coefficient
DLi (cm2/s)
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1.3

Capacity loss under high charging/discharging Current-rates (C-rates)
In order to provide a better acceleration for electric vehicles, a fast and repeatable

discharging current-rate (C-rate) is required. However, capacity loss is found in the following
conditions: (1) High charging/discharging rate: 23.5% capacity loss while discharging rate
increases from 2C to 50C (Figure 1.4) [9], where the charging/discharging rate of nC
represents that the battery is fully charged/discharged in 1/n hour. (2) Long period of cycling:
15.5% capacity loss after 600 cycles at 25˚C is observed [10]. It is suggested that diffusioninduced-stress is one of the main factors causing loss of capacity in electrode materials [11,
12].
Particle fractures inside electrode materials have been observed after a period of cycling
(Figure 1.5) [13-15]. The crack surface make the active material loose contact with other
active materials and electrolyte, leading to the block of electron transfer thus the capacity is
damaged [12]. Therefore, there is a fundamental need to provide a mechanistic understanding
by considering the structure-mechanics-property interactions in lithium-ion battery materials.

6

Figure 1.5: Capacity loss under high-rate discharging (LiFePO4). The capacity is decreased
from 170 to 130 mAh/g when the discharging rate increases from 2C to 50C. The rate of nC
represents the battery is fully charged/discharged in 1/n hour [9].

(a)

(b)
13.5 nm

33 nm

Figure 1.6: (a) TEM image showing the crack in the bc plane of a LiFePO4 particle. (b)
Particle fracture observed after 60 charge/discharge cycles [13, 16].
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1.4

Research objectives
The goals of this research are to investigate diffusion induced stresses (DIS)

accompanying the battery materials phase transformation during charging-discharging, and
relate the stress generation to the particle fracture and C-rate dependent capacity loss. Three
main objectives will be conducted to achieve this goal: (1) To investigate the diffusion
induced stress with phase change in a single particle by incorporating lithium-concentrationdependent material properties. (2) To investigate how C-rate affects lithium concentration
profiles and stress evolution inside cathode materials. (3) To investigate how pre-existed
crack surface orientation affects lithium diffusion and stress level inside the material.
Upon completion, this research will provide a better understanding of generation of
diffusion induced stress and related strain energy in the electrode materials during the
lithiation process. The established single particle finite element model helps to relate the
cracking propensity to the stress components on the phase boundary. The established multiparticle finite element model helps to explain why higher discharging rates result in higher
internal stresses inside the material thus may accelerate the crack initiation. The investigation
for the effect of the pre-existed crack surface on the stress level in the material will help to
better understand the relationship between the Li concentration profiles near the crack and
the resulted stresses. To sum up, this study will contribute to our fundamental knowledge of
interplay between lithium intercalations, stress evolutions, particle fractures and the capacity
fade in lithium-ion batteries.
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1.5 Dissertation overview
This dissertation is organized as follows: Chapter 2 is an overview of the characteristics
of LiFePO4 material. Chapter 3 investigates the diffusion induced stresses in a single
particle, especially on the phase boundary between two phases during lithiation. Chapter 4
investigates the Lithium-ion intensity in commercial LiFePO4 strips under different C-rates
(of 1C, 2C, 6C and 10C). In Chapter 5 we investigate the C-rate dependent diffusion
induced stresses and strain energy evolution in a multi-particle system. The effect of crack
surface orientation on the lithium diffusion and stress level are also discussed. Finally, a
conclusion is made and future work is suggested in Chapter 6.
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CHAPTER 2 CHARACTERISTICS of LiFePO4 CATHODE
MATERIAL

In 1996, the concept that Lithium-Iron-Phosphate (LiFePO4) could be used as a cathode
material was published by Dr. J. B. Goodenough’s research group from the University of
Texas [17]. The olivine-based LiFePO4 with an orthorhombic crystal structure (Figure 2.1a)
shows good potential for the application on EV/PHEVs because of several characteristics
such as good thermal stability, abundant iron ore resource, low raw material cost and high
theoretical energy density (170 mAh/g) [6, 11]. However, LiFePO4 has intrinsic drawbacks
such as lower electronic conductivity and diffusivity compared to LiMn2O4 and LiCoO2
cathode materials [7]. Results from recent research have shown that these intrinsic
disadvantages of LiFePO4 could be improved by the methods such as cations-doping, carbon
coating, particle size scaling down (nano-scale), and synthesis control [5, 6]. In this chapter
we discuss the general characteristics for LiFePO4:

2.1 Two-phase system of Lithium-Iron-Phosphate (LiFePO4)
During the electrochemical cycling for a LiFePO4 battery, the reaction of LiFePO4
cathode is represented by the following equation:

LiFePO4  Lix FePO4  (1  x) Li   (1  x)e ,

0  x 1

(1)

where x represents lithium concentration in the host structure.

10

At low charge/discharge rate and low temperature, LixFePO4 exhibits as a two singlephase system [18-21], a single Li-poor phase (FePO4 or LiαFePO4) and a single Li-rich phase
(LiFePO4 phase or Li1-βFePO4) where α and β « 1:

Lix FePO4  xLiFePO4  (1  x) FePO4

(2)

Before discussing the FePO4 and LiFePO4 crystal structure, it is necessary to understand
the definition of a crystal structure. A crystal structure means a regular arrangement of atom
or molecules [22]. The parameters {a,b,c,α,β,γ} are lattice constants used to represent a unit
cell of the crystal structure thus the volume of the unit cell can be determined (Figure 2.1).
For the orthorhombic crystal structure of LiFePO4 and FePO4, α=β=γ=90˚. The directions of
a, b, and c axes are represented by [100], [010] and [001].

Figure 2.1: A unit cell with the lattice constants {a,b,c,α,β,γ} in a crystal structure. a, b, c are
basis vectors.
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These two phases (FePO4 and LiFePO4) have similar orthorhombic crystal structures
(Figure 2.2a) and are constrained by a coherent interface during the lithium
insertion/extraction [17]. Due to different lattice constants for the FePO4 and LiFePO4
phases, approximately 6-7% volume misfits are observed (Figure 2.2b) [20, 23, 24]. More
specifically, during the phase transition from the FePO4 to LiFePO4 phase, the unit cell will
expand approximately 5.8% along [100], 4.5% along [010] and contract 1.3% along the [001]
direction [20]. Due to the similar crystal structure of FePO4 and LiFePO4, the phase boundary
between FePO4 and LiFePO4 phases is coherent (Figure 2.3). A coherent interface occurs
when the two crystals match perfectly at the interface plane. The strains associate with a
coherent interface will increase the system’s total free energy [25]. From thermodynamics
point of view, the system tends to reach the equilibrium state which has the lowest Gibbs free
energy [26]. Thus, the experimental results show that for a partially lithiated sample, the
phase boundaries are observed in only a few particles. Most particles are either in a fully
FePO4 phase or a fully LiFePO4 phase with no phase boundaries [27].
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Figure 2.2: (a) Olivine LiFePO4 crystal structure in projection along the c-axis [001] [28].
(b) Anisotropic unit cell volume expansion and contraction during the phase transformation
(FePO4 → LiFePO4). The labels a,b,c represent the lattices constants in a crystal structure
[29].
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Figure 2.3: Schematic of the interface between FePO4 and LiFePO4 during Li insertion
toward the center of the particle [17].

In the following, we briefly introduce the two most commonly used techniques (X-ray
diffraction and Mӧssbauer spectroscopy) to determine the phase composition in the electrode
materials.

X-Ray Diffraction (XRD)
X-ray diffraction (XRD) is the most commonly used technique to investigate the phase
composition of LixFePO4 (0<x<1) at different lithiation stages. X-ray could be produced by
accelerating electrons to heat a metal target such as Co or Mo to convert the kinetic energy of
electrons in the form of X-rays and heat [22]. The samples (usually in powder form) will be
hit by X-rays at different angles 2Ɵ (Ɵ is the angle between the X-ray beam direction and the
sample plane). Then a diffraction pattern of recorded X-ray photons intensity verses
diffraction angles will be derived. From the location and intensity of the peak, the atomic
arrangement of the crystal could be determined [22]. A typical X-ray diffraction pattern for
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LiFePO4 sample is shown in Figure 2.4 [30]. It could be observed that when the material
changes from the tryphlite LiFePO4 phase to heterosite FePO4 phase, the location of the peak
of the (200) and (210) planes moves toward to a higher 2Ɵ angle. Many research groups have
used XRD to measure the phase evolution during lithiation [19, 20, 24, 31-35].

Figure 2.4: XRD patterns for LixFePO4 during delithiation (x ranges from 0 to 1). The label
T represents triphylite and H represents heterosite. A continues shit of (200) and (210) peaks
are observed, explaining the phase change from the triphylite LiFePO4 phase to heterosite
FePO4 phase [30].
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Mӧssbauer spectroscopy
Besides XRD, Mӧssbauer spectroscopy could also be used to detect the phase transition
of LiFePO4 during lithiation/delithiation. Mӧssbauer spectroscopy is a technique to probe the
electronic structure near the nucleas, thus it could detect the Fe oxidation [31]. The oxidation
state of Fe in FePO4 phase is Fe3+ and Fe2+ for LiFePO4 phase. Andersson et al. [31]
compared the results from XRD and Mӧssbauer spectroscopy and both results suggest that
during lithation, the amount of Fe3+ increases while the amount of Fe2+ decreases. The ratio
of FePO4/LiFePO4 derived from the XRD is in good agreement with the ratio Fe3+/Fe2+
derived from the Mӧssbauer spectroscopy, suggesting that the two-phase coexist in
LixFePO4.
Another explanation for the existence of two phase system in LiFePO4 is based on the
relatively flat open-circuit voltage. Figure 2.5 shows the equilibrium potential measured with
the x axis of SOD (State of Discharge). From the figure we could observe an initial potential
drop with Li intercalation followed by a flat potential region, and finally a dramatically
potential drop.

According to the Gibbs phase rule, a single-phase region has the

characteristic of changing potential with concentration, and a two-phase region would have a
flat potential [36]. The experiment data shows that the two-phase system of LixFePO4 exists
roughly between lithium concentration x=0.02 and 0.9525 [36]. However, it has been
observed that the two-phase coexistence system in LiFePO4 is temperature dependent [34]. In
the following, we will introduce the phase diagram of LiFePO4.
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Figure 2.5: Potential change during discharging. Between the Li concentration x = 0.02 and
0.9525, the plateau area represents that two phases (FePO4 and LiFePO4) coexist in the
system [36].

Phase diagram of LiFePO4
A phase diagram is a map of the equilibrium states for the phase forms and their
combinations that may exist in any system [26]. To better predict the diffusion induced
stress, it is important to first understand the phase composition for LixFePO4 in which the
lithium concentration (x) ranges from 0 to 1. Dodd et al. [34] use XRD to construct the phase
diagram of LixFePO4 (Figure 2.6). The two single phase system (FePO4 + LiFePO4) is stable
when the temperature is below 200 ˚C. Above 200 ˚C, a distorted solid solution phase (i.e.
Li-ions are distributed in the crystal structure uniformly) is detected. Above 300 ℃, majorly
the solid solution phase (LixFePO4) exists in the system. The eutectoid point appears around
x=0.6 and temperature at 200 ˚C.
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Figure 2.6: Phase diagram of LixFePO4. Two phases, α and β, coexist when the temperature
is below 200˚C. A distorted phase starts to evolve when the temperature is above 200˚C
[34].

From thermodynamics point of view, the two-phase system could be explained from the
energy point of view (Figure 2.7). A system composed of two single FePO4 (α) and LiFePO4
(β) phases has a lower Gibbs free energy compared to a homogeneous LixFePO4
composition. Although the existence of the coherent interface (Morphology I and II as shown
in Figure 2.7) contributes to the total energy in the system, the Gibbs free energy is still
lower compared to the homogeneous Li distribution state [37]. Thus the phase separation will
occur during lithiation/delithiation in order to reach the equilibrium state with the lowest
Gibbs free energy.
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Figure 2.7: Comparisons of free energy curves for different phase composition in a single
particle. The occurrence of the phase boundary (Morphology I and II) raises the free energy
in the system. The phase separation occurs due to a lower free energy compared to a
homogeneous Li distribution state [37].
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2.2 Lithium insertion in single particles
One dimensional Li diffusion along [010]
Computational simulations and experimental observations have identified that lithium ion
diffusion in LiFePO4 is one-dimensional and confined along the b-axis [010] (Figure 2.8)
[38-42]. Morgan et al. [43] calculate the activation barrier from first principals and the results
show that the energy barrier of Li diffusion along [010] is 200~270 meV compared to 2500
meV along [001] and 1000 meV along [100]. They further calculate the diffusivity (D) along
each direction from Equation (3) and the results show that D[001]/D[010] ≈10-37 and
D[001]/D[010] ≈10-11 at room temperature. In general, Li diffusion in LiFePO4 is considered as
one dimensional along the b-axis [010].

D  a 2  exp( Eact / kbT )

(3)

where a is the Li hopping distance,   is the attempt frequency, Eact is the activation
barrier, kb is Boltzmann constant and T is absolute temperature.
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Figure 2.8: Schematic illustration of Li diffusion along [010] and [001] directions. The
activation energy for Li hopping along [010] is 270 meV, much smaller compared to 2500
meV along [001] [43].

From the technological point of view, to directly observe the 1D lithium diffusion in a
single particle is beyond the limit of current experimental methods [44]. However, several
experimental results could be used to support this intrinsic feature. One of which is the
existence and the orientation of the interfacial zone (phase boundary) between FePO4 and
LiFePO4 phases.

Phase boundary orientation
Chen et al. [13] use transmission electron microscopy (TEM) to observe chemically
delithidated LiFePO4 particles with dimensions around 4×2×0.2 μm. A narrow disordered
interfacial zone is observed between the FePO4 and LiFePO4 crystalline domains in a
Li0.5FePO4 particle. Figure 2.9 shows the moving direction of phase boundary and cracks
found on the bc plane in the particle. They hypothesize that phase boundary moves along the
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direction of a-axis while Li ions diffuse along the b-axis. During lithiation, the dislocation
lines pile up along c axis, and nucleate into a phase boundary along the c-axis. The effect of
local bond stretching and bending in the phase boundary area may enhance Li mobility.
Carbon-coated LiFePO4 particles show better capacities under high C-rates compared to noncoated particles, possibly because the phase transformation is nucleated at more than one area
on the exposed ac faces. However, this assumption is not easy to be validated because the
initially formed phase size is too small to be detected by XRD [13]. Thus, nucleation of the
second phase happens in single area or multi-areas is still under debate.

