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Defects, such as dislocations, in electrode materials play a significant role in the performance of lithium-
ion batteries. The dislocation-electrochemistry relation has only been observed experimentally and not
been fully clarified. Computational studies on this mechanism were also very limited, especially the al-
tered cyclic voltammetry behaviors and associated effective diffusivity. This work focuses on the influ-
ences of few characteristics of dislocations on the electrochemical performance of an anisotropic cathode
material, lithium iron phosphate (LiFePO,). Utilizing linear elastic mechanics and the superposition prin-
ciple, we study stress and displacement fields of a LiFePO, particle containing different densities and ori-
entations of dislocations. With the mechanical-electrochemical coupling effects expressed by the modified
Butler-Volmer equation and using the finite different method, the cyclic voltammetry curves for different
dislocation configurations in the particle are investigated. Our results show that introducing dislocations
can shift and distort the cyclic voltammetry curves, especially at one specific dislocation orientation. It
is also found that the Li-ion molar fraction-dependent partial molar volume is an important prerequi-
site of the distortion in cyclic voltammetry curves. Moreover, the altered cyclic voltammetry curves at
different scanning rates indicate the improvements of electrical power, stored electrical energy, and the
effective diffusivity of lithium. Our discrete dislocation model indicates that the capacity loss of LiFePO4
nanoparticles can be alleviated by introducing tailored dislocations. This study assists the understanding
of electrode materials with pre-existing dislocations and provides strategies of using defect engineering
to improve the kinetic performance in lithium-ion batteries.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The dislocations in electrode particles have been considered as
an important factor that influences the performance of lithium-ion
batteries. For example, the simulation of Wei et al. [1] showed
that dislocations could help spherical electrode particles avoid
the formation of cracks since the tensile stress in the particles
were reduced by the dislocation-induced stresses. This effect may
be shown in cylindrical electrodes as well, as simulated by Li
et al. [2]. In contrast to the above positive influences of dis-
locations in electrodes, Yan et al. [3] observed the dislocation-
based crack incubation mechanism in LiNi;;3Mn;;3Co1/30,. More-
over, Singer et al. [4] reported that dislocation networks should be
the origin of the voltage fade in lithium-rich layered oxides (LRLO)
Li;5Nig133Mng 533C001330, during cycling because of the crystal
structural changes resulted from dislocations. Thus, dislocations
may have both positive and negative effects on the performance
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of electrodes and associated complicated dislocation-involved me-
chanics and electrochemistry have not been fully clarified yet.
With the development of defect engineering [5-7], controlling
the dislocations in electrodes has been considered as a potential
strategy to improve the performance of Li-ion batteries. For ex-
ample, in the study of Yan et al. [8], the engineered edge dislo-
cations that were generated during the fabrication of Co304 elec-
trodes modified the surface facets of Co304 nanosheets and im-
proved the cycling efficiency of the electrodes. It was observed that
engineered dislocations have helped alleviate the volume change
during cycling, supplied more nucleation sites for phase transfor-
mations, and promoted the diffusion of lithium-ions and electrons.
Nevertheless, using the engineered dislocations to further optimize
the electrodes of Li-ion batteries still requires a comprehensive un-
derstanding of the influences of dislocations on the particle defor-
mation, ionic diffusion, and electrochemical reactions of electrodes.
The deformation and mechanical stress in electrode particles in-
duced by the diffusion of lithium-ions may lead to cracks in the
particles, which have been considered as an important factor for
the degradation of Li-ion batteries [9-11]. Unraveling the evolu-
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tion of the stress field in electrodes during cycling is thus a nec-
essary step prior utilizing dislocations to enhance the performance
of Li-ion batteries. Cheng and Verbrugge [12] derived an analyt-
ical model for the diffusion-induced stress in a single spherical
electrode particle providing stress evolutions for different lithiation
modes. To illuminate the stress field in a more realistic electrode
microstructure, Kim et al. [13] used focused ion beam and scan-
ning electron microscopy to generate a reconstructed 3-D LiFePOg4
model, whose diffusion-induced Von-Mises stress was higher for
a larger (dis)charging rate (C-rate). The stresses in electrodes have
been shown to be coupled with lithium-ion diffusion and electro-
chemical reactions in several studies [14-17] and furthermore in-
fluence the kinetic performance of Li-ion batteries.

As the lifetime and performance of Li-ion batteries relate to
the existing cracks and the mechanical-diffusional-electrochemical
coupling effect in electrodes, the influences of dislocations on the
mechanical stress fields of electrodes have been investigated in
several studies: Liu et al. [18] showed the coupling effect between
dislocations, diffusion, and electrochemical reactions by modeling
the stresses in a spherical electrode particle. Li et al. [19] simulated
the cooperative surface and dislocation effects on the diffusion-
induced stress in a spherical electrode particle. Zhu et al. [20] stud-
ied the dislocation effect on the diffusion-induced stress in a hol-
low spherical particle, in which the influence of the wall thick-
ness of the hollow particle on the dislocation effect was discussed.
Among above contributions, dislocations were demonstrated to
suppress the fractures in electrodes since the tensile stress in the
particles could be reduced by the presence of dislocations.

Most of the studies modeling the dislocation-involved stress
fields in electrode particles were based on the assumption of
isotropic materials while also neglecting the effect of the orien-
tations of dislocations, which is over-simplified for an anisotropic
material such as LiyFePO4, where Y indicates the fraction of Li
ions [21]. That is, material properties of LiyFePO4 varies during
(de)lithiation due to molar fraction changes of lithium [21,22].
Huang and Wang [23] had first incorporated a model from Inden-
bom and Lothe [24] to elucidate the mechanical effects of the dis-
location orientation in a LiyFePO, particle. Furthermore, Dhiman
and Huang [25] studied the influences of phase separation induced
by the lithium molar fraction variations and different dislocation
orientations on cyclic voltammetry (CV) behaviors for a LiyFePO,
particle. Specifically, the stress field were studied while incorpo-
rating the electrochemical reaction by using the modified Butler
Volmer equation [25,26].

