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A B S T R A C T

In this study, synchrotron X-ray nano-computed tomography at Advanced Photon Source in Argonne
National Laboratory has been employed to reconstruct real 3D active particle morphology of a LiMn2O4

(LMO) electrode commonly used in lithium-ion batteries (LIBs). For the first time, carbon-doped binder
domain (CBD) has been included in the electrode structure as a 108 nm thick uniform layer using image
processing technique. With this unique model, stress generated inside four LMO particles with a uniform
layer of CBD has been simulated, demonstrating its strong dependence on local morphology (surface
concavity and convexity), and the mechanical properties of CBD such as Young’s modulus. Specifically,
high levels of stress have been found in vicinity of particle’s center or near surface concave regions,
however, much lower than the material failure limits even after discharging at the rate as high as 5C. On
the other hand, the stress inside CBD has reached its mechanical limits when discharged at 5C, suggesting
that it can potentially lead to failure by plastic deformation. The findings in this study highlight the
importance of modeling LIB active particles with CBD and its appropriate compositional design and
development to prevent the loss of electrical connectivity of the active particles from the percolated solid
network and power losses due to CBD failure.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The lithium-ion battery (LIB) technology is currently the
primary energy storage choice for electric and hybrid electric
vehicles due to its several key advantages, including high energy
density, power density, and long cycle life [1–3]. However,
continued research efforts and systematic investigations are
required to further improve performance and life-time of LIBs to
ultimately achieve larger scale automotive electrification [4–6]. As
LIBs generally experience a large number of charge-discharge
cycles, performance gradually decreases over the course of battery
life-time via various degradation mechanisms. Notably, the
capacity fade and limited cycle life of LIBs are mainly ascribed
to structural failure of electrodes [7,8], decomposition of the
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electrolyte [9,10], and parasitic reactions [11,12] that occur during
battery cycling.

To investigate structural degradation mechanisms of LIB
electrodes, many studies have been conducted in the past utilizing
a single active material particle. For instance, the Newman group
was the first to develop a mathematical model to calculate the
diffusion-induced stress inside a spherical particle of LIB electro-
des. They showed that the failure of LiMn2O4 (LMO) electrodes
occurs during common high power applications due to the phase
change along the 3V plateau [13,14]. The Sastry group, on the other
hand, showed investigation of different particles sizes and
morphologies, ranging from one-dimensional spherical particles
to three-dimensional ellipsoidal particles using their stress
modeling framework, suggesting that ellipsoidal particles with a
high aspect ratio reduces diffusion-induced stresses inside a
particle [15–17]. At the electrode-level, Garcia et al. developed a
framework to couple electrochemistry of porous electrodes with
mechanical stresses inside them, and employed it to investigate
cell performance of different arrangements consisting of two-
dimensional spherical particles [18]. Likewise, the White group
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Nomenclature

c concentration of lithium (mol m�3)
~c concentration change of lithium from the original

condition (mol m�3)
D diffusion coefficient (m2 s�1)
E Young’s (elastic) modulus (Pa)
F Faraday’s constant, 96487 (C mol�1)
in current density (A m�2)
l cosine between the normal vector and x direction
m cosine between the normal vector and y direction
n cosine between the normal vector and z direction
R universal gas constant (J mol�1 K�1)
t time (s)
u displacement (m)
T temperature (K)
x spatial coordinate along the thickness of the cell

Greek letters
b modeling parameter V 3lþ2mð Þ

3
l modeling parameter 2nm

1�2n
m modeling parameter E

2 1þnð Þ
dij Dirac delta function
eij strain component
n Poisson’s ratio
r density (kg/m3)
sij stress (Pa)
V partial molar volume (m3mol�1)

Subscripts
ini initial
h hydrostatic stress
max maximum
s solid/electrolyte interface
SOC state of charge
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investigated stresses inside LIB electrodes using the Newman
pseudo-2D model which consisted of a blend of LMO and
LiNi0.8Co0.15Al0.05O2 (NCA) active materials [19,20], showing that
stresses are generated due to the change in the lattice volume and
phase transformations during battery cycling [21,22]. Lastly, Barai
et al. conducted a stochastic analysis to investigate stress-induced
damages inside LIB electrodes, generating phase-maps to show
safe/unsafe operating conditions such as C rates and voltage
window, for various particle sizes [23].