Figure 2.9: (a) Phase boundary moving along [100] while the Li diffusion along [010]. (b)
Different phases lie on each side of the crack zone, suggesting that the crack initiation might
due to the misfit at the phase boundary [13].
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Laffont et al. [45] reported a nano-sized interfacial zone (ca. 8-22 nm) between two
single phases via high resolution electron energy loss spectroscopy (HREELS), and this
nano-sized interfacial zone is always found in a partially lithiated/delithiated particle with
sizes ranging from 130 to 172 nm (Figure 2.10). It is concluded that for the low C-rate
cases, the phase boundary tends to move along the a-axis with the extension of the preexisting phase. Later, Delmas et al. [35] proposed a domino-cascade model (Figure 2.11) to
explain the intercalation/extraction of lithium ions in a single particle based on the
assumption that a mixture of particles in a discharging sample are either fully lithiated or
delithiated. It is suggested that the phase boundary propagation wave along [100] (a-axis) is
formed because of the relatively low energy barrier in the distorted interfacial area. The
concept of domino-cascade model was later confirmed experimentally by Brunetti et al. [27],
showing that most particles (> 95%) ranging from 50 nm to 300 nm in a partially charged
lithium-ion cell sample are either in a fully LiFePO4 phase or a FePO4 phase (Figure 2.12).
Two phase coexistence within a single particle is unstable due to the elastic energy associated
to the phase boundary. Thus, in a multi-particle system, the composition of single FePO4
phase and single LiFePO4 phase will have a lower Gibbs free energy due to the absence of
the energy penalty of the phase boundaries as discussed in Figure 2.10.
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Figure 2.10: (a) Measured interfacial zones in single LiFePO4 particles. The region in red
represents the interfacial zone between FePO4 and LiFePO4 phases. (b) Schematic illustration
of the Li-ions distribution in the interfacial region between LiFePO4 and FePO4 phases [45].
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Figure 2.11: Domino-cascade model explaining the fast layer-by-layer Lithium insertion
mechanism. Li-ions diffuse along the b-axis with fast phase boundary propagation along the
a-axis [35].
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Figure 2.12: Precession electron diffraction images showing that most particles are either in
fully FePO4 phase or LiFePO4 phase for a partially charged/discharged sample [27].

To explain why the phase boundary moves along [100] during lithiation, Cogswell et al.
[46] compare all possible interface directions by incorporating anisotropic elastic constants.
The result shows that the phase boundary with the minimum coherent strain energy should
along the [101] direction, not [100]. However, the occurrence of dislocations during lithiation
might lead to the loss of coherency in the [001], causing the interface normal to the [100]
direction.
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2.3 Particle size effect
To improve the rate capability, commercial LiFePO4 batteries usually use nano-sized
particles with carbon coating (with the thickness of 2-3 nm) [6, 44]. The main concept is to
decrease the diffusion length due to a smaller particle size and to improve the electron
conductivity due to the surrounded carbon layer. Meethong et al. [19] show that the
miscibility gap (two-phase field) shrinks with decreasing particle size (from 113 nm to 34
nm) and increasing temperature (Figure 2.14a). The miscibility gap is the region where two
phases (FePO4 and LiFePO4) coexist. Outside the miscibility gap is the area for the single
solid solution phase (LixFePO4). Figure 2.14b shows the corresponding discharge curves.
From the Gibbs phase rule, the decrease in the plateau area indicates the decrease in the
miscibility gap. From the trend line, they suggest that the miscibility gap will vanish (i.e.
becomes fully solid solution) when the particle size decreases to below 15 nm. From the
thermodynamic point of view, the two phase co-existence becomes more unstable for
nanoscale particles since the coherent strain becomes more significant per unit volume. As a
result, two phase coexistence becomes metastable when particle size is very small (< 15 nm).
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Figure 2.13: (a) Particle size effect on the voltage response. The miscibility gap shrinks
when the particle size decreases from 113 to 34 nm. (b) From the Gibbs phase rule, the
decrease in the plateau area of the voltage curves supports the shrinking of the miscibility
gap with a decreasing particle size [19].
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Tan et al. [47] compared the solid solution phase stability of different crystal sizes (26 nm
and 330 nm) at concentration Li0.35FePO4 and Li0.65FePO4. Solid solution phase could be
observed from the XRD pattern in both samples when heated above 200 ˚C. However, the
solid solution phase is more stable in 26 nm samples than 330 nm samples during the cooling
process (particle size-dependent). Besides, the phase stability is also concentration
dependent. After a long-time annealing, solid solution Li0.35FePO4 sample (26 nm) starts to
unmix into two single FePO4 and LiFePO4 phases. However, the solid solution phase
Li0.65FePO4 (26 nm) remains stable. Possibly this is because the extra energy penalty needed
to be overcome in Li0.65FePO4 particles is higher.
Malik et al. [48] investigate the possible non-equilibrium phase transformation path in
nanoscale particles. From the classical nucleation theory point of view, the second phase
needs to nucleate to a critical size to grow. Both interfacial energy and coherency strain will
impede the transformation. The calculation shows that the energy required to form a cluster
of 50 nm is very large. Thus the phase transformation in nanosized particles might follow a
single phase transformation path (Figure 2.14). The free energy curve for the nonequilibrium single solid solution path is very flat among the all range of lithium
concentration (0.05 < x < 0.9 in LixFePO4) as shown in Figure 2.15. The curve shape is
different compared with the typical two phase separation free energy curves that have two
minimum points and one maximum in the middle. This flat free energy curve suggests that
once the local lithium concentration reaches 0.05, the driving force required to overcome the
energy barrier for further lithiation is very small (< 20 mV). This explains why nanoscale
LiFePO4 exhibits high rate capacity. This free energy curve is also used to explain why the
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metastable solid solution phase does not unmix into two phases when cooled from high
temperature to low temperature [47]. The thermodynamic driving force for phase separation
is very small from the calculated free energy curve. However, the equilibrium state is still
two-phase compared with the single solid solution phase (non-equilibrium). Given enough
time, phase separation will occur inside the particle.

Figure 2.14: Schematic illustration for the equilibrium and non-equilibrium phase
transformation paths. For the equilibrium path (lower route), two phases (Li-rich and Lipoor) coexist in the particle with the nucleation of the second phase. For the non-equilibrium
path (upper route), there is no phase separation and only a solid solution phase is formed
[48].
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Figure 2.15: (a) The free energy curve calculated from Monte Carlo simulation and (b)
atomic configurations at the selected Li compositions via the single phase LixFePO4
transformation path. Li ions are shown in green and Fe ions are shown in brown. Each black
dot represents the free energy for one possible Li distribution based on the assumption of 245
possible Li intercalation sites [48].

Wagemaker et al. [49] later show that the miscibility gap in small particles is not only
particle size-dependent, but also affected by the overall lithium concentration. In other
words, during discharging the miscibility gap will change dynamically. Three different
LiFePO4 particle sizes (22, 35 and 70 nm) are prepared by ball-milling. For the fixed
composition Li0.5FePO4, all three particle sizes show the anisotropic stain has a minimum
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along the a-axis from the neutron and XRD patterns. This is consistent with the observed
phase boundary which is normal to the a-axis. Besides, the strain is larger in smaller particles
possibly indicates that the interface in smaller particles remain coherent. If the miscibility
gap is decreased due to the strain at the coherent interface, then smaller particles should have
a smaller miscibility gap due to the larger strain experimentally observed. To discuss the
effect of composition on the miscibility gap, the free energy of mixing (G mix) is represented
by the Cahn-Hilliard equation:

1
Gmix   ( g hom (c)  (c) K (c)) dV
v
2

(4)

where ghom(c) is the homogeneous free energy, c is the lithium concentration, V is the
volume, ρ is the density of intercalation site and K is the gradient energy penalty tensor
which is assumed as a constant here. The lithium concentration is assumed to vary only along
the a-axis with an interfacial area of 4 nm. Both calculation results and experimental data
show that the composition plays a more important role than the particle size in the solubility
limits. When the average concentration decreases, lithium solubility limits in lithium poor (α)
and lithium rich (β) phases decrease (Figure 2.16). From the material point of view, how to
minimize the coherent strain and decrease the concentration gradient at the interface are
important for designing electrode materials that have fast charging/discharging and long term
cycling capability.
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Figure 2.16: Effect of lithium concentration (x) on the solid solution limits of lithium poor
phase (LiαFePO4) and lithium rich phase (LiβFePO4). The concentration difference between α
and β phases decreases with the increasing average Li concentration (x in LixFePO4) [49].

2.4 C-rate dependent phase transformation (Li insertion) mechanism
Since the fast charging/discharging capability of lithium ion batteries is important for the
application for the electric vehicles, it is important to understand how the phase
transformation path might be affected by the C-rates. Bai et al. [50] use the phase-field model
to predict that above a critical current, the phase separation of LixFePO4 would be
suppressed. The feature of flat plateau voltage for the phase separation becomes a smooth
decay voltage curve at high discharging current (Figure 2.17). That is consistent with the
voltage response at high C-rates. The higher energy barrier of solid solution path is overcome
by the high overpotential of high discharging rates. Thus, phase separation behavior in
LiFePO4 not only depends on the particle size, but also depends on the charging/discharging
rate. This could also be explained from another viewpoint. Since high discharging rate
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requires more lithium ion inserting into particles at the same time to provide more electrons,
the phase transformation path with a moving phase boundary cannot provide enough lithium
intercalation sites. Thus, lithium ions must insert into particles in all channels at once,
leading to a non-equilibrium transformation path and the phase separation is suppressed.
Since the phase separation will cause misfit strain at the interface due to the lattice misfit, the
suppression of phase separation should be able to reduce the stress level inside the particle.
Lately, Liu et al. [51] use high energy X-ray diffraction to measure the real-time structural
changes during charging/discharging for commercial 18650 LiFePO4 cells. The diffraction
pattern shows that the lithium intercalation mechanism is C-rate dependent and has been
affected when the C-rate is increased from 0.1C to 5C.

(a)

(b)

Figure 2.17: (a) For lower discharging rates, lithium ions intercalate into material
sequentially accompanied with the phase separation. (b) At high discharging rates, the
voltage plateau disappears and the phase separation is suppressed [50].
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2.5 A review for models to investigate diffusion-induced-stresses (DIS)
Diffusion induced stresses (DIS) have been studied in many electrode materials such as
LiCoO2, LiMn2O4, LiFePO4 and graphite [52-61]. In general, the assumption of a spherical
particle (core-shell model) is made and the thermal stress analysis approach is adapted. In the
thermal stress analysis, the stress-strain relationship by considering the thermal expansion
could be expressed by the following equation [62]:

 ij   ij e   ijT 

1
[(1  ) ij  kk ij ]  T  ij
E

(5)

where the first term  ij e is the elastic strain caused by the loading and the second term  ij T is
the thermal strain due to the temperature change ∆T. Besides, E is Young’s modulus,  is
Poisson’s ratio,  is thermal expansion coefficient and  ij is Kronecker delta.
The concept of the core-shell model is illustrated in Figure 2.18. Take Li insertion into a
single FePO4 phase particle for example, the second phase (LiFePO4) is initially formed from
the shell while the phase boundary moves toward the core of the particle progressively. The
thickness of the shell becomes larger and larger while Li-ion insertion proceeds. When the
particle is fully lithiated, the Li concentration will reach the maximum and the particle is
composed of single LiFePO4 phase.

35

Figure 2.18: Schematic illustration of the core-shell model. Li-ions intercalate into the
particle with the formation of the shell of the second phase. The shell grows during Li
insertion until the particle is fully lithiated.

Chen et al. [52] investigate the evolution of DIS and strain energy in spherical LiFePO4
particles under the constant current (i.e. constant Li mass flux passing through the particle
surface) and constant voltage discharging cases.

The stress-strain relationships for the

tangential and radial components in the spherical coordinate system are:

r 

1
1
[ r  2 (  )]  C
E
3

(6)

 

1
1
[(1  )   r ]  C
E
3

(7)

where E is Young’s modulus,  is Poisson’s ratio,  is Li partial molar volume and C is Li
concentration. The radial and tangential directions are represented by r and Ɵ respectively.
The radial and tangential strains are derived by:

 r  du / dr

(8)
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  u / r

(9)

where u is the displacement in the radial direction.
The stress components in the condition of equilibrium obey the following equation:

  
d r
2 r
0
dr
r

(10)

The Li concentration (C) inside the particle could be derived from the diffusion equation:
C D   2 C 

r

t r 2 r  r 

(11)

where D is the Li diffusion coefficient.
Figure 2.19a shows the evolution of concentration profiles inside the particle with the
normalized constant surface concentration equals to 1 when the dimensionless time

  Dt / R2 from 0.001 to 0.4. It could be observed that when time increases, Li-ions diffuse
towards the center of the particle (r/R=0) while the concentration gradient decreases. The
corresponding evolution of the radial stress (  r ) and tangential stress (   ) are shown in
Figure 2.19b and 2.19c. The radial stress (  r ) is always in tension in the particle and the
maximum stress level increases when the dimensional time  increases from 0.001 to
0.0574. Further lithiation from  =0.0574 to 0.4 causes a drop in the stress level. The
tangential stress (   ) is in compression at the particle surface and becomes in tension near
the center of the particle. Similar to the radial stress, the maximum tangential stress increases
initially then decreases when  changes 0.0574 to 0.4. The corresponding evolution of the
total strain energy is shown in Figure 2.19d. Since the strain energy relates to the strain and
stress level, the maximum strain energy occurs approximately when  = 0.0574. The results
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also show that the value of Poisson’s ratio affects the strain energy significantly. It needs to
be pointed out that this model assumes an isotropic material property and the effect of C-rate
is not discussed.