In addition, dislocations can appear not only due to the fab-
rication of electrodes but also during the (dis)charging cycling.
The state of charge (SOC) of an electrode particle is an impor-
tant factor generating an array of dislocations in a particle dur-
ing (de)lithiation. For example, in a thin film anode, lithiation
speed and the diffusion layer thickness, which represent the SOC,
highly impacted the nucleation and density distribution of the mis-
fit dislocations in the anode, as reported by Li et al. [27]. Ulves-
tad et al. [28] observed that the dislocation lines in a nano-sized
LiNig5sMn;504 cathode particle moved towards the boundary of
the particle, in which the positions of the dislocation lines de-
pended on the SOC of the particle. Nevertheless, the relation be-
tween the dislocation density and the SOC is electrode material
dependent. Singer et al. [4] reported that the dislocation density
of the LRLO particles is much more sensitive to electrical potential
(i.e., an indicator of the SOC), compared to the LiNiggCoq15Alg 050,
(NCA) particle. Moreover, the correlation of the dislocation density
to the electrical potential for the LRLO particles is observed to be
related to the geometries of the particles [4]. Aforementioned stud-
ies suggest that these characteristics of dislocations have substan-
tial effects on the electrochemical performance, which has not yet
been investigated for LiyFePO,4. Due to the anisotropy of LiyFePOy,
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it is arguable that the dislocation density should have a strong in-
fluence on the dislocation orientation, and vice versa.

To further understand the effects of dislocations on the
anisotropic electrodes with phase transformations such as
LiyFePO4, this study focuses on the influences of the disloca-
tion density and orientation, the associated effective diffusivities
of a LiyFePO, particle, as well as the related electrochemical
performance of LiyFePO,4. Based on linear elastic mechanics, the
superposition principle, and the mechanical-electrochemical cou-
pling effect, the stress fields, displacement fields, and CV curves at
different scan rates are studied and discussed. The coupling effect
between mechanics and electrochemistry is an intrinsic property
of electrode materials, which has been shown in many articles
[14,29-32]. In the current study, we explore the coupling effect
to further investigate benefits of engineered dislocations and the
potential to enhance the electrode performance of Li-ion batteries.

2. Methods
2.1. Mechanics of dislocations for LiyFePO, cathode particles

The stress field resulted from a dislocation in a anisotropic ma-
terial LiyFePO4 particle is calculated using Eq. (1) [24] as shown
below,
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of the particle, (by, by) is the Burgers vector of the dislocation,
Gij and Cmppg are the engineering component and the theoretical
component of the stiffness tensor of the particle, respectively,
(rx, 1y) is the radius vector in the particle with respect to the
dislocation core.

The displacement field resulted from a dislocation in a
anisotropic material LiyFePO, particle is calculated using
Egs. (2) and (3) [24] as shown below,
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where uy and uy are the horizontal and the vertical components of
the displacement, respectively. w, nx, and ny are named auxiliary
angles.
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During lithiation and delithiation, a LiyFePO, cathode particle
has three stages: Li-poor phase, Li-rich phase, and two-phase coex-
istence [22]. Both Li-poor and Li-rich phases have the orthorhom-
bic crystal structure [33], which satisfies the symmetry prerequi-
site of Eqs. (1)-(3) [24]. The material properties (i.e., stiffness co-
efficients) of the particle at each stage during (de)lithiation are
different [21]. In the two-phase coexistence region, we assume
that the overall stiffness of the particle is a linear function (i.e.,
rule of mixture) of the phase fraction of the Li-rich phase: G; =
(1 = xp)C(repo,)ij + XpCtiFepo,)ij Where xp is the Li-rich phase frac-
tion, x, =0 indicates the single Li-poor phase, x, =1 indicates
the single Li-rich phase, Crepo,);j is the stiffness component of
the Li-poor phase, and Cjrepo,)ij is the stiffness component of
the Li-rich phase [34-36]. Since this study emphasizes the influ-
ence of dislocation-induced stress on electrochemical performance,
the material properties (i.e., stiffness and partial molar volume) of
LiyFePO,4 are assumed to be independent of dislocations for sim-
plicity.

The auxiliary angles w, 1y, and ny in Egs. (2) and (3) are ob-
tained by numerically solving the equations below,
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with the boundary conditions w(W¥ =0) =0, nx(¥ =0) =0, and
Ny (W =0) = 0, where W is the azimuth relative to the Burgers vec-
tor, with the range —m < W < m, and [Dy] is the finite difference
matrix with respect to V. The derivation of Eqs. (4)-(6) are shown
in the Appendix.

We use the superposition principle to calculate the stress and
displacement fields induced by multiple dislocations in a LiyFePO4
particle: the overall stress and displacement of a particle are the
summations of the stress and displacement resulted from each dis-
location calculated using Eqs. (1)-(3). For simplicity, we use a 2-D
particle model with the plane strain condition to investigate the
stress and displacement fields resulted from dislocations. The ge-
ometry of the particle model in this study is adapted from Dhiman
and Huang [25], which is a rectangle of 100 nm x 60 nm, contain-
ing 60 unit cells. The size of the region dominated by the nonlinear
deformation around a dislocation core is about 4 nm x 4 nm [37],
which is small enough compared to the size of the particle model.
As the nonlinear effect is negligible, Eqs. (1)-(3) are valid for the
particle size 100 nm x 60 nm. We define the center of the rect-
angle as the origin of the Cartesian coordinate frame, in which the
coordinate ranges of the particle are [-50 nm, 50 nm] for the x-axis
and [-30 nm, 30 nm] for the y-axis. We assumed that the length of
a dislocation line in our particle model is 90% of the particle thick-
ness along the z direction, hence the dislocation density for one
dislocation is 1.5x1019 cm~2, which agrees with the measurement
in Singer et al. [4].