Despite the efforts mentioned above, most of the electrode
structure investigations are still based on simple particle geome-
tries such as spheres, ellipsoids, and combination of the two in
various arrangements [13–23]. However, the real three-dimen-
sional structure of active materials in LIB electrodes is very
different from those simplified for the purpose of conducting
simulations. Taking into the consideration of the real morphology
of active particles is the pivotal step in truly understanding
mechanisms behind the stresses in LIB electrodes since they
directly affect the distribution of stress and ultimately determine
the active material failure. Recent advances in X-ray computed
tomography (XCT) [24–26], and focused ion beam-scanning
electron microscopy (FIB-SEM) [24,27,28] have allowed the
reconstruction of three-dimensional active particles in the
electrode. First, Lim et al. has demonstrated the calculation of
diffusion-induced stresses in three-dimensional electrode par-
ticles that were reconstructed by XCT. They have shown that the
real particles exhibit convex and concave surfaces that lead to the
generation of stresses in concave regions that are several times
higher than those obtained from a spherical model of the same
volume [29]. Malve et al., on the other hand, has demonstrated
simulations of stresses in real electrode microstructures using FIB-
SEM, also noting that much greater stresses are observed near
small protuberances and notch-like concave features [30].
Mendoza et al. has also developed mechanical and electrochemical
frameworks based on FIB-SEM reconstructed electrodes, simulat-
ing stress build-ups in the electrode microstructures during the
charging [31]. Similarly, Wu et al. simulated stresses generated by
phase transition and lithium intercalation in nickel-manganese-
cobalt (NMC) electrode microstructures that were reconstructed
by synchrotron XCT, also observing high stresses in the concave
regions of electrode structures [32].

Despite taking into the consideration of stresses generated
inside real electrode structures, the above investigations still
neglects the effect of the presence of carbon doped-binder domain
(CBD) [29,30], or considers it to be merged with the electrolyte
phase [31,32]. However, recent experimental and modeling studies
have revealed that stresses generated in the CBD and its
mechanical failure could lead to detrimental capacity fade of LIBs
[31,33–36]. As LIB is cycled, lithium-ions are intercalated into and
de-intercalated from the active material causing it to swell and
contract, respectively, except in case of LiCoO2. Therefore, any CBD
attached to the active electrode particles experiences mechanical
stresses due to the changes in the volume during lithiation and de-
lithiation. This is because CBD provides not only electrical
connectivity, but also mechanical support particularly for active
particles with non-idealized shapes by re-distributing stresses to
prevent them from detaching. Therefore, CBD must be given as
much consideration as active material particles to accurately
model mechanical stresses that lead to changes in the micro-
structures and eventual failure of LIB electrodes.

Based on the reports in the literature, CBD is generally
incorporated into the electrode models in three ways: 1) a
continuous layer of CBD encloses individual particles [35,37]; 2) a
continuous CBD bridges (interconnects) particles [38,39]; 3) a
continuous layer of CBD covers the outer boundary of bicontinuous
percolated network of particles [31,40]. Rahani et al. investigated
for the first time the role of CBD, comparing the results obtained
using the first and second models above using a graphite electrode
to show that both models sufficiently demonstrate the real stresses
in the electrode [37]. Takahashi et al. also investigated degradation
modes of graphite electrodes using the first model, highlighting
that rather than the particles themselves, the mechanical
properties of CBD determines the electrode failure [35]. In other
studies, Rieger et al. employed the second model with CBD bridges
having different thicknesses and widths in the in-plane and
diagonal directions to simulate the strain propagation during
battery cycling [38], while Wu et al. utilized the third model to
show that CBDs with lower Young’s modulus and larger elongation
endure lower stress compared to the one with higher modulus
provided that they have the same ratio of the adhesion strength to
the CBD strength [40].

In this study, the diffusion-induced stresses and possible
mechanical damages in a commercial LMO electrode have been
investigated utilizing the real electrode morphology obtained by
employing synchrotron transmission X-ray microscopy (TXM) at
the Advanced Photon Source (APS) of the Argonne National
Laboratory (ANL). The three-dimensional morphology of the active
particles is reconstructed based on the stack of two-dimensionally
projected images using a commercial software Simpleware 7
(Synopsys, Mountain View, USA). Additionally, to accurately study
the stresses and the failure of the electrodes, neighboring CBD has
been taken into the consideration using imaging processing
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techniques as a continuous layer covering the active particles (the
first model mentioned above).