(a)

(b)

(c)

(d)

Figure 2.19: (a) The evolution of concentration profiles within a spherical particle during Li
insertion when the dimensionless time  increases from 0.001 to 0.4. (b) The evolution of
radial stresses during Li insertion. (c) The variation of tangential stress during Li insertion (d)
The evolution of elastic strain energy for different Poisson’s ratios during Li insertion [52].
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Later, Deshpande et al. [53] uses the similar approach to investigate the DIS in nanowireshaped electrode material. The material property is assumed to be isotropic and the thermal
stress analysis approach is adapted. The stress strain relationships in cylindrical coordinate
are expressed by:

 rr 
 

1
1
[ r  (    z )]  C
E
3
1
1
[   ( r   z )]  C
E
3

(12)

(13)

The strain along the z-axis is assumed to be 0 if the particle is the long-wire shape.

 zz  0

(14)

and the stress equilibrium equation is:
d r  r   

0
dr
r

(15)

The strain-displacement relationship is:

 rr  du / dr

(16)

  u / r

(17)

The equation for the Li diffusion within the cylindrical particle is:

  2C 1 C 
C
 D 2 

t
r r 
 r

(18)

Without considering the effect of the surface stress, the derived stress evolution is similar to
Figure 2.19a and 2.19b. The simulation results suggest that when the particle size is below 5
nm in diameter, the effect of surface stress and surface strain energy cannot be neglected
when predicting the DIS. Later, this cylindrical model is used to investigate the effect of
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concentration-dependent elastic modulus on the prediction of DIS [54]. The concentration
dependent Young’s modulus is assumed as:
E  E0  k (

C  C0
)
CR  C0

C  C0
E
k C  C0
 1
(
)  1  k (
)
E0
E0 CR  C0
CR  C0

(19)

(20)

where E0 is the original Young’s modulus before Li insertion/deinsertion and E is the instant
Young’s modulus when Li diffusion proceeds. C in the instant Li concentration. C0 is the
initial Li concentration in the cylindrical electrode and CR is the Li concentration on the
electrode surface. The material becomes stiffer during Li insertion if k  >0 and the materials
becomes softer if k  <0. The results are shown in Figure 2.20. For the radial stress (  r ),
during Li insertion (solid line) the maximum tension stress increases when k  increases.
During Li extraction (dashed line), the maximum compressive stress decreases when k 
increases. This indicates that the difference in the stress level between the surface and center
of the particle becomes larger when considering the material stiffening effect ( k  >0).
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Figure 2.20: (a) Radial stress profile in the cylindrical electrode particle for different k  value
( k  >0 for material stiffening and k  <0 for material softening) when the dimensional time
T=0.076. Solid lines are for Li insertion and dashed lines are for Li extraction. (b) Tangential
stress profile in the cylindrical electrode particle for different k  value [54].

Deshpande et al. [55] use the thermal stress analysis approach to investigate the DIS in a
phase transforming spherical particle with a moving phase boundary. The results show that
the stress discontinuity on the phase boundary depends on the equilibrium concentration
between two phases α and β. Thus, a big change in the concentration on the phase boundary
should be avoided. The results also indicate that the particle surface might be the crack
initiation sites during Li extraction due to the maximum stress discontinuity on the surface.
The DIS in particles with different aspect ratios has also been studied [56-58]. Park et al.
[56] investigate the DIS in LiMn2O4 particles. The Li flux (J) passing through the particle
surface is represented by:
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J   D(C 

C
 h )
RT

(21)

where D is the Lithium diffusivity in LiMn2O4, C is the Li concentration, R is the gas
constant, T is absolute temperature, Ω is partial molar volume and  h is the hydrostatic
stress. The second term in the equation accounts for the effect of stress on the Li diffusion.
However, from the simulation it is suggested that the effect of hydrostatic stress on the
diffusion is very small [57] thus this term is usually neglected.
The boundary condition at the particle surface is:

J n 

in
F

(22)

n is the normal direction of the particle surface, in is the discharge current and F is Faraday’s
constant.
The stress-strain relationship is similar to the thermal stress analysis approach:

 ij 

1
c
[(1  ) ij  kk ij ] 
 ij
E
3

(23)

where  ij is the Kronecker delta.
Figure 2.21a shows the effect of Li diffusivity on the stress level. When the diffusivity is
increased from D0 (7.08 E-15) to 5D0, the maximum principal stress σ1 decreases from 132
MPa to 121 MPa. This is because the concentration gradient decreases with a higher
diffusivity and a smaller concentration gradient leads to a lower stress level. Figure 2.21b
compares the stress state when the particle’s aspect ratio equals to 1 and 3.81, respectively.
The volume of the particle is fixed to (4   53)/3 μm3. The results show that the particle
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shape plays an important role in the DIS and a higher aspect ratio leads to a higher stress
state.

Figure 2.21: (a) The effect of Li diffusivity (D) on the maximum principal stress (  1 ). The
maximum stress decreases from 132 MPa to 121 MPa when the diffusivity increases from D0
to 5D0. (b) The stress level is larger in the particle with a larger aspect ratio [56].

Lim et al. [63] investigate the DIS in the reconstructed particle (LiCoO2 and LiC6)
morphology by using X-ray micro/nano computed tomography technology. In this study, the
effect of hydrostatic stress has been considered and the thermal stress analysis approach is
applied. The governing equations in this study are the same as Equation (21)-(23). The
constructed particle morphology is shown in Figure 2.22 and the detailed information is
listed in Table 2.1. The volume expansion for LiC6 is 14% when the material changes from
C6 to LiC6 during charging. The volume contraction for LiCoO2 is 1.07% from Li0.4CoO2 to
Li0.95CoO2 during discharging. The von Mises stress distribution when reaching the highest
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stress level under 1C intercalation rate is shown in Figure 2.23. It is observed that DIS is
higher in larger particles (for both LiC6 and LiCoO2). The stress level in LiCoO2 in much
lower compared to LiC6 particles due to the smaller particle size, smaller partial molar
volume and higher Li diffusivity (DLiCoO2 = 1E-13 and DLiC6 = 2.62E-14 m2/s). Besides, it
could be observed that the stress level is higher at the concave area due to a higher
concentration gradient. The authors suggest that these high stress areas might lead to the
crack initiation. Besides, the stress level increases with the increasing C-rates (Figure 2.24).
The predicted DIS in a spherical particle is much lower compared to the constructed particle
morphology. Thus, the DIS in a particle strongly depends on the particle shape. The sharp
concave area on the particle surface will lead to a high stress level thus the irregular particle
surface of the electrode material should be avoided.

Table 2.1: Information for the reconstructed LixC6 and LiyCoO2 particles [63].
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Figure 2.22: (a) SEM image of LiCoO2 particles (b) SEM image of LiC6 (c) Reconstructed
LiC6 particle 1 (d) Reconstructed LiC6 particle 2 (e) Reconstructed LiCoO2 particle 3 (f)
Reconstructed LiCoO2 particle 4. The detailed particle information is listed in Table 2.1. [63]
.
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Figure 2.23: The distribution of von Mises stress on the particle surface at 1C Li insertion
for (a) LiC6 particle (b) LiC6 particle (c) LiCoO2 particle and (d) LiCoO2 particle. A higher
stress is observed at the concave particle surface [63].
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Figure 2.24: The evolution of maximum von Mises stress verses state of charge (SOC) at
different C-rates. The solid lines are for reconstructed LiC6 particle and the dashed line are
for the spherical particle with a diameter of 10.2 μm [63].

Later, Zhu et al. [64] investigate the DIS and the initial defect effect in LiMn2O4
spherical particles. The governing equations in this model are the same as Equation (21)(23). The similar results are derived as the previous studies. The stress evolution during
charging (Li-extraction) and discharging (Li-insertion) are different as shown in Figure 2.25.
During discharging, the maximum principal stress (  1 ) increases initially followed by a
decrease after reaching the peak. The decrease in the stress level is due to the decrease in the
concentration gradient (i.e. Li ion already reach the center of the particle). Figure 2.26a
compares the maximum stress at different particle sizes (3-9 μm) and different C-rates (0.1-
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0.6 A/m2). The peak stress increases approximate linearly with the current density and the
particle size. Especially, the effect of the current density on the maximum stress is more
significant in larger particles than in smaller particles. Figure 2.26b shows the effect of the
particle aspect ratio on the maximum stress. The aspect ratio is defined by the ratio of the
length of long axis over the length of the short axis in an ellipsoid particle. The volume of the
particle is kept the same for different aspect ratios. The results show that the particle with the
aspect ratio of 1.5 experiences the highest stress at the same C-rate. The effect of aspect ratio
on the stress level becomes more significant at higher C-rates.

Figure 2.25: The variation of the maximum principal stress  1 during charging and
discharging within a spherical LiMn2O4 particle with a radius of 7 μm. The peaks stress
occurs at 960 seconds due to the maximum concentration gradient at that moment [64].
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Figure 2.26: (a) The maximum principal stress  1 increases with the current density and the
particle size. (b) The maximum principal stress  1 occurs when the particle aspect ratio
equals to 1.5. The volume of the LiMn2O4 particle size is fixed to (4   73)/3 μm3 [64].
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Despite the collective studies, the relationship between the stress components on the
FePO4/LiFePO4 phase boundary and the crack propensity has not been discussed. In Chapter
3, we establish a single particle finite element model incorporated with the anisotropic Li
diffusion and the phase boundary movement. The concentration-dependency of anisotropic
material properties and volume expansions is also considered. Besides, a model that
incorporates the C-rate dependent volume misfit for the prediction of C-rate dependent DIS
in a multi-particle system has not been addressed. This task will be completed in Chapter 5.
The effect of the pre-existed crack surface under different C-rate will also be discussed.
Upon completion of this research, we will provide a better understanding of the interplay
between the C-rate dependent DIS and the capacity loss due to the particle fracture for
LiFePO4 material.
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CHAPTER 3 STRESS EVOLUTION ON THE PHASE
BOUNDARY IN LiFePO4 PARTICLES

The content of this chapter is reproduced based on the published work as:
C.K ChiuHuang, H. Y. S. Huang, 2013, "Stress Evolution on the Phase Boundary in LiFePO4
Particles," Journal of the Electrochemical Society, 160(11) pp. A2184-A2188.

3.1

Summary
It is commonly thought that diffusion-induced stress is one of the main factors causing

loss of capacity in electrode materials. To understand stress evolution on the phase boundary
during the lithiation process, we develop a finite element model adopting lithium ion
concentration-dependent anisotropic material properties and volume misfits. Increased
mechanical stresses on the phase boundaries are observed during the lithiation process. When
the particle is more fully lithiated, larger stresses occur on the free surfaces and these may be
related to the cracks on the ac-plane. The C-rate dependent strain energy evolution is also
studied. The result shows that with the same amount of lithiation, particles experience
different strain energies due to varied C-rate discharging. The high elastic energy from the
high C-rate model suggests that the system becomes unstable, and a homogeneous phase
transformation path is more plausible for the system. The current study provides a connection
between diffusion-induces stresses on the phase boundary and the cracking propensity on
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free surfaces. Thus, the study could be used to better understand the mechanisms that cause
particle fracture and capacity loss.

3.2

Introduction
Due to their high energy density, lithium-ion batteries are currently preferred as the main

energy storage devices for PHEVs/EVs [9, 65]. However, retaining the lithium-ion battery
capacity is one of the major challenges facing the electrochemical community today.
Capacity loss is found in several conditions, such as at a high (dis)charging rate or with long
periods of cycling [10], and the capacity fade is strongly related to the mechanical stresses
inside the materials [6, 11]. Among many cathode materials, the olivine-based LiFePO4 with
an orthorhombic crystal structure provides excellent characteristics for application in
EVs/PHEVs such as: good thermal stability, abundant iron resource, low raw material cost,
and high theoretical energy density (170 mAh/g) [6]. However, electronic conductivity and
diffusivity for LiFePO4 are considerably lower than those of LiMn2O4 and LiCoO2 materials
[4, 7], and these intrinsic disadvantages of LiFePO4 are currently improved by doping,
carbon coating, nano-scale particle size, or synthesis controls [5, 6, 66, 67]. Nevertheless, an
understanding of the fundamental mechanisms resulting in capacity loss needs to be
obtained, and it will hopefully culminate in breakthroughs in lithium-ion battery technology
via synergistic investigative activities that bridge theory, computation, experiment, and
manufacturing.
It has been reported that the electrochemically cycled LiFePO4 under low C-rate exhibits
a two-phase system: lithium-rich (LiFePO4) and lithium-poor (FePO4) phases [18-21]. These
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two phases have similar crystal structures and are constrained by a coherent interface during
the phase transformation [68]. Because of different lattice constants for the two phases,
approximately 7–9% volume misfits are observed [23]. Moreover, computational simulations
and experimental observations have identified that lithium ion diffusion in LiFePO4 is onedimensional and confined along the b-axis [38-42]. Chen et al. [13] have studied the phase
boundary via high resolution transmission electron microscopy, and two phases separated by
a visible disordered zone on the bc-plane were observed. On the other hand, Laffont et al.
[45] have reported a nano-sized interfacial zone (ca. 8–22 nm), and it is always found in a
partially lithiated/delithiated particle with sizes of 130, 170 or 172 nm. It is concluded that
the phase boundary tends to move along the a-axis with the extension of the pre-existing
phase. Later, Delmas et al. [35] proposed a domino-cascade model to explain the
intercalation/extraction of lithium ions in a single particle based on the assumption that a
mixture of particles in a discharging sample are either fully lithiated or delithiated. It is
suggested that the phase boundary propagation wave along the a-axis is formed because of
the relatively low energy barrier in the distorted interfacial area. The model was later
confirmed experimentally by Brunetti et al. [27], showing that most particles ranging from 50
nm to 300 nm in a partially charged lithium-ion cell sample are either in a fully LiFePO4
phase or a FePO4 phase.
Meethong et al. [20] and Tang et al. [69, 70] discussed the role of the coherency-induced
elastic energy during the phase transformation by incorporating spherical particles. Van der
Ven et al. [37] studied the role of coherent strains on the phase stability of needle crystallites
and it was concluded that the minimum strain energy could be maintained by decreasing the
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interfacial area on the bc-plane between two phases. By incorporating anisotropic volume
expansions during the phase transformation, Tang et al. [71] and Cogswell et al. [46, 50]
utilized a phase field method to study changes in the phase boundary morphology on platelike particles. However, concentration-dependency of material properties and volume misfits
were not included. In contrast, Deshpande et al. [54] adopted an isotropic core-shell model
while incorporating concentration-dependent elastic moduli to study diffusion-induced
stresses, and it is suggested that material stiffening is beneficial for avoiding surface
cracking. However, their model considered isotropic diffusion and phase boundary
movements [54]. Moreover, other intercalated electrode materials, such as LiCoO2 and
LiMn2O4, have also been extensively studied [61, 72], specifically the studies focused on
developing mathematical models to delineate diffusion-induced stresses and interphase
stresses due to phase boundary movement.
Despite the collective studies, it is absolutely necessary and timely to study the diffusioninduced stresses in LiFePO4 as a whole: the anisotropic directions of the diffusion and the
phase movement should be incorporated, and the concentration-dependency of anisotropic
material properties and volume expansions should be considered. Therefore, in the current
study we use a single plate-like LiFePO4 particle with the aforementioned anisotropic
properties as our model system to investigate the mechanical stress evolution, specifically on
the phase boundary during the lithiation process. We relate our stress fields at the different
lithiation stages to the fracture tendency in the particle, and we compare the strain energy
variation at different C-rates. The results from the current study could be used to provide a
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better understanding of mechanisms that interface lithium ion diffusion, stresses on the phase
boundary, fracture propensity, and C-rates.