To investigate the influences of the density and orientation of
dislocations, we assign five dislocations at different locations: dis-
location#1 at (-20 nm, -12 nm) with three different Burgers vec-
tor directions discussed below, dislocation#2 at (40 nm, 24 nm)
with the Burgers vector (1, 0), dislocation#3 at (25 nm, -15 nm)
with the Burgers vector (-1, 0), dislocation#4 at (-40 nm, 17 nm)
with the Burgers vector (1, 0), and dislocation#5 at (0, -24 nm)
with the Burgers vector (-1, 0). Three Burgers vector directions at
dislocation#1 are chosen from the set {(1, 0), (0, -0.6), (-1, 0)},
where (1, 0) is named orientation-1, (0, -0.6) denotes orientation-
2, and (-1, 0) represents orientation-3. Five dislocations compose
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four groups with different dislocation densities for simulations:
group A contains two dislocations (i.e., dislocation#1 and disloca-
tion#2), group B contains three dislocations (i.e., dislocation#1, dis-
location#2, and dislocation#3), group C contains four dislocations
(i.e., dislocation#1, 2, 3, and 4), group D contains five dislocations
(i.e., dislocation#1, 2, 3, 4, and 5), where each group includes three
different orientations of dislocation#1 (i.e., (1, 0), (0, -0.6), or (-1,
0)).

2.2. Kinetics of CV scan for LiyFePO, cathode particles

During the CV scan of a LiyFePO,4 cathode material, the differ-
ence between the instant electrical potential of the particle and the
equilibrium electrical potential of two-phase coexistence is named
“overpotential” and denoted by A¢, whose range is -0.3 V < Ag
< 0.3 V in this study. In a complete scan cycle, Ap changes from
0.3 V to -0.3 V with a scan rate v, and then increases back to 0.3 V
with the same v. To present the detailed influences of dislocations
on the kinetic performance of LiyFePO, materials, we simulate 5
different scan rates: 1mV/s, 2mV/s, 4mV/s, 8mV/s, and 16mV/s.
Collectively, a total of 61 simulations are conducted, including the
case of perfect crystals with no dislocations.

As mentioned in Tang et al. [38], the required activation en-
ergy for the phase transformation from Li-rich phase to Li-poor
phase decreases with increased A¢g, and eventually reaches zero
at the critical overpotential Ag.. In this regard, a LiyFePO,4 particle
would spontaneously exhibit the single Li-poor phase when Ag
> Ag@c. During the quasi-equilibrium process, Ag. has the low-
est valueAg}= 30.283 mV [38]. As CV scans are non-equilibrium
processes, the required Ag. for CV scans should be higher than
Ag due to electrochemical polarization [39]. Although the elec-
trochemical polarization should be different for different electric
currents, the required overpotential of LiyFePO, for generating
Faradic current may show little variations in the CV scans at differ-
ent scan rates, which is around 60 mV for scan rates from 0.5 mV/s
to 15 mV/s [40,41]. The total A¢. hence should be around 90mV
for different scan rates. For the sake of simplicity, we select that
A@c =3Ag@} in our simulation of CV scans with all five scan
rates mentioned above (i.e., 1 mV/s, 2 mV/s, 4 mV/s, 8 mV/s, and
16 mV/s). In addition, the critical overpotential of the phase trans-
formation should have two values: a higher value and a lower one
to present two boundaries at the two-phase coexistence region.
The higher value Ag. is the lowest overpotential for the Li-poor
single phase (x, = 0), and the lower value is the highest overpo-
tential for the Li-rich single phase (x, = 1). The lower value in-
dicates the critical point of zero activation energy for the phase
transformation from Li-poor phase to Li-rich phase. For simplic-
ity, it is acceptable to assume that the transformation from Li-poor
phase to Li-rich phase is symmetric to the transformation from Li-
rich phase to Li-poor phase, which indicates that the overpotential
region of the single Li-rich phase is A¢ < -Ag.. Thus, the phase
fraction x, may be considered as a piecewise function of A¢ as
follows: x, = 0 for Ap > A@c; 0 < xp < 1 for -Apc < Ap < Agg;
and x, = 1 for Agp < -Agc, where xp is assumed to be a linear
function of Ag in the two-phase coexistence region (0 < xp < 1).
The stiffness coefficients of the particle during the two-phase co-
existence depend on the phase fraction x, when A¢ decrease from
90.849 mV to -90.849 mV.

As the process of the phase transformation during CV scans has
been explicitly elucidated, we may use Fickian diffusion to simplify
kinetics of the LiyFePO,4 particle, which are shown in Eqs. (7) and
(8) below:

% =DVZc, (7)
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where c is the concentration of oxidized or reduced species, D is
the bulk diffusivity, V2 is the Laplacian operator, and t is time. To
solve Eq. (7), we need one initial condition and two boundary con-
ditions. The initial condition is co(t = 0) = ¢, with cg(t =0) =0,
where ¢q is the concentration of the oxidized species, ¢, is the
maximum concentration of the oxidized species, cg is the concen-
tration of the reduced species. We use the semi-infinite boundary
condition as the 1st boundary condition of Eq. (7) since the thick-
ness of the diffusion layer during CV scans is assumed to be very
small relative to the size of the whole particle. The 2" boundary
condition is given by Eq. (8) below,

% = DV, (8)
where i is the electric current density on the particle surface and
F is the Faraday’s constant.

The current density of a LiyFePO, particle is controlled by
chemical kinetics on the particle surface, which involves the me-
chanical stress resulted from dislocations and the electrical poten-
tial of the particle. We adopt the modified Butler-Volmer equation
[25] shown below for the current density i in Eq. (8):

i io{ co(0,1t) exp <_aFA§0 - UhAch>

(o RT

(9)

_ cr(0,t)
C*

FAg - JMVCQ“
R

exp [(1 —o) RT

with iy = —Fkg, where iy is the exchange current density, ko is
the reference pre-exponential factor, co(0,t) is the concentration
of the oxidized species on the particle surface, cg(0,t) is the con-
centration of the reduced species on the particle surface, cj is the
maximum concentration of the reduced species, « is the symmetry
factor in chemical kinetics, oy, is the average hydrostatic stress
of the particle, R is the gas constant, T is temperature, and  is
the partial molar volume of Li in the particle, which is assumed to
be a linear function of the molar fraction of occupied Li sites as
shown below,

Q- QAVG[2k<yu - %) + 1], (10)

where Q4 is the average partial molar volume of Li, k is a
material property (i.e., fraction coefficient), and y;; is the molar
fraction of occupied Li sites. In the modified Butler-Volmer equa-
tion (Eq. (9)), 2 is calculated using the value of y;; on the par-
ticle surface governed by Eqs. (7) and (8), opsyc is the mean of
the hydrostatic stress o, over the 2-D particle model, with o}, =
1 (0xx + Oyy + 072), Where oxx, 0yy, and o, are stress components
calculated using Eq. (1), with x, y, and z corresponding to the in-
dices 1, 2, and 3, respectively.