The diffusion-induced stress in the electrode structure is
simulated under galvanostatic discharging conditions on four real
particles and their enclosing CBD. Using this model, more accurate
distribution of stress in the LIB electrode microstructures has been
calculated, which allowed prediction of mechanical failures of the
active materials and their CBD at various C rates. Although our
results are based on LMO electrodes, the modeling approach and
observations can be applied to other LIB electrode active materials.
This paper is organized as follows: first, the experimental method
used to obtain the reconstructed particles is described. Then, the
modeling development including CBD addition to the particles,
followed by the governing equations used to model stress inside
Fig. 1. 2D Morphology of a commercial LMO electrode obtained from (a) synchrotron TX
electrode from synchrotron TXM imaging (c) particle (1), (d) particle (2), (e) particle (3
the active material and CBD are presented. Finally, the simulation
results are presented and discussed with concluding remarks.

2. Experimental methods

In order to obtain the electrode active material particles, a
commercial LMO positive electrode was purchased and a small
piece of it was cut for imaging purposes. Because electrode’s
aluminum current collector affects the TXM imaging, it was
removed by soaking in 6 M KOH solution for 5 min [41]. A
synchrotron TXM in sector 32-ID-C at APS in ANL was utilized to
obtain the microstructures of the LMO electrode. The 2D tomo-
grams were obtained in the absorption contrast mode employing a
high energy 8 keV monochromatic beam. The tomographic images
M imaging, and (b) SEM imaging, reconstructed three-dimensional particles of LMO
), (f) particle (4).



Fig. 2. Schematic illustration of the model used in this study. The active material
particle is covered with a uniform layer of CBD. Charge (electron) and Li-ion
transport occur at active material particle/CBD interface.
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were obtained by rotating the sample 180� at an increment of 0.5�

and the exposure time of 1 second at each step. The 3D
reconstruction was performed with Tomopy, a python based
platform for the synchrotron data analysis [42,43]. The recon-
structed volume represents voxel of attenuation coefficient with a
width of 54 nm after binning. A raw 2D projection of LMO particles
obtained from the synchrotron TXM is shown in Fig. 1a. The carbon
black and binder phases could not be captured by synchrotron TXM
in absorption contrast mode. Therefore, the white region in Fig. 1a
represents LMO active material particles and black region is the
pore plus CBD. Fig. 1b shows an SEM image of the electrode sample
presenting similar morphology to TXM image with particles
exhibiting irregular shapes and geometries, and sizes ranging from
1 to 5 mm.

For three-dimensional reconstruction, the stack of 2D images
were imported to the ScanIP (a software in Simpleware package).
The segmentation of grayscale 2D images were obtained using
binary thresholding algorithm. XCT usually captures a cluster of
particles, nevertheless, we could isolate four well-resolved
particles with different morphologies and sizes. As seen from
Fig. 1 (c-f), the reconstructed particles are non-spherical with
complex convex and concave surface topology. To measure the
degree of particle’s non-sphericity, the particle sphericity factor
was calculated. Similar to ref. [44], the particle sphericity is
determined by comparing each particle’s surface area to the
surface area of a sphere with the same volume, where sphericity of
unity corresponds to a perfect sphere and lower values indicate
increased degree of non-sphericity. The particle surface area was
calculated using “surface area” and “volume” function within
ScanIP’s quick general statistics pane. Table 1 shows the micro-
strucral information of the particles shown in Fig. 1(c–f). We
calculated the reaction rate current density corresponding to 1C
rate from each particle’s surface area, volume, density of LMO, and
practical capacity of 148 mAh g�1.

3. Model Development

In order to study the development of stress in electrodes, we
calculated the stress generated inside the four reconstructed
electrode particles, see Fig. 1(c–f), enclosed in a uniformly thick
layer of CBD. Although CBD can be identified with a combination of
absorption contrast and phase contrast imaging modes [45], it is
very challenging to use the resolved CBD for the simulation
purposes. The reason being the resulting CBD is likely to be a non-
continuum, segregated domains comprising multiple island-like
structures which are not suitable for finite element simulations.
Instead, we assumed that the active material particles are covered
with a uniformly thick layer of CBD which completely wraps the
outer surface of each particle as shown in Fig. 2. To form this layer
of CBD, we performed a morphological dilation command on the
active material domain with growing pixels equal to 2 (each pixel
equals to 54 nm which is the resolution of the TXM utilized).
Dilation is a morphological image processing feature available in
ScanIP which enabled the growth of selected domains with a
chosen pixel value. Then, we subtracted the active material domain
Table 1
Microstructural information for the three isolated particles from LMO commercial 

corresponding to 1C rate.