3.3

Method
We use a thermal stress analysis approach to investigate diffusion induced stress

evolution at the two-phase boundary during the lithiation process, whereas the thermal
diffusivity mimics the lithium-ion diffusivity, and the temperature gradient represents the
lithium-ion concentration gradient. The anisotropic diffusion-controlled model is considered
in the current study [71, 73]. ANSYS finite element software (ANSYS, Inc., Canonsburg,
Pennsylvania, USA) is incorporated and a plate-like LiFePO4 single particle with dimensions
of 150 nm × 60 nm × 100 nm is developed (Figure 3.1); the particle size is designed to be
within the range of experimental observation [27, 35, 45]. The finite element model
containing 3780 elements is divided into 10 layers along the a-axis and each layer represents
one lithium-ion diffusion channel, whereas each channel contains 378 elements along the baxis. A 10-step finite element analysis is designed, such that each step represents diffusion in
each channel.

55

Figure 3.1: A plate-like LixFePO4 single particle (150 nm × 60 nm × 100 nm) finite element
model. Lithium diffusion is along the b-axis while the phase boundary moves along the aaxis. Colored legend: High lithium ion concentration is in red and low lithium ion
concentration is in blue.
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The anisotropic diffusion-controlled analysis requires a set of boundary and initial
conditions for each channel: a unit of concentration on one surface  ( y, t )   (0, t )  1 , and a
zero-concentration on the other surface at the end of the said channel  ( y, t )   (1,0)  1
(Figure 3.1), where  is the concentration, y is the diffusion length along the b-axis, and t is
the time required for the completion of the diffusion. The time-dependent concentration
gradient serves as the driving force of the diffusion for the phase transformation [52, 57, 61],
and it is described by the governing equation:


 2
 D( 2 )
t
y

(24)

That is, the Fick’s second law of diffusion, where D is the diffusivity. The concentration–
independent diffusivity along the b-axis is defined as Db =1E-15m2/s obtaining from Park et
al. [7] Since studies have shown that lithium-ion hopping between channels is very unlikely
[43], and to ensure the anisotropic diffusivity, the diffusivities of the other two directions are
set to be 10-order of magnitude smaller comparing to the one along the b-axis: Da =Dc =1E25m2/s. It is to ensure that lithium ions move smoothly and systematically from highconcentration regions (in red) to low-concentration regions (in blue) within channels (Figure
3.1).
For each step of the finite element analysis, the completion of the diffusion for each
channel is reached when the concentration  ( y, t )   (1,1)  1 at the end of the channel. It is
immediately followed by the next analysis in the adjacent channel, where boundary and
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initial conditions (i.e.,  ( y, t )   (0, t )  1 and  ( y, t )   (1,0)  0 are assigned in the said
channel and the Fick’s second law of the diffusion is again applied. A total of 10 steps of
finite element analysis complete the lithiation of LixFePO4, where x represents lithiated
percentages (0% ≤ x ≤ 100%).
Concentration-dependent anisotropic material properties and volume expansions for
LixFePO4 are incorporated: anisotropic material property matrices [C] and the volume
expansion (α) are defined as follows:

[C ( x)]  x [C ]LiFePO4  (1  x)[C]FePO4 and i ( x)  xi LiFePO ,
4

(25)

where i = a, b, and c representing lattice vectors. Orthorhombic elastic constants for both the
lithium-rich and lithium-poor phases are obtained from the reference [74]. The anisotropic
volume expansions of the LiFePO4 phases are obtained from the literature [20, 23], in which
αa = 5.8%, αb = 4.5%, and αc = −1.3%. These two material properties are incorporated into
the 10-step finite element analysis. For example, at the 60% of the lithiation of one specific
channel, the anisotropic material property matrix is a linear combination of two phases:

[C (60%)]  0.6 [C ]LiFePO4  0.4[C]FePO4
The LiFePO4 phase is subjected to anisotropic volume expansions as follows:

 a  60% a LiFePO  60%  5.8%  3.48%
4

b  60% a LiFePO  60%  4.5%  2.7%
4

c  60%c LiFePO  60%  (1.3%)  0.78%
4
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C-rate dependent lithiation and the associated phase transformation paths are studied.
Coherent interfaces are imposed between phases and are assumed to be defect free in our
finite element models. In our finite element analyzes, a sequential phase transformation path
for the lower C-rate is considered (Figure 3.2). The LiFePO4 phase initially nucleates in
channel 1 as such locations exhibit less interfacial area between two phases (e.g. at corners)
[71] and the phase nucleation is along the shortest diffusion length (along the b-axis for
LiFePO4) [24, 39, 45]. Thus, a domino-cascade model is used for 1C finite element models,
as there is no energy barrier in the interfacial region between two phases [35].
For high C-rates, we follow models proposed by Singh et al. [73], where the number of
phase boundaries is proportional to the number of the C-rate (Figure 3.2b-3.2c). That is, the
second phase is formed at two different locations to provide two phase-boundary for the 2C
model, and the second phase is formed at four different locations to provide six phaseboundary for the 6C model. Such assumption is based on the surface-reaction-limited
dynamics describing that the phase boundary advances by filling channels sequentially in the
crystal. It is claimed that while more phase boundaries are formed, it allows more lithium
being inserted/extracted from the particle and thus provides higher currents [73].
The stress field on the phase boundary at different percentages of lithiation is studied, and
strain energies during lithiation with different C-rates are also compared. A proposed
multiple particle system with a higher C-rate is discussed in the next section (Figure 3.2d).
In the current study, the strain energy reported from the finite element analysis is formulated
as
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U    d

(26)

where σ is the diffusion-induced stress field, and ε is the corresponding strain field. The
strain field is related to the deformation of the model due to concentration-dependent
anisotropic volume expansions. The total strain energy U is the summation of the strain
energy of each element. The post-processing of ANSYS is with a built-in capability to output
the total strain energy based on the individual strain energy of each element. The stress
analysis consists 10 steps for a complete lithiation, and for each step, there are several time
increments to ensure the completion of the diffusion in each channel. In the current study, we
obtain the stress field and the total strain energy at each time increment and for each analysis
step, until the particle is fully lithiated.

Figure 3.2: Particles with 40% lithiation at different C-rates.
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Table 3.1: Elastic constants calculated from first principles for FePO4 and LiFePO4 [74]
Volume

Phase

(Å 3)

Elastic constants
(GPa)

Lattice constants (Å )

V

a

b

c

C11

C22

C33

C44

C55

C66

C12

C13

C23

FePO4

284.57

9.96

5.88

4.86

175.9

153.6

135.0

38.8

47.5

55.6

29.6

54.0

16.6

LiFePO4

299.54

10.45

6.05

4.74

138.9

198.0

173.0

36.8

50.6

47.6

72.8

52.5

45.8

3.4

Results and Discussion
Normalized stress fields on the phase boundary (yz-plane or bc-plane) at different

percentages of lithiation for the 1C model are compared: initial, 10%, 20%, 50%, 60%, 80%,
and 90% lithiation (Figures 3.3 and 3.4). Specifically, Figure 3.3a, 3.3g, and 3.3m represent
stress fields on the phase boundary between channels one and two upon lithiation. When
reaching 10% lithiation, the resultant stress fields on the phase boundary between channels 1
and 2 are shown in Figure 3.3b, 3.3h and 3.3n. Moreover, after completing 50% lithiation,
the resultant stress fields on the phase boundary between channels 5 and 6 are shown in
Figure 3.3d, 3.3j, and 3.3p. Increased mechanical stresses at the phase boundaries are
observed during the lithiation process.
Concentration-dependent normal stresses σxx are observed, and these are due to molar
volume misfits since two phases are constrained at a coherent interface [20] (Figure 3.3a3.3f). It is observed that the particle is in compression (σxx) at the low lithiation stage (Figure
3.3a-3.3c) and is in tension beyond 50% lithiation in the current study (Figure 3.3d-3.3f and
Figure 3.4a). Various studies have implemented core-shell models to investigate diffusioninduced stresses [53, 54, 60, 61, 75, 76]; of note, such geometry of the two phases (shell and
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core) within the particle prohibits sliding; therefore coherent interfaces do not exist between
two phases. Among these collective work, Christensen et al. [60, 61] and Deshpande et al.
[53, 54] have established analytical models describing stress profiles of the particle for
different electrode materials during (de)lithiation. When solving the elasticity problem of the
core-shell model, the diffusion-induced stress in the equilibrium equation is treated as the
pressure (or a Lagrange multiplier) applying on the outer surface of the model [53, 54, 60,
61]. Such treatment is analogous to the Elshelby’s inclusion problem [77] and the analytical
solutions of the boundary value problem generally result in compression on the particle
surface, specifically along the tangential direction. In contrast to these studies, the current
work considers the coherent interface between two phases during lithiation, and this is the
case for LiFePO4 particularly [20, 46, 50, 70, 71, 78, 79].
As such, additional residual stresses due to the coherent interface raises the system’s
potential energy and provides distinct stress profiles from studies based on core-shell models
[53, 54, 60, 61]. Our study also shows that when the particle is toward fully lithiated (90%),
larger tension occurs on the free surface parallel to the z-axis (Figures 3.3f and 3.4a),
suggesting a crack opening might occur if an initial flaw exists on the ac-plane. Hence,
lithium ion diffusion along the b-axis above 50% lithiation results in large normal stresses σxx
and consequently a Mode I fracture is likely to occur if an initial flaw exists (Figure 3.4b).
The lithiation causes non-negligible shear stress σxy, specifically along the particle freesurfaces (Figures 3.3g-3.3l and 3.4c), suggesting that such high shears could be responsible
for the observed surface cracking (Figure 3.4c-3.4d) [13, 15]. It is observed that σxy
increases when lithiating to 50% (Figure 3.3g-3.3j), and the shearing stress starts decreasing

62

beyond 50% lithiation (Figures 3.3j-3.3l and 3.4c). This indicates that LiFePO4 particles are
subjected to the highest diffusion-induced shear stresses at the 50% lithiation stage.
Furthermore, lithiation-independent σxz are uniformly distributed on the phase boundary
(Figures 3.3m-3.3r and 3.4e). The shear stresses are observed with larger values at corners
close to the free surfaces, indicating these locations are susceptible to fracture (Figure 3.4e3.4f). The normalized stress field in Figures 3.3 and 3.4 is to delineate how each stress
component is evolved during the lithiation process. Comparing stress magnitudes at 50%
lithiation, σxx : σxy : σxz =0.67 GPa : 1.8 GPa : 0.7 GPa = 1:3:1, the result indicates that Mode
II fracture is more likely to occur before other two modes. Taking together, the result in the
current study provides a connection between diffusion-induced stresses at the phase
boundary and the cracking propensity on the ac-plane. Should an initial crack form at the
surface of the particle as observed [13, 15], fracture mechanics ought to be used to study
associated stress intensity factors and energy release rates [80]. To investigate the effects of
internal stresses to a cracked particle, a finite element method-based virtual crack closure
technique was conducted and the result is published elsewhere [81]. It is complementary to
the study discussing three different lithium intercalation-induced dislocation mechanisms for
experimentally observed cracks [82]. Moreover, Woodford et al. have developed a fracture
mechanics failure criterion of a single particle and polycrystals [83, 84]; The
“electrochemical shock” has provided design criteria for several electrode material systems
(LixCoO2, Li1+xMn2O4, LixNi0.8Co0.15Al0.05O2, LixNi1/3Co1/3Mn1/3O2) in which minimizing the
diffusion-induced principal shear strain is of paramount importance for long-lived battery
electrodes [83, 84].
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Figure 3.3: A representative normalized stress field on phase boundaries at different
lithiation stages for the 1C model. (a)-(f): the particle is in compression (σxx) at low
lithiation stages and in tension at high lithiation stages. (g)-(l) High in-plane shear stresses
(σxy) along the particle surfaces are observed, and the results suggest that particles are
subjected to the highest σxy at 50% lithiation. Lithiation-independent in-plane shear stresses
σxz are uniformly distributed on the phase boundary and corners are subjected to higher
mechanical stresses. Colored legend: Tension is in red and compression is in blue.
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Figure 3.4: A representative normalized stress field on the phase boundary at different
lithiation stages for the 1C model. An initial crack at the surface of the particle under
repetitive (dis)charging cycles could lead to Modes I, II, and III fractures. (a)-(b) When the
particle is more than 60% lithiated, larger σxx tension exists on the free surface parallel to the
z-axis, suggesting that a Mode I fracture might occur if an initial flaw (presented in color red)
exists on the ac plane. (c)-(d) Large σxy exists on the yz-plane parallel to the phase
boundary, suggesting that a Mode II fracture could occur. (e)-(f) Lithiation-independent
σxz on the phase boundary could lead to a Mode III fracture. Colored legend: Tension is in
red and compression is in blue.
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The C-rate dependent strain energy evolution during lithiation is shown in Figure 3.5.
The 1C model is inspired by Delmas et al. [35] and high C-rate finite element models utilize
the approach proposed by Singh et al. [73]. The strain energy of the particle with 40%
lithiation at different C-rates is also compared, as indicated by square markers (Figure 3.5).
The result shows that with the same amount of lithiation (Figure 3.2a-3.2c), particles
experience different strain energies at different C-rate discharging. For the 1C model, there
being nine complete phase boundaries formed during different stages of lithiation (Figures
3.1 and 3.5). Similarly, four and two repetitive fluctuations during the strain energy evolution
are observed in the 2C and 6C models, respectively (Figure 3.5). The results indicate that the
strain energy increases when lithium ions diffuse into the channel, i.e., during the two-phase
region. The completion of the diffusion at each channel forms a complete phase boundary
between two single phases. That is, the coherency results in local maximum volume misfits,
which in turns generating high strain energy inside the particle, shown as the point A in
Figure 3.5. Upon lithiation in the adjacent channel, LiFePO4 phase starts nucleating
accompanying with most of FePO4 phase in the rest of the channel and the particle. As such,
the reduction of the complete phase boundary results in the relaxation of the strain energy,
shown as the point B in Figure 3.5. Strain energy increases again due to the coherency
between two phases and reaches its local maximum once the diffusion is completed in the
said channel (the point C in Figure 3.5). Of note, the total strain energy at the point C is
comparable to the one at the point A and it is mainly attributed to the total number of phase
boundary remaining in the particle. Similar trend is also observed for higher C-rate
simulation.
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Figure 3.5: The C-rate dependent strain energy evolution during a complete lithiation cycle.
The strain energies in the particles with 40% lithiation are indicated by square markers. The
Li insertion simulation model for each C-rate is referred to Figure 3.2.
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From a thermodynamic point of view, the energy fluctuations during the lithiation
process suggest that the Gibbs comment tangent rule is not applicable when a coherent
interface is present, as previously discussed by Cahn, Voorhees, Johnson, and Bazant [46, 50,
85-87]. Briefly, in the current study, a two-component isothermal system, whereas phase
behaviors in coherent equilibria is considered. A molar free energy is used to present the
chemical equilibrium initially without the coherency, and a solid-solid coherency between
two phases is included and thus raises the potential energy of the system. Due to the
existence of the coherency, the mole fractions of the phases are no longer smooth functions
of the average composition of the alloy [85, 88]. The existence of the strain energy raises the
potential energy of the system and therefore, the comment tangent rule becomes invalid in
the two-phase region. Furthermore, a few experimental studies have confirmed that particles
are either in FePO4 or LiFePO4 phases under low C-rate (dis)charging [27, 35, 89], as solid
solutions provide lower energy barriers for thermodynamic equilibrium. Therefore, the high
elastic energy from the 6C model suggests that the existence of multiple coherent interfaces
within a particle could be unstable [85, 90], as the raised potential energy is too large and lies
above the free energy curve. As a result, the models from Singh et al. [73] propose that the
number of phase boundaries is proportional to the C-rate (Figure 3.2b-3.2c) are not plausible
thermodynamically. Moreover, several studies have shown that for fast (dis)charging,
LiFePO4 material does not demonstrate a two-phase system. Therefore, the calculated high
strain energy for the 6C model suggests that another phase transformation path is preferred: a
homogeneous phase transformation toward the suppression of a two-phase system in a
LiFePO4 particle is more energetically favorable (Figure 3.2d), as discussed by Bazant [46,
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50]. As such, we are currently studying the stress evolution in multiple particles under higher
C-rate discharging, in which the concentration dependency of materials properties and
volume expansions are also considered. Specifically, lithium ion diffusion in multiple
channels or in the ac-plane simultaneously are considered, whereas an increased number of
incomplete phase boundaries exist in the system (Figure 3.2d). The result from our current
study indicates that coherency between two phases plays an important role in the variation of
the mechanical strain energy within the particle. As for a larger system, (i.e., multiple
particles under higher-C-rate), incomplete phase boundaries are generally reported [9, 89,
91]. Therefore, it is expected that there are less coherency inside the particles and less
mechanical strain energy fluctuation for a larger system.