The kinetic performance of a LiyFePO4 particle can be revealed
by a single variable, named effective diffusivity, which represents
the combined performance of the Li diffusion in the particle and
the electrochemical reaction on the particle surface. We use the
Randles-Sevcik equation [42] shown below to calculate the ef-
fective diffusivity of the particle containing different dislocation
groups:

FUDRS ) 3
RT ’

where i, is the peak current density and Dgs is the effective diffu-
sivity.

ip = 0.4463Fc3< (11)

2.3. Algorithm and parameters

The simulation algorithm coded with MATLAB includes nine
steps as follows: (1) We solve Eqs. (4)-(6) to obtain the numerical
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Table 1

Material parameters used for the simulation. *Estimated value based on the results
in Maxisch and Ceder [21]. {Estimated value based on the results in Churikov et al.
[48]. TEstimated value fit to the results in Yamada et al. [44].

Parameter  Unit Value Parameter  Unit Value

c mol/m3>  1x108# ko mol-m2.s7'  1x10°8T
c; mol/m®>  1x106# T K 298.15

D m2/s 1x10-17% g - 0.848

o - 0.5 Quvc m3/mol 1.5x10-5F

auxiliary angle functions w(W¥), nx(¥), and ny (V). (2) After dis-
cretizing the 2-D particle model, the stress components of all grid
nodes are calculated using Eq. (1) for each dislocation. (3) We cal-
culate the angles between the radius vectors of all grid nodes and
the Burgers vectors of dislocations, and then calculate the auxiliary
angles of all grid nodes using the interpolation method with the
numerical functions w(W¥), nx(¥), and 1, (¥). (4) For each dislo-
cation, the displacement components of all grid nodes are obtained
by substituting the auxiliary angles from step (3) into Egs. (2) and
(3). (5) We sum the stresses and displacements induced by all dis-
locations in the particle model. (6) By repeating steps (2) to (5),
the average hydrostatic stresses at different phase fractions are cal-
culated for all dislocation groups. (7) We calculate the numerical
relations between o4, and Ag for all dislocation groups using
the interpolation method with the relation between x, and Ag
mentioned in Section 2.2. (8) Based on the numerical functions
ohavc (A@), we use the finite difference method shown in Bard and
Faulkner [43] to solve Eqgs. (7)-(10), and then obtain the electric
current densities for all scan rates and all dislocation groups. (9)
We substitute the peak current densities from step (8) into the
Randles-Sevcik equation (Eq. (11)) to solve the effective diffusivi-
ties Dgs for all dislocation groups.

In Egs. (1)-(3), the strategy of adapting phase fraction-
dependent anisotropic materials of LiFePO, are obtained from Kim
and Huang [34] and ChiuHuang and Huang [35,36]. Other param-
eters used for the simulation are listed in Table 1. For different
distribution of dislocations at different scan rates, the ranges of Li
fraction for two-phase coexistence during scans should be differ-
ent. It is necessary to assign the range of Li fraction for one case
of simulation to fit the material parameters in the modified Butler-
Volmer equation and the partial molar volume of Li in the parti-
cle (i.e., Egs. (9) and (10)). According to the open-circuit voltage
of LiyFePO4 shown in Yamada et al. [44], the range of the molar
fraction of occupied Li sites for two-phase coexistence during the
quasi-equilibrium process is 0.05 < y;; < 0.89. That is, Li-ion molar
fraction y;; = 0.05 when phase fraction x, = 0, and Li-ion molar
fraction y;; = 0.89 when phase fraction xp = 1. We select this range
and the dislocations of group D/orientation-3 (-1, 0) with v = 0.65
mV/s as the conditions of fitting the material parameters kg in the
modified Butler-Volmer equation (Eq. (9)), Qay¢ and k in the equa-
tion of partial molar volume of Li (Eq. (10)).

3. Results and discussion

Fig. 1 displays the stress and displacement fields of the
LiyFePO4 particle model with different dislocation densities, where
dislocation#1 with orientation-1 (1, 0) and the phase frac-
tionx, = 0.9 of the particle. The group A includes dislocation#1
and dislocation#2. The group B contains dislocation#1, 2, and 3.
The group C has dislocation#1, 2, 3, and 4. The group D includes all
five dislocations. The Burgers vectors of dislocation#1, 2, 3, 4, and
5 in Fig. 1 are (1, 0), (1, 0), (-1, 0), (1, 0), and (-1, 0), respectively.
As the directions of the Burgers vectors of all dislocations are (1,
0) or (-1, 0), only uy shows the sharp interfaces which presents the
location of slip planes of dislocations. Fig. 2 shows the stress and
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Fig. 1. Stress fields and displacement fields of a LiyFePO4 particle for different dislocation densities when dislocation#1 with orientation-1 and phase fraction x, = 0.9.
Group A has dislocation#1 and 2. Group B has dislocation#1, 2, and 3. Group C has dislocation#1, 2, 3, and 4. Group D has dislocation#1, 2, 3, 4, and 5. The Burgers vectors
of dislocation#1, 2, 3, 4, and 5 are (1, 0), (1, 0), (-1, 0), (1, 0), and (-1, 0), respectively. With a higher dislocation density, the larger average value of hydrostatic stress
o = (O + Oyy + 02,)/3 suggests a higher electrical potential of the particle. The sharp interfaces in displacement fields indicate where the slip planes of dislocations locate.

displacement fields when the Burgers vector of dislocation#1 is (0,
-0.6) (orientation-2). The phase fraction and the arrangements of
dislocation#2, 3, 4, 5 in Fig. 2 are the same as those in Fig. 1, for
easy comparison to demonstrate the effects of dislocation orienta-
tion. The slip plane of dislocation#1 with orientation-2 (0, -0.6) is
presented by the corresponding sharp interface of uy in Fig. 2. The
stress and displacement fields of the particle for orientation-3 (-1,
0) of dislocation#1 are shown in Fig. 3, in which the phase frac-
tion and the arrangements of dislocation#2, 3, 4, 5 are the same
as those in Figs. 1 and 2. The sharp interface of u, around dislo-
cation#1 in Fig. 3 indicates the slip plane of dislocation#1 with
orientation-3 (-1, 0).