Particle Sphericity Surface Area (mm2) Volume

A 0.93 79.22 59.75 

B 0.82 60.89 33.10 

C 0.80 50.94 24.67 

D 0.90 14.18 4.326 
from that of the grown one. This created a uniform CBD with the
thickness of 108 nm around the particles. Similar CBD modeling
approach has been previously used for spherical particles
[35,37,46]. However, the spherical particles do not allow modeling
of the tangential stress at the interface of active material and CBD
which is responsible for the delamination of the CBD layer [35].
Using FIB-SEM, Mendoza et al. reconstructed the percolated
network of electrode active materials without a CBD. To model a
CBD, they shrank the size of their original structure by 100 nm and
replaced the shrunk layer with a uniform CBD [31]. Even though
the CBD was incorporated in the electrode structure, their method
reduced the total volume ratio of active material particles to the
total electrode solid network.

In this study, lithium transport inside active material particles is
modeled by two coupled partial differential equations. These
equations comprise the diffusion equation with the hydrostatic
stress term, and the stress-strain relation with the embedded
lithium-ion concentration. The diffusion of lithium inside active
material particles is governed by [13,15,22,29]:

@c
@t

¼ r:D rc �Vc
RT

rsh

� �
ð1Þ

where c is the concentration of lithium inside particle, D is
diffusion coefficient, R is universal gas constant, T is temperature,
V is partial molar volume of the active material, and sh is the
hydrostatic stress which is calculated from stress domain as
sh = sii/3 (sii are diagonal elements of stress tensor). The
boundary condition of Eq. (1) on the particle’s surface is expressed
as:

�D rc �Vc
RT

rsh

� �
¼ in

F
ð2Þ

where in is the current density on the particle’s surface and F is
Faraday constant. We have employed a linear elastic stress-strain
relation to model the stress development in the electrode as this
electrode imaged using synchrotron TXM and the calculated current densities

 (mm3) 1C rate (A m�2) Outline cube dimensions (mm)

0.46 5:01 � 5:62 � 4:83
0.33 3:51 � 5:07 � 4:51
0.29 3:51 � 5:07 � 4:51
0.18 2:12 � 2:26 � 2:73



Table 2
List of parameters used in the simulation.

Parameter Symbol and unit LMO CBD

Young’s modulus E (GPa) 10 [15] 0.2 [37]
Poisson ratio n 0.3 [15] 0.34 [35]
Partial molar volume V (m3mol�3) 3:497 � 10�6[15] –

Maximum concentration Cmax (m3mol�3) 2:29 � 104[47] –

Diffusion coefficient D (m2 s�1) 7:08 � 10�15[47] –

Density r (kg m�3) 4140 [48] 1780 [35]
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has been previously reported to be a suitable assumption [31,38].
For detailed studies on stress and failure predictions in CBD, its
plastic deformation needs to be considered [37,40]. The stress-
strain relation in the active material particle is calculated as
analogous to thermal stress where the temperature gradient is
replaced with the concentration gradient [15,22,29] as:

eij ¼
1
E
½ð1 þ nÞsij � nskkdij� þ ~cV

3
dij ð3Þ

where eij are the strain components, sij are the stress components,
E is Young’s modulus, n is Poisson’s ratio, dij is the kronecker delta,

and c
�
= (c � c0) is the concentration change in lithium from the

original condition. Then, Eq. (3) is rearranged to obtain the
relationship for the stress components as the following [15]:

sij ¼ 2meij þ ðlekk � b~cÞdij ð4Þ
Fig. 3. Tensile stress (MPa) distribution within LMO particles enclosed with a uniform la
and d) particle (4).
where m ¼ E
2 1þnð Þ, l ¼ 2nm

1�2n, and b ¼ V 3lþ2mð Þ
3 . The strain tensor is

related to the displacement vector as [15]:

eij ¼
1
2

@ui

@xj
þ @uj

@xi

� �
ð5Þ
yer of CBD at the end of discharge at 1C, a) particle (1), b) particle (2), c) particle (3),
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Under the quasi-static condition, mechanical deformation of
the particle is governed by [15]:

sij;i ¼ 0 ð6Þ
Substituting Eqs. (4) and (5) into Eq. (6) leads to the equation for

the displacement u as [15]:

mr2ui þ ðl þ mÞuk;ki � b~c;i ¼ 0 ð7Þ
For the interfacial boundary condition between the particle’s

core and the surrounding shell, Takahashi et al. has previously
assumed the radial stress to be continuous between the spherical
particle core and CBD shell [35], whereas Hao et al. considered the
continuous radial displacement across the interface of a manga-
nese oxide core and carbon shell suggesting that there is a
mathematical discontinuity in the radial stress when crossing the
interface [46]. Here, similar to ref. [46], we assume that LMO
particle and CBD domains are perfectly bonded together and the
displacement vector is continuous across the interface. This
condition can be expressed as:

ui;1js ¼ ui;2js ð8Þ
where subscripts 1 and 2 denote active material domain and CBD,
respectively and s represents the interface.