3.5

Conclusion
A diffusion-controlled finite element model accompanied with the experimentally

observed phase boundary propagation is developed, in which concentration-dependent
anisotropic material properties and volume misfits are incorporated. Increased mechanical
stresses on the phase boundaries are observed during the lithiation process. Specifically,
normal stress σxx and shear stresses σxy and σxz on the phase boundary are at their highest
values on the free surfaces of the phase boundary. These diffusion-induced stresses could
possibly lead to the occurrence of Mode I, Mode II, and Mode III fractures if an initial crack
exists on the ac-plane. Thus, the current study provides important complementary data about
the cracking propensity in LiFePO4 particles, and we believe it is strongly related to the
observed capacity loss. In addition, C-rate dependent strain energy evolution and fluctuation
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are also studied. The result indicates that coherency between two phases plays an important
role in the variation of the mechanical strain energy within the particle. It is also observed
that with the same amount of lithiation, particles experience different strain energies due to
varied C-rate discharging. The large elastic energy from the high C-rate model suggests that
that the existence of multiple coherent interfaces within a particle could be unstable since the
total energy becomes too large and lies above the free energy curve. Therefore, lithium ions
diffusion in multiple channels or in the ac-plane simultaneously are more plausible for higher
C-rate models.
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CHAPTER 4

IN-SITU IMAGING OF LITHIUM-ION

BATTERIES VIA THE SECONDARY ION MASS
SPECTROMETRY

The content of this chapter is reproduced based on the published work as:
C.K ChiuHuang, C. Zhou, H.Y. S. Huang, 2014, "In-Situ Imaging of Lithium-Ion Batteries
Via the Secondary Ion Mass Spectrometry," Journal of Nanotechnology in Engineering and
Medicine, 5, 021004 (2014).

4.1

Summary
To develop lithium-ion batteries with a high rate-capability and low cost, the prevention

of capacity loss is one of major challenges, which needs to be tackled in the lithium-ion
battery industry. During electrochemical processes, lithium ions diffuse from and insert into
battery electrodes accompanied with the phase transformation, whereas ionic diffusivity and
concentration are keys to the resultant battery capacity. In the current study, we compare
voltage versus capacity of lithium-ion batteries at different current-rates (C-rates)
discharging. Larger hysteresis and voltage fluctuations are observed in higher C-rate
samples. We investigate origins of voltage fluctuations by quantifying lithium-ion intensity
and distribution via a time-of-flight secondary ion mass spectrometry (ToF-SIMS). The result
shows that for fully discharged samples, lithium-ion intensity and distribution are not C-rate
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dependent, suggesting different lithium-ion insertion mechanisms at a higher C-rate
discharging might be solely responsible for the observed low frequency voltage fluctuation.

4.2

Introduction
Lithium-ion batteries are critical to modern and emerging technologies ranging from

high-power tools and wearable electronics to prosthetic limbs and exoskeletons for the
physically disabled. In enabling advanced plug-in hybrid (PHEV) and pure electric vehicles
(EV), it is critical in the context of global climate change to meet mandates to reduce U.S.
greenhouse gas emissions: a 17% reduction below 2005 levels by 2020 and an 83% reduction
by 2050 [92], and doubling U.S. fuel efficiency from 27.3 miles per gallon (MPG) in 2011 to
54.5 MPG by 2025 [93]. Advancing lithium-ion battery technology for PHEVs/EVs and
human quality-of-life enhancing technologies such as mechanized prosthetic limbs will play
a critical role in fulfilling these goals. Toward providing the high power and energy densities
demanded by these new technologies, fast discharging current-rates (C-rates) are considered
essential [65]. However, at high C-rates, the capacity of current lithium-ion batteries
decreases with increased charge / discharge cycles (referred to as “rate-capacity fade”) [9].
Thus cycling, C-rate, and concentration of lithium govern the capacity of lithium-ion
batteries.
Among several developed cathode materials, the olivine-based lithium iron phosphate
(LiFePO4) with an orthorhombic crystal structure provide excellent characteristics for the
application on EVs/PHEVs, such as good thermal stability, abundant iron ore resource, low
raw material cost and high theoretical energy density (170 mAh/g) [5-7]. At room
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temperature, LiFePO4 works as a two-phase system [24], a lithium-rich (LiFePO4) and a
lithium-poor (FePO4) phases during charging and discharging. The phase transformation of
LiFePO4 follows the Gibbs phase rule whereas a single-phase region has the characteristic of
varying potentials with different lithium-ion concentrations, and a two-phase region reveals a
steady potential during charging/discharging [46, 50, 94]. However, this characteristic of the
flat charging/discharging curve is C-rate dependent and fluctuations in the scale of millivolt
between the two-phase region are observed, especially under a higher C-rates (dis)charging
[46, 50, 94]. Therefore, there is a need to further exam the origins causing voltage
fluctuations, such as lithium-ion intensity and distribution inside materials due to different Crates (dis)charging.
To better detect the lithium-ion intensity from the surface to bulk materials, a time-offlight secondary ion mass spectrometry (ToF-SIMS) is used [95-101]. ToF-SIMS is a highly
sensitive surface analytical technique that can be used to detect atoms and molecules even at
low concentrations down to the ppm level [95, 102]. In general, ToF-SIMS is not a
quantitative analytical method because many factors such as the ionization probability and
matrix effect are varied for different species and samples. ToF-SIMS is generally used to
establish depth profiles of elemental intensity based on the transport of particles. For
example, Fedorkova et al. [97, 103] have utilized ToF-SIMS to investigate the effect of
conductive polymer polypyrrole (PPy) on the LiFePO4 capacity, and they utilized the
observed intensity distribution of Fe+ and PPy to conclude that PPy is uniformly coated on
particles. Li et al. [100] had used ToF-SIMS to investigate the depth profiles of SEI layers in
Sn-Co anode materials during (dis)charging. They utilized the sputtering time required for
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the

ToF-SIMS

to

observe

volume

expansion

and

shrinkage

caused

by

the

lithiation/delithiation. Similar phenomena were later observed in the Si-Ni alloy anodes [99]
and ultra-thin (<30 nm) Cr2O3 film anodes [101] from the same group.
In the current study, we first compare C-rate dependent voltage vs. capacity relations for
commercialized LiFePO4 batteries. We then utilize a ToF-SIMS technique to quantify
lithium-ion intensity and distribution inside these samples. We use LiFePO4 as a model
cathode material as LiFePO4 are particularly well suited for the ToF-SIMS technique since
LiFePO4 contains the stable isotope 6Li+ and a high ion yield amenable to mass spectrometry
techniques. Therefore, the investigation of lithium-ion intensity and distribution via a ToFSIMS technique could potentially provide insight into electrochemical factors under different
C-rate discharging.

4.3

Materials and Method

4.3.1 Charging/Discharging Experiments
It has been reported that lithium diffusion mechanism and phase transformation path
might be C-rate dependent [21, 46, 50, 104]. To compare the lithium-ion intensities under
different C-rates (dis)charging, we first conduct the charging/discharging experiment.
Commercial 26650 cylindrical LiFePO4 lithium-ion batteries with a capacity of 2.5Ah are
used in the study. Totally 8 cells are prepared and fully discharged at 1C, 2C, 6C and 10C (2
cells for each C-rate and 1C=2.5A) to 0 volt from a fully charged state (3.6V). The
charging/discharging experiments are conducted using an Arbin BT2000 cycler (Arbin
Instrument, College Station, TX) at North Carolina State University (Figure S2). By
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referring to the experimental protocol for batteries for automotive applications [10], the
following steps

are

used to

conduct

the

charging/discharging

Galvanostatically charge to 3.6V at constant current I = 2.5A. (2)Switch

experiment:
to

(1)

potentiostatic

charging at constant voltage V = 3.6V until the current drops to C/20 (0.125A). The purpose
of this step is to ensure the battery is fully charged. (3)Discharge the batteries at different Crates until the voltage drops to the recommended lower bound of the working voltage (2V).
(4) Galvanostatically charge the battery at different C-rates to 3.6V. Steps (1) to (4) are
repeated three times to ensure reproducibility of the voltage-time curve.

4.3.2 ToF-SIMS
After the cells are fully discharged to 0 volt, we then disassemble them in a MBRAUN
MB20G glove box system (M. Braun Inertgas-Systeme GmbH, Stratham, Germany) in the
Analytical Instrumentation Facility at North Carolina State University (Figure S3). The
glove box system is filled with nitrogen atmosphere to avoid the effect of air exposure [105].
The oxygen level in the glove box is maintained down to 1 ppm. Specifically, samples are
kept in a nitrogen environment in a glove box at all times after the electrochemical
measurements. Exposure to ambient air will be limited to 15 minutes during transport from
the lab to the spectrometer. Based on a previous study, no additional oxide is expected to
form in this 15 min period; further, a few tenths of a nanometer of air-derived

16

O oxide

covering 17O oxide have been shown not to affect such studies [106].
For each fully discharged cell (1C, 6C and 10C samples) we choose two different
locations of the LiFePO4 stripe for the subsequent ToF-SIMS analysis. The first location is
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chosen 10 cm from the edge of the unrolled LiFePO4 stripe to avoid the edge effect. The
second location is selected within a distance of 10 cm from the first spot, i.e., 20 cm from the
edge of the stipe. For each spot, a sample size of approximately 1 mm × 1 mm is removed
from the unrolled stripe and mounted on the sample holder that is later installed in the
chamber of ToF-SIMS (Figure S4).
ToF-SIMS analyses are conducted by using an ION TOF SIMS V instrument (ION TOF,
Inc. Chestnut Ridge, NY) in the Analytical Instrumentation Facility at North Carolina State
University. The instrument vacuum system consists of a load lock for rapid sample loading
connected by a gate valve to the analysis chamber. The analysis chamber pressure is
maintained at or below 5.0×10−9 mbar to avoid contamination of the surfaces to be analyzed.
ToF-SIMS is equipped with a Bi3+ liquid metal ion gun and a Cs+ sputtering ion gun. Both
the Bi and Cs ion columns are oriented at 45° with respect to the sample surface normal
(Figure 4.1). The sample surface is bombarded by a high-energy (~25 keV) primary ionbeam (e.g. Bi3+, Cs+). The emitted secondary ions from the sample are then analyzed by
calculating the flight time required to travel from the surface to the detector (Figure 4.1).
Depth profile acquisition using ToF-SIMS is destructive due to the removal of sample
material during the analysis. For such acquisition, the Cs+ sputtering ion beam is rastered
over an 80×80 μm2 area to ablate a crater, and a 25 keV Bi3+ analysis beam is used to analyze
a 10×10 μm2 area on the crater bottom (Figure 4.2). Specifically, while the Cs+ ion beam
ablates the material to generate a crater, the Bi3+ ion beam progressively analyzes the crater
bottom. The two ion beams alternate to reveal elemental intensity as a function of depth,
where we anticipate several positive ion depth profiles are revealed. A higher intensity
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indicates a higher count of target ions that are detected by the detector during sputtering as
shown in Figure 4.1. An associated mass spectrum is also obtained and is used to compare
the intensities of different atoms/molecules [95, 102] (Figure S1). To quantify the lithiumion intensity, 6Li isotope (6Li : 7Li = 7.59% : 92.41% in nature) is used in the current study
because the intensity of 7Li exceeds the limit of the detector [107]. Of note, the depthprofiling mode of ToF-SIMS detects Fe+ [108], rather than Fe2+ or Fe3+. Crater depth is
measured via a Tencor P-20 Stylus profilometer. The material removal rate of 4.4 nm/sec
during the ToF-SIMS process is then derived by using the crater depth (ca. 4500 nm) divided
by the total sputtering time (1021 seconds).
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Figure 4.1: Schematic of the ToF-SIMS technique for imaging lithium-ion intensity and
distribution. The time required for atoms/molecules to hit the mass detector is calculated and
the spectra of mass to charge ratio is obtained (inset).
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Figure 4.2: Images of the sample surface (a) before and (b) after the sputtering process.
The crater size is 80 x 80 μm2, and the analysis area is 10 x 10 μm2 in the middle of the
sample to avoid the crater effects.
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4.4