In Figs. 1-3, from group A to group D, the average values of oxy,
oyy, and oy, increase for all orientations of dislocation#1, which

indicates a larger average hydrostatic stress for a higher dislo-
cation density. Hence, using the modified Butler-Volmer equation
(Eq. (9)) yields that increasing the dislocation density may en-
hance the electrical potential of LiyFePO, cathodes. The sharp in-
terfaces (i.e., lattice slip planes) in displacement fields in Figs. 1-
3 reveal the dislocation-induced plastic deformation of the parti-
cle, where the existence of lattice slip plane is the key indica-
tor of discrete plastic deformation at the interface. Of note, the
total plastic strain of a crystal particle can be the accumulation
of discrete dislocation plasticity from multiple dislocations. With
the increased dislocation density, differences between the maxi-
mum and minimum displacement fields are observed, indicating
enlarged average plastic strains for all orientations of dislocation#1
(Figs. 1-3).
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Fig. 2. Stress fields and displacement fields of a LiyFePO, particle for different dislocation densities when dislocation#1 with orientation-2 and phase fraction x, = 0.9.
Group A has dislocation#1 and 2. Group B has dislocation#1, 2, and 3. Group C has dislocation#1, 2, 3, and 4. Group D has dislocation#1, 2, 3, 4, and 5. The Burgers vectors

of dislocation#1, 2, 3, 4, and 5 are (0, -0.6), (1,

0), (-1, 0), (1, 0), and (-1, 0), respectively. With a higher dislocation density, the larger average value of hydrostatic stress

= (oxx + Oyy + 022)/3 suggests a higher electrical potential of the particle. The sharp interfaces in displacement fields indicate where the slip planes of dislocations locate.

By comparing Figs. 1-3, we observe the effect of different dis-
location slip directions, i.e., the dislocation orientation, on stress
fields. As shown in Eq. (1), the stress induced by each disloca-
tion core is influenced by the dislocation orientation. The aver-
age stress of a particle is hence different for different dislocation
orientations. For each dislocation density, the orientation-3 (-1, 0)
(Fig. 3) exhibits the highest average values of oxx, oyy, 0z, and hy-
drostatic stress o}, of the particle. Based on the modified Butler-
Volmer equation (Eq. (9)), we thus deduce that the particle with
orientation-3 (-1, 0) for dislocation#1 exhibits the highest electri-
cal potential in CV scans.

The detailed influence of the dislocation orientation on the
electrochemical performance of the LiyFePO, particle model is re-
vealed by CV curves for different dislocation densities in Fig. 4,

where the scan rate of each CV curve is 16 mV/s. In the gray re-
gion (-90.849 mV <Ag@< 90.849 mV) in Fig. 4, the LiyFePO, par-
ticle shows two-phase coexistence. The stiffness coefficients of the
particle during two-phase coexistence depend on the phase frac-
tion x, that is assumed to change linearly from O to 1 when Ag
decrease from 90.849 mV to -90.849 mV. For every orientation
of dislocation#1, the CV curve with a higher dislocation density
shows a larger shift and stronger distortion relative to the CV curve
with no dislocation. This comparison indicates that the dislocation
density may help LiyFePO4 provide larger electrical power, sug-
gesting better kinetic performance. By comparing Fig. 4a-c, we ob-
serve the extents of the dislocation-induced shift and distortion of
a CV curve relate to the dislocation orientation. For every dislo-
cation density, the CV curve with orientation-3 (-1, 0) for disloca-
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Fig. 3. Stress fields and displacement fields of a LiyFePO, particle for different dislocation densities when dislocation#1 with orientation-3 and phase fraction x, = 0.9.
Group A has dislocation#1 and 2. Group B has dislocation#1, 2, and 3. Group C has dislocation#1, 2, 3, and 4. Group D has dislocation#1, 2, 3, 4, and 5. The Burgers vectors
of dislocation#1, 2, 3, 4, and 5 are (-1, 0), (1, 0), (-1, 0), (1, 0), and (-1, 0), respectively. With a higher dislocation density, the larger average value of hydrostatic stress
o = (O + Oyy + 02,)/3 suggests a higher electrical potential of the particle. The sharp interfaces in displacement fields indicate where the slip planes of dislocations locate.

tion#1 exhibits the highest electrical potential, and the CV curve
with orientation-1 (1, 0) for dislocation#1 shows the weakest shift
and distortion. We may hence promote the kinetic performance of
LiyFePO4 cathode materials by increasing the density and tailoring
the orientations of dislocations.

To illustrate the effects of scanning rates, the influences of
the density and orientation of dislocations on CV curves are pre-
sented in Fig. 5, where the scanning direction and the overpo-
tential range of two-phase coexistence (the gray region) are the
same as those in Fig. 4. Both the orientation of dislocation#1
and the dislocation density of the particle influence the peak cur-
rent density (i.e.,, the peak value of i) and the peak overpoten-
tial (i.e., the value of A¢ corresponds to the peak current den-
sity) of CV curves. For each scan rate v in Fig. 5, the CV curve