In the present work, the lithium diffusion, Eq. (2), is only solved
within the active material particles, whereas the mechanical stress
is modeled for both active materials and CBD. The stress-strain
governing equations for the CBD are similar to the active material
particle, except the absence of the terms related to the diffusion-
induced stress. The governing equations can be simply obtained by

applying c
�
= 0 into Eq. (3) to (7), which are not shown here due to

their similarity to those of the active material particle. At the outer
Fig. 4. Maximum tensile stress (bulk stress) inside the reconstructed LMO particles enclo
5C) from SOC = 0.2 to SOC = 0.95. a) particle (1), b) particle (2), c) particle (3), and d) p
surface of the binder, the traction free boundary condition is
assumed which specifies that there is no external force on the
binder’s outer surface. This condition can be expressed as [15]:

sxxl þ syxm þ szxn ¼ 0 ð9aÞ

sxyl þ syym þ szyn ¼ 0 ð9bÞ

sxzl þ syzm þ szzn ¼ 0 ð9cÞ
where l, m, n are direction cosines between the external normal
vector to the outer surface and each coordinate axis.

In this study, the active material is assumed to be isotropic
which experiences 6.5% volume expansion during discharge from
Li0.2MnO2 to Li0.95MnO2. In addition, due to high porosity of the
electrode, we assume that the mechanical interaction among
neighboring LMO particles are negligible, see Fig. 1(a-b). Further-
more, the calculation of the reaction current density,in on the
particle’s surface requires the use of Butler-Volmer equation
employing local overpotential and exchange current density.
However, we assume that the electrode is sufficiently thin to
ensure that the electrolyte concentration does not change
significantly on particle’s surface, resulting in in becoming uniform
on the particle’s surface. As mentioned above, the 1C current
density for each reconstructed particle is presented in Table 1.
Additionally, the structural mechanics and partial differential
modules in COMSOL Multiphysics1 5.0 have been employed to
simulate the stresses in the active material particles and CBD
domains. Lastly, the reconstructed particles have been imported
sed with a uniform layer of CBD galvanostatically discharged at various C rates (1, 3,
article (4).



Fig. 5. Tensile stress (MPa) distribution on the surface of LMO particles enclosed with a uniform layer of CBD at the end of discharge at 1C. a) particle (1), b) particle (2), c)
particle (3), and d) particle (4).
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from ScanIP as tetrahedral mesh elements in COMSOL for finite
element simulation.

4. Results and discussion

The mathematical model presented in the previous section is
used to simulate the diffusion-induced stress within the recon-
structed active material particles shown in Fig. 1(c-f) surrounded
by a uniform layer of CBD with the thickness 108 nm. The
simulation has been performed in galvanostatic mode using the
parameters listed in Table 2. The LMO particles were discharged at
different C rates from SOC of 0.20 to 0.95, where we have defined
SOC as the ratio of average concentration of lithium in the particle
to its maximum possible concentration as shown in Table 2.
Although this simulation has been conducted using active material
particles in a LMO electrode, our modeling approach and
discussions are applicable to other electrode materials. Von-Mises
stress is commonly used to present stress inside 3D reconstructed
particles [29,31,32]. However, the failure of brittle active material
particles, including LMO, is related to the tensile stress rather than
Von-Mises stress [17,49]. Therefore, tensile stress has been chosen
to present stress within active material particles which could
predict crack initiation and growth in active material particles [40].
In order to obtain the maximum tensile stress generated during
discharge, we have calculated three principal stresses s1, s2, and
s3 inside the LMO particles. The local maximum tensile strength is
represented as s1, and the rest in the descending order (s3 being
the smallest).