Results and Discussion

4.4.1 Charging/Discharging Curves
Figure 4.3 depicts the voltage vs. capacity curves we measured at different C-rates (1C,
2C, 6C and 10C), where discharging curves are represented by solid lines and charging
curves by dashed lines. The voltage gap (between charging and discharging) increases with
increasing C-rate: for example, at a capacity = 0.015 (Ah/g), the voltage gaps are
approximately 0.18 (V), 0.25 (V), 0.45 (V), and 0.68 (V) for 1C, 2C, 6C and 10C,
respectively (Figure 4.3). The trend observed in these data is consistent with observations of
Dreyer et al. [91]. Further, due to a characteristic of the two-phase system for LiFePO4
materials, essentially flat voltage curves are observed for all C-rates. However, by comparing
the discharging curves on a millivolt scale, we observe that the slopes of the voltage curves
in this section are not identical, as shown in the inset of Figure 4.3. An increasing downward
slope of the curves is observed with higher C-rate, as well as what appears to be a subtle low
frequency voltage fluctuation (approx. 0.02 Hz) for the 10C sample, potentially offering
additional evidence supporting previous observations that an extra over-potential is required
to overcome the energy barrier during the phase transformation of LiFePO4 [37, 48, 91].
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Figure 4.3: Voltage vs. capacity curves at different C-rates (1C, 2C, 6C and 10C) for
commercial 26650 cylindrical LiFePO4 lithium-ion batteries. The voltage gap increases with
increasing C-rate. Inset: linear trend lines between the capacities of 0.005 and 0.025 (A h/g).
An increase in downward slope is observed from 1C to 6 C. Note: The capacity is calculated
based on the cell weight rather than pure electrode materials.
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4.4.2 ToF-SIMS
The intensity of secondary elements is recorded through the sample thickness as the
sputtering time progresses via ToF-SIMS. We report normalized intensity/counts depth
profiles of two positive ions (i.e., Fe+ and 6Li+) at different C-rates, as shown in Figure 4.4.
Specifically, samples number 1 (#1) and number 2 (#2) are taken from the same cell while
samples #3 and #4 are from the other cell. It is observed that most samples exists a peak
profile around the depth = 0.4 μm and drops gradually. This peak is inferred to be the time
required to reach the equilibrium during the sputtering process. As the cells are fully
discharged before the ToF-SIMS analyses, most particles are already fully intercalated with
lithium-ions. Therefore, 6Li+ exhibits mostly constant depth-profile within the samples. It is
also observed that the detected Fe+ intensity/counts does not show a significant change
through the thickness. It is due to the fact that Fe+ remain in the crystalline during the
(dis)charging process [18, 35, 109]. However, there are still some samples revealing
fluctuations of the depth-profile in certain areas: 1C sample #2 (between depth = 2 – 3 μm)
and 6C sample #4 (between depth = 3 – 4.5 μm). We speculate that the changes of the
intensity/counts are due to the porosity inside the material. Any vacant area between two
neighboring LiFePO4 particles might cause a drop for both 6Li+ and Fe+ intensity/counts.
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Figure 4.4: Normalized intensity/counts depth-profiles of two positive ions (i.e., Fe+ and
6

Li+) at different C-rates for each tested sample.
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Figure 4.5 compares the ratio of 6Li+/Fe+ intensity at different C-rates by an interval of
every 220 nm. It is observed that the depth-profile is not entirely C-rate dependent. It has
revealed that 10C samples have a higher ratio of 6Li+/Fe+ than that of 1C and 6C samples
between depth = 3000 to 4500 nm, suggesting a higher intensity of 6Li+ for the 10C samples
in this region. However, between the depth of 500 and 1000 nm, the ratio of 6Li+/Fe+ is less
than one for most 1C, 6C, and 10C samples, suggesting a 6Li+ deficiency is observed on the
material surface, rather than in the bulk material. The observed lithium deficiency near the
sample surface is not C-rate dependent. For example, the ratio of 6Li+/Fe+ for 10C at 880 nm
is lower than that of 1C and 6C. However, the ratios of 6Li+/Fe+ for 10C at 440 nm and 660
nm are in between 1C and 6C. An increased discharging C-rate does not cause an increased
lithium deficiency near the electrode surface. Besides, the observed Li deficiency is not a
constant since the ratio of 6Li+/Fe+ varies along the depth. One possible explanation for the
observed lithium deficiency is proposed as follows: Lithium-ion in the host cathode material
reaches the stoichiometry throughout the sample thickness when the cell is fully discharged.
Once the over-potential is removed, however, a portion of lithium-ion diffuses back into the
electrolyte. That is, the observed lithium-ion deficiency near the material surface (<1000 nm)
is due to the removal of the over-potential upon finishing discharging, and it requires a higher
driving force to further depleting of lithium-ions inside the bulk material. Another
explanation for the observed lithium deficiency is possibly due to the formation of the SolidElectrolyte-Interphase (SEI) layer on the electrode surface. The formation of SEI layers on
the cathode and anode surfaces has been observed for the LiFePO4/Graphite batteries [110].
Zhong et al. have reported that the formation of the SEI layer will result in the depletion of
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lithium ions since Li2CO3 is one of the main compositions of SEI layers depositing on the
cathode material. Thus, the observed the Li deficiency near the cathode surface might be due
to the formation of SEI layers [110].
Song et al. [111] showed that the consumption of cycleable lithium ions is accompanied
with the SEI layer formation, leading to a capacity loss after cycling for 18650-type
LiFePO4/Graphite cells. Their study shows that the capacity loss after cycling depends on the
working temperature: The 5% and 30% capacity losses are observed after 600 cycling at
25℃ and 55℃, respectively. A higher capacity loss is accompanied with a thicker SEI layer
deposited on the graphite electrode. In contrast, the cells are disassembled after only 3
cycling in our study. Thus, the amount of lithium ion loss in the working electrode should be
very small compared to the total cycleable lithium ions.
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Figure 4.5: Ratios of Li+/Fe+ measured at different C-rates and it is observed that the depthprofile is not entirely C-rate dependent. It is also observed that a 6Li+ deficiency exists on the
material surface (between the depth of 500 and 1000 nm), and it could be due to the removal
of over-potential upon finishing discharging.
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Representative ToF-SIMS images of the intensity distribution of two positive ions at
different C-rates are shown in Figure 4.6. Homogeneously distributed 6Li+ and Fe+ for three
C-rate samples are observed, whereas there exists similar maximum intensities of 6Li+ (ca
250) and Fe+ (ca 76) in the samples. The total intensity sums over pixels where the crosssection area 128 μm  128 μm is considered. The concentration of 6Li+ is estimated by using
the intensity divided by the volume of the crater (10  10  4.5 μm3). By using the data in
Figure 6, we could estimate lithium-ion concentration as follows: CLi-1C = 1.081017, CLi-6C =
8.791016 and CLi-10C = 8.381016 (atoms/ cm3). These estimated concentrations from the
current study are smaller than that reported in Nagpure et al. whereas a neutron depth
profiling technique (~1020 atoms/cm3) is adopted [107]. It is due to that ToF-SIMS is a
destructive analysis method thus the values are less than that derived from the neutron depth
profiling technique.
From Figures 4.3-4.6, it is noticed that the voltage fluctuation for the 10C sample is more
prominent comparing to other samples. It is suggested that for a multi-particle system, a
factor such as lithium-ion insertion mechanisms might be related to the observed voltage
fluctuation. Similar results were also concluded by Liu et al. [51]: Liu et al. have used high
energy

X-ray

diffraction

to

measure

the

real-time

structural

changes

during

charging/discharging for commercial 18650 LiFePO4 cells. The results show that the lithium
intercalation mechanism is C-rate dependent and has been affected when the C-rate is
increased from 0.1C to 5C. Based on their results, Liu et al. have also hypothesized that the
lithium insertion mechanism and phase transformation pathway are C-rate dependent: the
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lithium insertion mechanism at higher C-rates becomes more a solid-solution pathway
dominant.
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Figure 4.6: ToF-SIMS images (128 μm  128 μm) showing the intensity distribution of two
positive ions (i.e., 6Li+ and Fe+) for 1C (a-b), 6C (c-d) and 10C (e-f).
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4.5

Conclusion
In the present study, we first compare voltage versus capacity at different C-rates (1C, 2

C, 6 C, 10C) for LiFePO4 materials. The voltage gap between charging and discharging
increases while increasing C-rate (dis)charging. The voltage fluctuation for the 10C sample is
more noticeable comparing to other samples. It is suggested that for a multiparticle system,
additional factors such as lithium-ion insertion mechanisms, lithium-ion intensity, and
distribution might be related to the observed voltage fluctuation. Studies via a ToF-SIMS
technique show that the 6Li+ intensity depth profiles vary with the one of Fe+, indicating that
the intensity of Fe+ could be used as an index for available 6Li+ intercalation sites inside the
material during discharging. Lithium-ion deficiency is observed in most samples near the
sample surface (<1000 nm). It is possibly due to a portion of lithium-ion diffuse back into the
electrolyte upon over-potential removal. The result from our current study also shows that for
fully discharged samples, 6Li+ intensity and distribution are not C-rate dependent. Thus
different lithium-ion insertion mechanisms at a higher C-rate discharging might be solely
responsible for the observed low frequency voltage fluctuation.
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CHAPTER 5

MODELING C-RATE DEPENDENT

DIFFUSION-INDUCED-STRESSES IN A MULTIPLE
PARTICLE SYSTEM

The content of this chapter is based on the submitted work as:
C.K ChiuHuang, H.Y.S. Huang, 2014, "Modeling C-rate Dependent Diffusion-InducedStresses for Lithium-Ion Battery," Journal of the Electrochemical Society, Submitted.

5.1

Summary
The prevention of capacity loss after electrochemical cycling is of paramount importance

to the development of Lithium-ion batteries, especially for the application in the electric
vehicle industry. The objective of this research is to investigate C-rate dependent diffusioninduced-stresses in a multi-particle system by adapting the thermal stress analysis approach.
LiFePO4 is selected as the model system in this study since it is one of the promising cathode
materials used for the electric vehicle application. Three different concentration
dependencies are incorporated in the finite element analyses: orthotropic elastic constants,
volume expansion coefficients, and lithium diffusivities. For a multi-particle system,
particles are randomly distributed. In this study six different particle orientations are
considered in calculating the average mechanical properties.
Our simulation results show that the effect of concentration dependency on mechanical
properties and lithium diffusivities cannot be neglected for the stress prediction. The
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evolution of concentration profiles dominates the stresses and strain energy inside the
material. The crack surface orientation also plays a role in the diffusion induced stress. The
occurrence of the crack surface increases the stress value thus may accelerate the material
deterioration, especially at high C-rates. The results of lithium concentration profiles, total
strain energies, normal stresses and shear stresses at different C-rates (1C, 2C, 6C and 10C)
are compared and discussed. A higher maximum stress at a higher C-rate due to a steeper
lithium concentration gradient suggests that particles inside the material may undergo
fractures faster and lead to capacity loss at higher C-rates.