~

in group D (i.e, contains the most number of dislocation den-
sity) with orientation-3 (-1, 0) displays the highest peak current
density and peak overpotential ((Fig. 51). Based on the Randles-
Sevcik equation (Eq. (11)), the highest peak current density indi-
cates the highest effective diffusivity, which implies that the effec-
tive diffusivity of a LiyFePO,4 particle may be increased by adjust-
ing the characteristics of dislocations. With a higher scanning rate,
dislocations have stronger effects on determining the peak cur-
rent density and peak overpotential. By comparing the CV curves
of group A with orientation-1 (1, 0) (Fig. 5a) with the CV curves
of group D with orientation-3 (-1, 0) in Fig. 51, we can see that
(1) the peak current densities during delithiation increase from
1.267 mA/cm? to 2.164 mA/cm? (1.708 times) for v = 1 mV/s,
and from 7.325 mA/cm? to 14.258 mA/cm? (1.946 times) for
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(a) Orientation 1 (1,0) of dislocation 1 (+) (b) Orientation 2 (0, -0.6) of dislocation 1 (¢) (c) Orientation 3 (-1,0) of dislocation 1(7)
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Fig. 4. CV curves for different dislocation densities of a LiyFePO, particle, where dislocation#1 with (a) orientation-1 (1, 0), (b) orientation-2 (0, -0.6), and (c) orientation-
3 (-1, 0). The scan rate of every CV curve is 16 mV/s. The gray region indicates the overpotential of two-phase coexistence (0 < x, < 1). From group A to group D, the
dislocation density increases. For every orientation of dislocation#1, the CV curve with a higher dislocation density shows a larger displacement relative to the CV curve
with no dislocation. The displacement of CV curves consists of shift and distortion, which depend on the density and orientation of dislocations. For each dislocation density,
orientation-3 (-1, 0) displays the strongest shift and distortion, and orientation-1 (1, 0) shows the weakest shift and distortion. The kinetic performance of electrodes may
hence be promoted by increasing the dislocation density and adjusting the orientations of dislocations.
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Fig. 5. CV curves of a LiyFePO, particle for different scan rates with different orientations of dislocation#1 and different dislocation densities. The gray region indicates the
overpotential of two-phase coexistence (0 < x, < 1). From group A to group D, the dislocation density increases. For every scan rate (v), the peak current density (the peak
value of i) and peak overpotential (A¢ corresponding to the peak current density) of CV curves depend on both the orientation of dislocation#1 and the dislocation density
of the particle. The CV curves in group D with orientation-3 (-1, 0) (Fig. 51) display the highest peak current density and peak overpotential for all scan rates, which implies
the highest effective diffusivity of Li and the largest electrical power. With a higher scan rate, dislocations have stronger effects on increasing the peak current density and
peak overpotential, which suggests that the kinetic performance of the particle with a stronger non-equilibrium state may be promoted more by adjusting dislocations.

v = 16 mV/s, and (2) the corresponding peak overpotential increase
from 0.038 mV to 0.08 mV (2.105 times) for v = 1 mv/s, and from
0.042 mV to 0.106 mV (2.524 times) for v = 16 mV/s. This result
indicates that the dislocation-promoted electrical power is larger
for a higher scanning rate. Because a larger scanning rate repre-
sents a stronger non-equilibrium state of the particle, the electro-
chemical performance of LiyFePO, (dis)charged with a higher C-
rate (i.e., under a stronger non-equilibrium state) may be enhanced
by the existence of dislocations.

The average value of the hydrostatic stress, op4,¢ in the mod-
ified Butler-Volmer equation (Eq. (9)) is the key parameter con-

necting effects of dislocations and electrochemical performance for
a LiyFePO4 particle. With the increased dislocation density, the
change of the average hydrostatic stress, Aoy, between different
dislocation groups is presented in Fig. 6a. Aoy is shown to be
larger than zero for every dislocation density, indicating the par-
ticle is in tension due to dislocations for both Li-rich phase (de-
note in d) and Li-poor phase (denote in £). The modified Butler-
Volmer equation (Eq. (9)) suggests that Aopsc > 0 leads to the
increase of electrical potential for the same current density, as
shown in Figs. 4 and 5, which also increases electrical power. A
varied Aoy value in Fig. 6a suggests a nonlinear relation be-
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Fig. 6. (a) Aojayc, the change of the average hydrostatic stress of a LiyFePO, particle when the dislocation density increases, with phase fraction x,= 0 and x,= 1. Aoy > 0
indicates that dislocations may help LiyFePO,4 be in tension. The nonconstant Aoy shows the nonlinear relation between the stress and dislocation density. The difference
of Aoy between x,= 0 and x,= 1 induced by the phase transformation suggests the different effects of dislocations for different states of charge (SOCs). (b) Dgs, the
effective diffusivities calculated by the Randles-Sevcik equation [43] for different dislocation densities with different orientations of dislocation#1. The particle with a larger
dislocation density has a higher Dis, especially for orientation-3 (-1, 0), which implies that increasing the dislocation density and adjusting the dislocation orientation may

promote the kinetic performance of the electrodes in lithium-ion batteries.

tween the stress and dislocation density for the particle. By in-
creasing the dislocation density is not sufficient to increase oy,
because Aoy, is determined by both the location and the orien-
tation of any additional dislocation, which is noticeable by com-
paring Figs 1-3. Tailoring these characteristics of dislocations is
essential for promoting the kinetic performance of a LiyFePO,
particle.

Because of the different stiffness coefficients between the Li-
rich phase (denote in a) and the Li-poor phase (denote in £), the
Aoy with x, = 1 is observed higher than the Aoy with
xp = 0 for every dislocation density in Fig. 6a. Based on the mod-
ified Butler-Volmer equation (Eq. (9)), the electrical potential of
a discharged LiyFePO, particle is hence increased more by the
existence of dislocations than that of a charged particle. There-
fore, among the particles with the same initial and final electri-
cal potentials during (dis)charging, the particle with dislocations
may have larger change of SOC than the particle without dis-
locations. This mechanism suggests that adding dislocations may
help LiFePO4 cathode materials mitigating the capacity loss during
(dis)charging. Fig. 6a shows that the difference of Aoy, ¢ between
Xp = 1 and x, = 0 is larger when the Aoy of xp = 0 is larger,
which suggests that a larger Aoy, from additional dislocations
may increase the capacity. Thus, the increase of capacity could be
achieved by carefully adding dislocations.

The dislocation-affected electrochemical performance of a
LiyFePO4 particle can be reflected by the increased effective dif-
fusivity as shown in Fig. 6b. With the peak current densities dur-
ing lithiation at different scan rates (Fig. 5), the effective diffu-
sivity Dgs of Li is calculated using the Randles-Sevcik equation
(i.e., Eq. (11)). Dgs is a parameter that reveals the combined ef-
fects of the bulk diffusivity D of Li in the particle and the rate of
the chemical reaction on the particle surface. A larger Dgs repre-
sents a faster (de)lithiation. Fig. 6b shows that Dgs is higher for a
particle with higher dislocation density; and the increase rate of
Dgs depends on the orientation of dislocation#1 and the disloca-
tion density of the particle. For group D with orientation-3 (-1, 0),
Dgs = 2.72x10716 cm?/s, which is 3.3 times larger as compared
with Dgs for no dislocation (0.826x10~16 cm?2/s). Hence, we may
improve the effective diffusivity of LiyFePO,4 cathodes by introduc-
ing dislocations with increased density and carefully chosen orien-
tation. In the observation of Singer et al. [4], the dislocation den-

sity was larger for a higher voltage of the cathode VS Li* (a higher
SOC). Although what they measured were Li-rich layered oxides,
we may expect that the LiyFePO,4 cathode with a higher SOC has a
larger effective diffusivity, once the orientations of dislocations are
justified.
Besides the increased density and carefully chosen orientations
of dislocations, the variational partial molar volume of Li is also a
key factor of the increased effective diffusivity in Fig. 6b. This re-
lation can be qualitatively interpreted by following steps: (1) The
area under a CV curve between the minimal overpotential Agyy
and the maximal overpotential Agyux during the 1st half scan
is denoted by A, which is determined by the discharged electric
charge quantity because of the equality below:
AQmin t ty
A= idAg = [ ivde = v/ idt = vQ,
Apmax t t
where t; and t, are the initial and final time of the 1st half CV
scan, respectively; and Q is the discharged electric charge quan-
tity. (2) As discussed above, dislocations may increase the capacity
during (dis)charging. For the same scanning rate with the orienta-
tion of dislocation#1, the particle has more dislocations may thus
be discharged with more electricity during the 1st half scan, sug-
gesting that the absolute value of A for the CV curve should be
equal to or larger than that for the CV curve of a particle with
lesser dislocations. It is consistent with the CV curves observed in
Figs. 4 and 5. (3) The CV curves with dislocations can be consid-
ered as being transformed from one with no dislocation. The trans-
formation can be characterized by the displacement of CV curves
relative to the one with no dislocation in the coordinate system,
which is shown in Fig. 4c. The displacement of CV curves con-
sists of a shift and a distortion which indicate rigid movement
and shape changes, respectively. (4) The CV curves are generated
based on Fick’s law (Eq. (7)), whose boundary conditions include
the modified Butler-Volmer equation (Eq. (9)). Mathematically, the
term op,4,cS2 in Eq. (9) represents the horizontal shift of CV curves
in the CV coordinate system. If 04,2 is a constant value during
scanning, the displacement of CV curves is horizontal and evenly
distributed, as shown in Dhiman and Huang [25]. In this case, the
CV curves for particles with different characteristics of dislocations
should have the same shape at different horizontal locations in
the CV coordinate system, and then the corresponding peak cur-
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rent densities of CV curves are all the same. (5) For variational
expressed by the molar fraction of Li (Eq. (10)), opa/cS2 increases
with the increased y;; during scanning, suggesting that the dis-
tances of the horizontal shift of CV curves are smaller at the begin-
ning of scans when y;;value is small. With a variational horizontal
shift, to keep the absolute value of area A for the CV curve equal
to or larger than that for the one for particles without dislocations,
the CV curve for particles with dislocations would be distorted. In
this case, the curves are no longer horizontally shifting with the
same distance at different locations in the CV coordinate system.
That is, distortion is introduced to compensate the effects of vari-
ational op4c€2, as shown in Fig. 4c. (6) For a bigger oy, value,
OpavcS? has a larger variation, and it indicates a stronger distor-
tion. This result explains that the particle with more dislocations
exhibits a larger absolute value of the peak current density in the
1st half CV scan, as shown in Figs. 4 and 5. (7) The peak current
density in the 15t half scan is used for calculating the effective dif-
fusivity in the Randles-Sevcik equation (i.e., Eq. (11)). Based on a
variational €2, the particle with a larger o4, value is therefore
has a higher effective diffusivity Dgs as displayed in Fig. 6b.

As shown in Figs. 4 and 5, the CV curves for particles has more
dislocations has stronger distortion, which makes the part of the
curve of the 1st half scan closer to the part of the curve of the 2nd
half scan. Mathematically, there should be intersections in a CV
curve if the term op4,cS2 in Eq. (9) is large enough. However, for
LiyFePO4 cathodes, the CV curve with intersections has not been
observed yet in experiments. Due to the limited effective diffusivi-
ties, it might confine the influence of dislocations on peak current
density. Dislocation-induced distortions of CV curves may hence be
spontaneously restricted to avoid the intersections, which mitigate
dislocation effects.

Compared to the CV curves with the constant partial molar
volume shown in Dhiman and Huang [25], the CV curves in this
study are distorted due to the variational partial molar volume,
as discussed above, suggesting that using carefully tailored dislo-
cations to promote the effective diffusivity of lithium is suitable
for the electrodes whose partial molar volumes are functions of
the SOC or Li concentration. The variational partial molar volume
may also be revealed under nonequilibrium state. Due to the solid
viscosity during the nonequilibrium process, the volume change
of electrodes may be delayed relative to the fraction change of
Li, which has been shown in the experimental study of Liu et al.
[45] and modeling study of Chen and Huang [29]. The delay in-
dicates that the effective partial molar volume is variational dur-
ing (de)lithiation, even if the intrinsic partial molar volume is con-
stant. The increase of the effective diffusivity is more noticeable for
the electrode under a stronger non-equilibrium process, as men-
tioned above. To include the electrochemical polarization in the
non-equilibrium process, the extent of two-phase coexistence in
CV spectra (the gray zone in Figs. 4 and 5) in this study is wider
than that in Dhiman and Huang [25], which makes the stiffness
change induced by the phase transformation becoming more grad-
ual. In contrast, the sharper change of stiffness in the narrower ex-
tent of two-phase coexistence in Dhiman and Huang [25] leaded
to small fluctuations of CV curves in the two-phase coexistence re-
gions (cf. Figs. 4 and 5 in Dhiman and Huang [25]).