5.2

Introduction
Lithium-ion batteries with high energy densities and high rate capabilities have been

selected as the main energy storage devices in the electrical vehicle industry [9, 65].
Maintaining the high rate performance is critical for the lithium ion battery application. The
capacity loss has been observed at high C-rate or after a long period of cycling [9, 10, 112,
113]. Particle fractures and crack growth have been observed after charge/discharge cycling
[16] and it is suggested that crack induced capacity loss is strongly related to the mechanical
stress [6, 11]. The crack surface make the active material loose contact with other active
materials and electrolyte, leading to the block of electron transfer thus the capacity is
damaged [12]. Olivine-based lithium-iron-phosphate (LiFePO4) with an orthorhombic crystal
structure is one of the most promising cathode materials because it provides excellent
characteristics for the application in EVs/PHEVs such as low raw material cost, good thermal
stability, abundant iron resource, flat charge/discharge curve, and high theoretical energy
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density (170 mAh/g) [5, 6]. It has been reported that LiFePO4 material functions as a twophase system at room temperature and under low C-rate condition, while both the lithiumrich phase (Li1-βFePO4) and lithium-poor phase (LiαFePO4) have a narrow solid solution
range α and β [18-21, 29].
The phase transition mechanism between Li-rich phase (LFP) and Li-poor phase (FP) has
been suggested to be the C-rate dependent via the theoretically prediction [50] and
experimental observations [112, 113]. A higher C-rate indicates that more Li-ions (i.e. higher
Li mass flux) need to be pumped into cathode material at the same time [114]. Thus, there is
less time for Li-ions to exchange with the neighboring particles to reach a lower free energy,
equilibrium phase separation state [112, 113]. Bai et al. [50] use one dimensional phase field
model to predict the suppression of two phase separation when C-rate is above a critical
value. Tang et al. [70] use a diffuse-interface model to predict the phase transformation
pathway for LiFePO4 is related to the overpotential (i.e. C-rate) and particle size. Strain
energy is considered as the extra energy barrier needs to be overcome during lithiation. The
observed higher underpotential during at high C-rate discharging is the driving force to
conquer this energy penalty [112, 113]. This high strain energy also explains why the
nonequilibrium solid solution phase formed at high C-rates is unstable [112, 113].
Recently, Orikasa et al. [112, 115] use in-situ time-resolved X-ray diffraction (XRD) to
monitor the structural evolution ranging from 1C to 10C. The XRD patterns show that a solid
solution phase Lix≈0.6FePO4 (x represents the lithium concentration in the host structure and
ranges between 0 to 1 for the LixFePO4 system) starts to evolve after 5C and becomes a fully
solid solution phase transition pathway at 10C. However, this intermediate solid solution
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phase is unstable and will separate into two single FP and LFP phase after the termination of
charging/discharging. Later, Zhang et al. [113] use in-situ synchrotron XRD to monitor the
structural change for commercial nano-particle (140 nm) LiFePO4 batteries during
charge/discharge with C-rates varying between 0.2 and 60C. Similarly, a weak intermediate
reflection of solid solution LixFePO4 phase (x represents lithium concentration in the host
structure and ranges between 0 to 1 for the LixFePO4 system) could be detected at 5C in the
initial 5% charge. For 60C, a significant intensity fluctuation between LFP and FP reflections
is observed, suggesting that the phase transition at high C-rate does not obey the equilibrium
phase separation path. Their experimental results also confirm that this intermediate solid
solution phase (LixFePO4) is very unstable and the phase separation occurs only after 10
seconds after relaxation. Liu et al. [51] perform synchrotron high-energy XRD to measure
the structural volume change at different C-rates (0.1C to 5C) for commercial LiFePO4
batteries with the mean particle size of 62.5 nm. The results suggest that the phase transition
behavior is a combination of two-phase reaction and single-solid solution path. However, the
phase transition under high C-rates is dominated by the solid solution path.
Garcia et al. [114] use a 1D finite element model to predict diffusion induced stresses and
the results show that fast discharging (higher mass flux) will result in a higher stress.
Diffusion induced stresses in single spherical, cylindrical, or ellipsoidal particles have been
extensively discussed by assuming isotropic material properties [52, 55, 57, 61]. In our
previous study, we investigate the stress evolution on the phase boundary in a single LiFePO4
particle [116]. The maximum stress occurs on the particle surface during lithiation,
explaining the experimentally observed particle fracture. Besides, , the voltage fluctuation is
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more noticeable at 10C compare to other low C-rates, possibly suggesting a different lithium
insertion mechanism occurs at high C-rate [117]. Thus, to investigate the evolution of strain
energies under different C-rates may be helpful to explain the observed voltage fluctuation.
To better understand the effect of C-rate on the diffusion induced stress in the LiFePO4
cathode material, a model that incorporates the concentration dependent anisotropic material
properties, C-rate dependent volume expansion coefficient and concentration dependent Liion diffusivity is required. Therefore, in the current study we establish a finite element model
incorporated with the above mentioned factors to predict the C-rate dependent diffusion
induced stress. The lithium concentration profiles, stresses and elastic strain energy during
lithiation at different C-rates will be compared and discussed.
Since particle fracture has been suggested to be one of the main reasons causing the
capacity loss [12], we are interested in how the crack surface orientation affects concretion
profiles and diffusion induced stresses during lithiation. The results from the current study
provide a better understanding about the relationship between the high C-rate
charge/discharge and the capacity loss due to the particle fracture.

5.3

Method
We use a thermal stress analysis approach [116] to investigate C-rate dependent

diffusion-induced stresses during lithiation in a multi-particle system. The thermal diffusivity
mimics the lithium-ion diffusivity. The heat flux mimics the mass flux of lithium ions and the
temperate gradient represents the lithium concentration gradient [116]. A thermal–static
stress coupling finite element model is adapted to investigate the stress evolution under
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different C-rates (1C, 2C, 6C and 10C). ANSYS finite element software (ANSYS, Inc.,
Canonsburg, Pennsylvania, USA) is incorporated and a 10 μm cubic model containing 1000
element is developed as shown in Figure 5.1. The size of 10 μm is selected by referring to
the sputtering area for measuring the lithium intensities in a multi-particle LiFePO4 strip
[117].
Since a commercial LiFePO4 battery is a layered structure composing of a cathode strip
and a layer of anode strip with a separator in between [107], in this model one dimensional
lithium flux pumping into the material along the Y axis during lithiation is assumed (Figure
5.1). The time-dependent lithium concentration profile  ( y, t ) along the Y-axis could be then


 2
 D( 2 ) . The derived concentration represents
calculated from the governing equation:
t
y
the average concentration of the particles in the neighboring area. The lithium ions exchange
between single particles is not considered in this study. The lithium ion diffusion in the
FePO4 phase is faster than in the LiFePO4 phase with the assumption of DFePO4/DLiFePO4=6
[118] and isotropic diffusion coefficient DLiFePO4=1.6E-12m2/s in this study [43]. The
concentration-dependent diffusivity is defines as: D( x)  x[ DLiFePO ]  (1  x)[ DFePO ] , where x
4

4

represents lithium concentration (0 ≤ x ≤ 1). The effect of concentration dependent elastic
modulus on the diffusion induced stress has been discussed [30] and the concentrationdependent

anisotropic

material

property

incorporated

is

assumed

by:

[C ( x)]  x[C]LiFePO4  (1  x)[C]FePO4 [116]. In a multi-particle system, LiFePO4 particles are
distributed randomly [31]. In this model six different particle orientations are used to derive
the average elastic constants [C] (Figure S5). Orthorhombic elastic constants for both LFP
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and FP phases are obtained from the reference [74]. The elastic constants for each particle
orientation could be derived by using the transformation matrix [119]:
[C ]T  [Tij ]1[C ][Tij ]

(26)

where

 m12
 2
 m2
 m32
[Tij ]  
 m2 m3
m m
 3 1
mm
 1 2

n12
n2 2
n32
n2 n3
n3n1
n1n2

p12
p2 2
p32
p2 p3
p3 p1
p1 p2

2n1 p1
2n2 p2
2n3 p3
n2 p3  n3 p2
n3 p1  n1 p3
n1 p2  n2 p1

2 p1m1
2 p2 m2
2 p3 m3
p2 m3  p3m2
p3m1  p1m3
p1m2  p2 m1

2m1n1 

2m2 n2 
2m3n3 

m2 n3  m3n2 
m3n1  m1n3 

m1n2  m2 n1 

and

 m1
m
 2
 m3

n1
n2
n3

p1   cos  x1

p2   cos  x 2
p3   cos  x 3

cos  y1
cos  y 2
cos  y 3

cos  z1 

cos  z 2 
cos  z 3 

,where (1,2,3) and (x,y,z) represents the coordinates before and after the orientation.
The elastic constants after averaging the six possible particle orientations are listed in Table
5.1.
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Figure 5.1: A 10 μm cubic LixFePO4 model, where lithium mass flux is assumed to be one
dimensional and along the Y-axis. (a) No crack surface (b) With the crack surface parallel to
(100) (i.e. parallel to the Li flux). (b) With the crack surface parallel to (010) (i.e. normal to
the Li flux). The crack size is assumed to be 2 μm x 0.2 μm x 5 μm. Colored legend: High
lithium ion concentration is in red and low lithium ion concentration is in blue.

Table 5.1: Elastic constants after averaging six possible particle orientations.
Elastic constants
(GPa)

Phase
C11

C22

C33

C44

C55

C66

C12

C13

C23

FePO4

137.4

146.0

132.0

40.8

38.2

42.1

41.0

29.1

29.1

LiFePO4

164.3

162.9

181.1

40.8

40.5

43.9

61.1

54.9

67.7
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The volume change between LFP and LP phases decreases from 6% at 0.1C to 4.8% at
5C since a higher C-rate increases the solid solution range [51]. This C-rate dependent
volume expansion coefficient need to be considered when modeling the C-rate dependent
diffusion induced stresses. In our model C-rate dependent volume expansion coefficients are
incorporated. We use extrapolation to derive the volume expansion coefficients at different
C-rates (∆V=5.6, 5.25, 4.7, 4.3% for 1C, 2C, 6C and 10C) from the available experimental
data [51]. The analysis is divided into two steps (Figure S6): (1) In step one, lithium ions are
pumped into the material via different mass fluxes (1C=0.225 W/m2 in our model system) as
shown in Figure 5.1a. The time required for the surface lithium concentration to reach
stoichiometric maximum (x=1) varies with different mass fluxes, i.e. different C-rates. Once
the concentration on the surface is saturated, the simulation process switches to step 2. (2) In
step two, the boundary condition will be replaced by a fixed concentration (

 ( y, t )   (0, t )  1 ) on the surface. The simulation proceeds till the material is fully lithiated.
Large deformation will be incorporated in the model in order to be applied for the metallic
alloy materials (such as Sn, Si, Al and Ge) that undergo big volume expansion up to 300%
[12]. The derived time histories of the lithium concentration profiles for different C-rates will
be imported into the static analysis module to calculate the corresponding stress and strain
energy evolution during the lithium intercalation process. The stress is calculated by the
equation: [ ]  [C]([ ]  3) , where α is the volume expansion coefficient and ∆Φ is the
concentration change. The strain energy reported from the finite element analysis is
formulated as U    d  , where σ is the diffusion induced stress field. The total strain

99

energy U is the summation of the strain energy of each element. The lithiation stage is
calculated by using the area under the current concentration profile divided by the area under
the fully lithiated concentration profile (i.e. 1 in this model since we define the maximum
concentration equals to 1) as shown in Figure S7. The element of SOLID 186 in ANSYS is
used is this model (Figure S8).
In this study we also discuss the effect of the crack formation and orientations on the
stress evolution. Previous study shows that the crack surfaces oriented to (100) and (010)
planes are observed in the electrochemically cycled LiFePO4 sample [15]. For the crack
model, we investigate these two cases: (1) The crack surface parallel to (100) (i.e. parallel to
the Li flux) as shown in Figure 5.1b. (2) The crack surface parallel to (010) (i.e. normal to
the Li flux) as shown in Figure 5.1c. The crack size is assumed to be 2 μm x 0.2 μm x 5 μm.
The crack surface does not penetrate through the whole model because we would like to
compare the concentration profile in the region far from the crack surface.

5.4

Results and Discussions
Several studies investigate diffusion induced stresses in single particles by assuming a

constant diffusivity (i.e. lithium concentration independent) [52, 56, 57, 63, 64, 120].
However, theoretical calculation indicates that Li diffusion in Li-poor phase is faster than in
Li-rich phase [39] and the ratio of DFePO4/DLiFePO4=6 is suggested [121]. We first investigate
the effect of concentration dependent diffusivity on the lithium concentration profiles during
lithaition (Figure 5.2). Red lines are the results by assuming a constant diffusivity (D LiFePO4)
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and blue lines are the results by considering a concentration dependent diffusivity. The
dashed lines are the concentration profiles at 20% lithiation and the solid lines represent the
concentration profiles at 50% lithiation. It could be observed that by considering the
concentration dependency, the concentration profiles become steeper inside the material and
this effect is more noticeable at a higher lithiation stage. Since the volume expansion is Li
concentration dependent in our model system, a steeper concentration gradient within the
same diffusion length indicates a bigger volume misfit will be caused. This higher volume
misfit should lead to a higher stress level inside the material. Higher concentration gradient at
higher C-rates leading to a higher stress level have been suggested for the LiCoO2 [14, 63]
and LiMn2O4 [64] single particle model system with the assumption of isotropic material
properties.
This result shown in Figure 5.2 suggests that to better predict the diffusion induced stress
for electrode material, the consideration of concentration dependent diffusivity is necessary,
especially for the electrode materials when there is a significant change for the lithium ion
diffusion between lithium-rich and lithium-poor phases.
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Figure 5.2: The effect of concentration dependent diffusivity on the concentration profiles
during lithiation. The ratio of DLiFePO4/ DFePO4 =1/6.
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The comparison of concentration profiles between different C-rates at the same initial
lithiation stage (5%) is shown in Figure 5.3a. Increased concentration gradient near the
surface with increasing C-rates due to the higher mass flux is observed. The normalized
concentration gradients near the surface are -0.09, -0.19, -0.6 and -1 for 1C, 2C, 6C and 10C.
The higher lithium flux at higher C-rate near the surface results in a steeper concentration
profile. Figure 5.3b compares the concentration profiles and lithiation stages at different Crates when the surface concentration is saturated with a maximum concentration equals to 1.
The result shows that the surface concentration is saturated faster at higher C-rates compared
to lower C-rates. The corresponding lithiation stages for 1C, 2C, 6C and 10C when the
surface concentration is saturated are 47.5%, 26.5%, 10.1% and 6.8% respectively. The
lithiation stages for surface saturation do not vary linearly with C-rates, suggesting that the
maximum stress will not be linearly proportional to the C-rate. However, after the 50%
lithiation, the evolution of concentration profile becomes C-rate independent (Figure 3c).
This suggests that the effect of C-rate on the diffusion induced stresses happens mainly in the
early lithiation stage before the surface concentration is saturated.
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Figure 5.3: The evolution of concentration profiles at different C-rates. (a) Concentration
profiles at 5% lithiation. (b) Concentration profiles for different C-rates when the surface
concentration is saturated (equals to 1 in our model system). (c) After around 50% lithiation,
the evolution of concentration profiles becomes C-rate independent.
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It is suggested that crack induced capacity loss is strongly related to the mechanical stress
[6, 11]. C-rate should play an important role in the mechanical stress since the concentration
profiles will be changed. Figure 5.4 compares the normalized maximum normal stress (σYY)
and shear stress (σYZ) at different C-rates during lithiation. Increased mechanical stresses
inside the material with increasing C-rates are observed during the lithiation process. The
steeper concentration profile at high C-rate (Figure 5.3a and 5.3b) is the main reason causing
higher stresses. Besides, the peak stress does not happen at the 100% lithiation stage. The
peak stress appears approximately when the surface concentration reaches saturation, i.e.
47.5%, 26.5%, 10.1% and 6.8% lithiation for 1C, 2C, 6C and 10C (Figure 5.3b). The
phenomenon of initial increase followed by a decreasing stress level is also observed in the
LiCoO2 [63] and LiMn2O4 [64] system. The results shown here further confirm that for the
lithium insertion materials, the peak stress depends mainly on the maximum concentration
gradients, not the amount of lithium ions inside the material (i.e. lithiation stage). It should be
noted that the value of maximum stress is not linearly proportional to the C-rate. The ratio of
the normalized maximum normal stresses (σYY) are 0.53 : 0.76 : 0.98: 1 for 1C, 2C, 6C and
10C, respectively. This suggested that there is a threshold C-rate (6C in this model) after that
the concentration gradient and the diffusion induced stresses will not increase significantly
due to the saturation of the surface concentration.
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Figure 5.4: Normalized maximum normal stress (σYY) and shear stress (σYZ) during
lithiation under different C-rates.
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The C-rate dependent strain energy evolution during a complete lithiation cycle is shown
in Figure 5.5. Similar to the results of core-shell model under delithiation [55], the strain
energy initially increases during lithation then decreases after reaching the peak
(accompanied with the maximum stress discontinuity). This high strain energy could be
released to become the surface energy during the crack propagation [55]. Our results show
that due to the steeper concentration gradient, higher C-rates results in higher strain energies.
Besides, similar to the stress evolution shown in Figure 5.4, the maximum total strain energy
occurs very close to the lithiation stage when the surface concentration is saturated (Figure
5.3b). After that, the strain energy drops very quickly with the further lithiation process. It
could be noticed that after about 30% lithiation, the strain energies for 6C and 10C already
become smaller than 2C. The rate of 2C has the highest strain energy ranging between 30 and
100% lithiation.
Various studies have investigated the tendency of particle fracture by calculating the
diffusion induced stress based on single spherical, ellipsoidal or irregular-shaped particles
[14, 58, 61, 64, 120, 122]. It has been suggested that the stress level within particles are
related to particle morphology, anisotropic material property, and phase transition induced
mechanical property change, particle size and C-rates for the LiCoO2 system [63, 120].
Woodford et al. [83, 84] proposed design criteria to prevent particle fracture (electrochemical
shock) by minimizing the principal shear strain. Zhu et al. [64] showed that the crack located
at the center of a spherical LiMn2O4 particle will experience higher stresses than other
locations. However, the effect of the crack surface orientation on the lithium concentration
profiles and stress levels has not been reported. Figure 5.6 shows the comparisons of
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concentration profiles between the crack surface parallel to the Li-flux (Figure 5.1b) and the
crack surface normal to the Li-flux (Figure 5.1c) at 50% lithiation of 1C. The pre-existed
crack surface blocks the lithium diffusion thus affects the concentration profiles and related
stresses. The results show that the concentration profiles will be affected more noticeably
when the crack surface is normal to the lithium flux (Figure 5.6d and 5.6e) compared to the
crack surface parallel to the lithium flux (Figure 5.6a and 5.6b). However, for the material
that is located far from the crack surface (Figure 5.6c and 5.6f), the concentration profiles
will not be affected by the cracks.
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Figure 5.5: The C-rate dependent strain energy evolution during a complete lithiation cycle.
The peaks occur approximately when the surface concentration is saturated as shown in
Figure 5.3b.
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Figure 5.6: The effect of crack orientation on the concentration patterns (1C, 50% lithiation).
(a)-(c): The concentration profiles in the front, middle and back cross sections when the
crack surface is parallel to (100). (d)-(f): The concentration profiles in the front, middle and
back cross sections when the crack surface is parallel to (010). Li flux is along [010].
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Figure 5.7 compares the maximum stress σYY and σXX at 1C and 10C for three cases: (1)
No crack surface, (2) With a crack surface parallel to the Li-flux, and (3) With a crack
surface normal to the Li-flux. From the results we observed that:


In all three cases, it is noted that a higher C-rate results in higher stresses (10C compared
to 1C) due to the steeper concentration profiles at high C-rates.



The existence of the crack surface raises the stress level. Besides, the stress level is related
to the crack surface orientation. The maximum stress σYY occurs at 10C and when the
crack surface is normal to the Li flux.



The change in the crack surface orientation changes the stress state and the higher stress
always corresponds to the Mode I fracture. For example, for the crack surface parallel to
the Li-flux, σXX is higher than σYY (both in 1C and 10C) and σxx correspond to the Mode I
fracture. However, for the crack surface normal to the Li-flux, σYY becomes higher than
σXX (both in 1C and 10C) and σYY correspond to the Mode I fracture in this case.



The maximum stress always occurs on the edge of the crack surface due to the effect of
stress concentration.

This result shows that both high C-rate and the crack surface formation will raise internal
stresses of the material. This may accelerate the crack propagation and material deterioration
after cycling.
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Figure 5.7: A comparison of maximum stress σYY and σXX at 1C and 10C for three cases:
(1) No crack surface, (2) With a crack surface parallel to the Li-flux, and (3) With a crack
surface normal to the Li-flux.
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Since the maximum principal stress is a significant index for predicting the failure of
ceramic or non-ductile materials [120], we also investigate where the maximum principal
stress occurs. As shown in Figure 5.8, for the 10C case the maximum principal stress locates
at the edge of the lower crack surface when the lithiation stage at approximately 18-20%. A
similar trend is observed at 1C. This high local stress may accelerate the crack propagation
and material deterioration.

Unit (Pa)

Z
YX
Figure 5.8: A schematic illustration showing that the maximum principal stress occurs on the
edge of the lower crack surface during lithiation at 10C. A similar trend is observed at 1C.
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2D maximum principal stress evolution
To better understand how the existence of the crack surface affects the stress evolution,
we compare the stress patterns in the middle section at 1C and 10C during lithiation (Figure
5.9 - Figure 5.12). The upper row in Figure 5.9 shows the concentration profile at 10%,
20%, 50% and 80% lithiaiton respectively and the lower row lists the corresponding
maximum principal stress distribution under 1C discharging. It could be observed that the
maximum principal stress increases from 10% to 50%, and decreases from 50% to 80%. This
could be explained by the maximum concentration gradient at 1C is around 47.5% (Figure
5.3b). Thus, from 50% to 80% the maximum principal stress decreases due to the decreasing
of concentration gradient.
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Figure 5.9: The concentration profiles in the middle section at different lithiation stages and
the corresponding maximum principal stress pattern (Model: 1C, no crack).
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Figure 5.10 shows the case for 10C. It could be observed that the stress level is higher
than 1C case and the stress state at 10% lithiaiton is higher than 20%, 50% and 80%. This is
because the maximum concentration gradient at 10C occurs at approximately 6.8 % lithiation
(Figure 5.3b). After 6.8% the concentration gradient decreases, causing a drop in the stress
level. Besides, it is noticed that after 50% lithiation (50% & 80%) the stress patterns are very
similar for 1C and 10C due to the same concentration profile (Figure 5.3c). This also
suggests that diffusion induced stress mainly depends on the concentration profile.

Figure 5.10: The concentration profiles in the middle section at different lithiation stages and
the corresponding maximum principal stress pattern (Model: 10C, no crack).
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Figure 5.11-5.12 show the cases for 1C and 10C when the crack surface exists with the
normal along [010]. First, we observe that the concentration profiles are disturbed by the
crack surface, especially in the region near the crack surface. Second, it is noted that the
crack surface causes local high stresses due to the stress concentration. However, the 2D
stress evolution pattern is very similar to the cases with no crack surface.

Figure 5.11: The concentration profiles in the middle section at different lithiation stages and
the corresponding maximum principal stress pattern (Model: 1C with the crack surface
parallel to (010)).
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Figure 5.12: The concentration profiles in the middle section at different lithiation stages and
the corresponding maximum principal stress pattern (Model: 10C with the crack surface
parallel to (010)).
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From Figure 5.13 we could see the effect of the crack surface on the concentration
profiles (10C). Path 1 represents the diffusion path which is not blocked by the crack surface.
Path 2 represents the diffusion path which is blocked by the crack surface. The crack surface
causes the concentration discontinuity thus affect the stress evolution. Concentration excess
is observed at the upper crack surface and concentration deficiency is observed at the lower
crack surface. A similar trend is observed for the 1C case.
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Figure 5.13: The effect of the crack surface on the concentration profiles (10C). Path 1
represents the diffusion path which is not blocked by the crack surface. Path 2 represents the
diffusion path is blocked by the crack surface. The crack surface causes the concentration
discontinuity thus affect the stress evolution.
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5.5

Conclusion
In summary, in this study a finite element model incorporated with the concentration

dependent anisotropic material property, C-rate dependent volume expansion and
concentration dependent lithium diffusivity is used to investigate the diffusion induced stress
during lithiation at different C-rates. Increased mechanical stresses and elastic strain energies
due to higher concentration gradients are observed with the increased C-rates. A higher
lithium flux results in a steeper concentration profile inside the material. After the surface
concentration is saturated, the maximum stress and strain energy decrease with the further
lithiation process. The high strain energy barrier at higher C-rates could be overcome by the
larger overpotential. Although a smaller volume change at high C-rates should be beneficial
for lowering the stress, the effect of the concentration gradient is more significant and leads
to the higher stress value at high C-rates.
The existence of the crack surface raises the stress level inside materials and the
maximum stress is crack surface orientation dependent. From our simulation results,
compared to the crack surface parallel to the Li flux, the crack surface normal to the Li flux
results in higher stresses. The maximum normal stress varies with the crack surface
orientation and always corresponds to Mode I fracture.
High stresses due to fast discharging under high C-rate and the existence of crack surface
may accelerate the crack propagation and material deterioration, leading to the capacity loss
after cycling. From the decreasing stress level point of view, pre-charging/discharging under
low C-rate before high C-rate charge/discharge may be helpful to extend the battery life.
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CHAPTER 6

CONCLUSIONS

This study focuses on the investigation and modeling of diffusion induced stress (DIS) in
LiFePO4 cathode during lithiaiation. The model is developed via ANSYS finite element
software and the thermal stress analysis approach is adapted. For the single LiFePO 4 particle
modeling, the simulation of lithium diffusion direction and the phase boundary movement
refers to the reported experimental observations. Increased mechanical stresses on the phase
boundaries are observed during the lithiation process. Specifically, normal stress σXX and
shear stresses σXY and σXZ on the phase boundary are at their highest values on the free
surfaces of the phase boundary. These diffusion-induced stresses could possibly lead to the
occurrence of Mode I, Mode II, and Mode III fractures if an initial crack exists on the acplane. Thus, the result from this study provides important complementary data about the
cracking propensity in LiFePO4 particles, and we believe it is strongly related to the observed
capacity loss.
The single particle model is extended to investigate the evolution of stresses and strain
energies under different C-rates (1C, 2C, 6C and 10C) in a multi-particle system. The finite
element model is incorporated with the concentration dependent anisotropic material
property, C-rate dependent volume expansion and concentration dependent lithium
diffusivity. Increased mechanical stresses and elastic strain energies due to higher
concentration gradients are observed with the increased C-rates. A higher lithium flux will
result in a steeper concentration profile inside the material. After the surface concentration is
saturated, the maximum stress and strain energy decrease with the further lithiation process.
The high strain energy barrier at higher C-rates could be overcome by the larger
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overpotential. Although the reported smaller volume change during phase transition at high
C-rates should be beneficial for lowering the stress, the concentration gradient still dominates
the stress level inside the material at high C-rates. Thus, the high stresses during fast
charging/discharging may accelerate the crack surface growth, leading to the capacity loss
after cycling. From the decreasing stress point of view, pre-charging/discharging under low
C-rate before high C-rate charge/discharge may be helpful to extend the battery life. Besides,
the crack surface orientation will affect the DIS inside the material. The occurrence of the
crack surface raises the stress level thus may accelerate the mechanical deterioration of the
material.
The simulation results that higher strain energies under higher C-rates could be used to
support the charging/discharging experimental observation. The higher strain energy penalty
at higher C-rate might be related to the observed low frequency voltage fluctuation. Besides,
ToF-SIMS experimental results show that the 6Li+ intensity depth profiles vary with the one
of Fe+, indicating that the intensity of Fe+ could be used as an index for available 6Li+
intercalation sites inside the material during discharging. The result from this study also
shows that for fully discharged samples, 6Li+ intensity and distribution are not C-rate
dependent. Thus different lithium-ion insertion mechanisms due to a higher Li flux at a
higher C-rate discharging might be solely responsible for the observed low frequency voltage
fluctuation.
To sum up, this study will contribute to our fundamental knowledge of interplay between
lithium intercalations, stress evolutions, particle fractures and the capacity fade in lithium-ion
batteries.
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6.1

Future research recommendations



Compare the evolution of diffusion induced stresses (DIS) and strain energies for
different electrode materials (LiCoO2, LiMn2O4, LiFePO4 and Graphite) during
lithiation/delithiation.



Predict the crack propagation for flawed particles (LiCoO2, LiMn2O4, LiFePO4 and
Graphite) during electrochemical cycling.



Use ToF-SIMS to compare lithium concentrations and distributions in LiFePO4
cathode material for different State-of-Discharge samples and under different C-rates.
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Appendix A: Supporting Figures for the Experiment and Simulation Model

The following figures are used to provide a better understanding how the experiment is
conducted and how the finite element analysis model is established.

Figure S1: ToF-SIMS positive ion mass spectrum integrated from the sample surface to the
crater bottom. The first two peaks represent 6Li+ and 7Li+. The intensity of 6Li+ is chosen in
this study due to the saturation of 7Li+.
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Figure S2: (a) Commercial A123 26650 LiFePO4/Graphite battery. (b)Experimental
equipment, ARBIN/BT2000, is located at NCSU for the battery charging/discharging test
with the maximum current capacity of ±50 A.
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Figure S3: (a) Opend cylindrical A123 26650 battery. (b) Layer structure inside the battery.
(c) For the ToF-SIMS experiments, batteries are disassembled in the glove box to avoid
oxidation effect.
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Figure S4: Removed material from the LiFePO4 strip was mounted on the sample holder in
the glovebox for conducting the ToF-SIMS experiment.
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Figure S5: Six different particle orientations for calculating the average LiFePO4 and FePO4
material properties.
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Figure S6: Two-step analysis to investigate C-rate dependent diffusion induced stresses.
ANSYS//Workbench finite element software is used for modeling.
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Figure S7: The lithiation stage is defined as the ratio of the area under the concentration
profile over the maximum area (equals to 1 if the maximum concentration is defined to be 1).
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Figure S8: SOLID186 element in ANSYS/Workbench. SOLID186 is a higher order three
dimensional solid element with 20 nodes. The element exhibits quadratic displacement
behavior. Each node has three degrees of freedom: translations along the x, y, and z
directions.
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