The dislocation density and dislocation-induced stress in most
existing studies were formulated using the equations below [1]:

_Boc
P = N (12)
oq =My ub/p, (13)

where p is the dislocation density, B is lattice contraction coeffi-
cient, b is the magnitude of the Burgers vector, dc/dr is the con-
centration gradient, o, is the dislocation-induced stress, M is the
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Taylor orientation factor, x is the empirical constant, and w is the
shear modulus. For example, Ma et al. [46] modeled the compo-
sition of p for dislocation-induced softening effect and incorpo-
rated oy in the plastic constitutive model of electrodes [47], which
is based on the assumption that dislocations would reduce strain
energy (i.e., diffusion-induced stress). With this assumption and
the traditional dislocation-induced stress model (i.e., Eqs. (12) and
(13)), diffusion-induced stress was simulated to be reduced by o,
in the electrodes with different geometries (Wei et al. [1], Li et al.
[2], Liu et al. [18], Li et al. [19], Zhu et al. [20]), which is different
from our study about Aoypsc shown in Fig. 6a. This contrary ex-
ists because the above assumption is limited for the case of spon-
taneously generated dislocations, and it is not applicable for pre-
existing engineered dislocations investigated in this study. This is
the main reason why the dislocations in above articles [1,2,18-20]
were named diffusion-induced misfit dislocations. Unlike the spon-
taneously generated dislocations, the engineered dislocations have
the freedom of desired orientation. Therefore the stress induced by
engineered dislocations should be described by Eq. (1) instead of
Egs. (12) and (13). Furthermore, Eqs. (12) and (13) are based on
continuous dislocation density field and isotropic material prop-
erty, which is only valid for large electrode particles and polycrys-
tal. In contrast, our study focuses on nano-sized electrode particles.
Compared to large electrode particles, a nanoparticle has a lower
quantity of dislocations and has a stronger tendency of being sin-
gle crystal, therefore it should be described by an anisotropic dis-
crete dislocation model (i.e., Egs. (1) to (6)). The discrete disloca-
tion model in this study reveals the singularity of stress fields at
dislocation cores, as shown in Figs. 1-3, which indicate the influ-
ences of the distribution and orientation of dislocations. Although
a smaller nanoparticle has less dislocations, the effect of the sin-
gularity of each dislocation core is relatively stronger on the stress
fields. Hence, it is more necessary to consider the discreteness of
dislocations for smaller electrode particles.

4. Conclusion

Based on linear elastic mechanics and the superposition prin-
ciple, we have modeled the stress and displacement field induced
by the dislocations with arbitrary distribution and orientations in
an electrode particle. The dislocation-induced stress is introduced
into the electrochemical reaction on the particle surface using the
modified Butler-Volmer equation which is a boundary condition of
Fick’s law used for governing the diffusion of lithium. The phase-
fraction dependent anisotropic stiffness of electrode materials is
incorporated in this study. The partial molar volume of lithium is
considered as a function of the molar fraction of occupied Li sites
during (de)lithiation.

We reported the stress and displacement fields of a LiyFePOy
particle model for four groups of dislocations with different dislo-
cation densities. Every group includes a dislocation with a varia-
tional dislocation orientation. The CV curves of the particle for all
densities and orientations of dislocations under different scanning
rates are numerically solved using the finite difference method
coded with MATLAB. The peak current densities in the CV curves
are utilized into the Randles-Sevcik equation to identify the effec-
tive diffusivities of lithium corresponding to different dislocation
characteristics. The influences of dislocations on CV curves and the
effective diffusivity are compared with that of the electrode parti-
cle without dislocations.

Compared to the electrode particle with no dislocations, in-
creasing the dislocation density can add-up the average stress and
the average plastic strain of the particle, which leads to higher
electrical potential due to the coupling effect between the mechan-
ical stress and the electrochemical reaction. The increased electri-
cal potential indicates the increase of the electrical energy stored
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in the particle, which can be magnified by optimizing the dis-
location orientation. Increasing the dislocation density makes CV
curves shift and distort, especially for a particular dislocation ori-
entation, representing the improvements of electrical power and
the effective diffusivity. Electrical power is improved dramatically
when the particle is scanned with a higher rate. Thus, justified dis-
locations may improve the kinetic performance of electrodes, es-
pecially when the electrodes are under stronger non-equilibrium
states. Based on the difference between the influences of disloca-
tions on the two phases of LiyFePO,4, we infer that the capacity loss
of the electrodes during (dis)charging may be alleviated by dislo-
cations, especially for higher dislocation densities at certain dislo-
cation orientations.

This study has demonstrated the influences of the density and
orientation of dislocations on the mechanical and electrochemi-
cal response of a LiyFePO4 particle, which suggests the strategy of
using engineered dislocations to further improve the performance
of electrodes for lithium-ion batteries. Our methodology presents
an insight to develop dislocation-involved mechanics and electro-
chemistry for battery systems.
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Appendix

The auxiliary angles were expressed in the below arctan func-
tions by Indenbom and Lothe [24],

_q1 2TxTyAsing

® = tan 7 (A1)
r2sin2¢

— tan! X A2

=t R T cos2¢” (A2)
r2A2sin2

ny =tan' =2 ¢ (A3)

12 — A2r2cos2¢’

and can be transferred to the forms w = w (), nx = nx(¥), and
ny = ny(Y), with tany = ry/r,. However, the range of arctan func-
tions is (—m/2, w/2). Hence the spatial distributions of w, 7y,
and 7y calculated using Eqgs. (A1), (A2), and (A3) are discontin-
uous, respectively along the straight lines whose azimuths ¥,
Yy and ¥}, satisfy the equalities (tan 1//;;)2 =1/A2, (tan 1/f;;x)2 =
cos2¢ /A%, and (tan w;;y)z = sec2¢/A2. The discontinuous auxiliary
angles suggest the discontinuity of the displacement at the az-
imuths ¥5, ¥, a_nd ¥y, which are not plasible becaus.e vk,
Y}y and Yy, are independent of the Burgers vectors of disloca-
tions. To solve this problem, we use differential forms of Eqs. (A1)-
(A3). The auxiliary angles can be obtained by numerically solving
. d
the equations [Dy]- = g—“w’, [Dy]-nx = %, and [Dy]-ny = T?/f*

where 3—1‘;, %, and Zi]/j’ are the derivatives yielded from the equal-

ity tany =ry/ry and Eqs. (A1)-(A3). To conveniently calculate the
auxiliary angles for the dislocation with an arbitrary Burgers vec-
tor, the independent variable y» (the azimuth relative to the coor-
dinate frame) is replaced with W, which is the azimuth relative to
the Burgers vector, with the range —m < W < and the equality
W = — g, where g is the azimuth of the Burgers vector.
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