Fig. 3 shows 2D cross-sectional distribution of tensile stress
inside the LMO particles enclosed with a uniform layer of CBD at
the end of discharge at 1C where the stress reaches its maximum
value. The CBD’s stress distribution is not shown in this figure due
to its higher range of values and will be discussed later. However,
CBD is considered in the model geometry for all results presented
in this paper unless clearly stated otherwise. As shown in Fig. 3, a
high level of tensile stress occurs in two regions: 1) vicinity of the
particle’s center (bulk stress) or 2) concave area on the particle’s
surface where there is a stress concentration (surface stress). The



Fig. 6. Maximum tensile stress on the surface of the reconstructed LMO particles (surface stress) enclosed with a uniform layer of CBD galvanostatically discharged at various
C rates (1, 3, 5C) from SOC = 0.2 to SOC = 0.95. a) particle (1), b) particle (2), c) particle (3), and d) particle (4).
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evolution of stress in these regions is investigated separately since
the former is related to the particle’s bulk behavior, while the latter
is related to the particle’s non-uniform surface morphology. In case
of bulk behavior, the stress reaches its maximum near the particle’s
center and decreases towards the particle’s surface. As shown in
Fig. S1, the lithium concentration changes from lower values at the
particle’s center to higher values at the surface of the particle.
Therefore, the area close to the particle’s surface expands more due
to the lithium intercalation process, resulting in the center of the
particles being under tension, while the outer being under
compression. The positive and negative values correspond to
tensile and compressive stresses, respectively. Hao et al. showed
Fig. 7. Tensile stress distribution inside active material and CBD of particle (1) a
similar behavior for a spherical LMO core enclosed with a carbon
shell [46].

When modeled without considering the surrounding CBD as
shown Fig. S2, the obtain results shows either much lower or
higher bulk stress depending on the particle morphology and size.
Specifically, the maximum tensile stress in vicinity of particle’s
center in particle (1) is 5.7 MPa with CBD compared to 6.1 MPa
without CBD. Similarly, the stresses in particle (2), (3), and (4) with
CBD are 13.3, 5.4, and 5.3 MPa with CBD, respectively, compared to
3.8, 3.4, and 1.1 MPa without CBD, respectively. These results are
indicative of the presence of CBD limiting the displacement of the
active material particle, which is modeled in this study by changing
t the end of discharge at 1C. a) 2D cross section b) along the radial cutline.



Fig. 8. Von-Mises stress (MPa) distribution in the CBD layer at the end of galvanostatic discharge at 1C in a) particle (1), b) particle (2), c) particle (3), and d) particle (4).
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the traction free boundary condition to the continuous displace-
ment on the particle’s surface. This leads to either higher or lower
values of tensile stress within particles depending on particle
morphology and size.

The diffusion-induced stress is determined by the relationship
between particle size, morphology, and materials properties [29]
with the surrounding CBD. For example, the lower values of stress
are observed in smaller particles due to their relatively high surface
to the volume ratio. This leads lower intercalation reaction rates on
the particle’s surface thereby resulting in relatively low diffusion-
induced stresses in the particle [29]. The higher diffusion-induced
stress observed with particle (2) compared to that of particle (1),
despite particle (2) having a larger surface to volume ratio, is
attributed to diffusion-induced the presence of CBD in the model,
and its effects on the irregular morphology of particle (2). When
modeled without CBD, particle (1) demonstrates higher diffusion-
induced stress than that of (2) (see Fig. S2). These opposing results
highlight the fact that the inclusion of CBD in the model properly
takes into the consideration of the morphological effect of active
material particles, such as those with multiple surface irregulari-
ties (particle (2)).

Fig. 4 shows the evolution of the maximum tensile stress (bulk
stress) in the reconstructed particles enclosed with a uniform layer
of CBD galvanostatically discharged under various C rates. The
maximum stress for each particle has been calculated in vicinity of
particle’s center where the highest bulk maximum tensile stress
occurs when discharged at 1C rate. The electrodes have been
discharged up to the 5C rate limit as noted by the manufacturer.
The results in Fig. 4 highlight increasing diffusion-induced stress
with increasing discharge C rate, as expected, due to higher rates of
intercalation occurring at the surface. Specifically, in particle (1),
the maximum tensile stress has been measured to be 17.8, and
30.1 MPa at C rate = 3, and 5, respectively, which are 3.1 and 5.3
times higher than the maximum stress of 5.7 MPa measured at C
rate = 1. In particle (2), the maximum stresses measured are 31.8
and 54.7 MPa at C rate = 3, and 5, respectively, which are 2.4 and 4.2
times higher than 13.0 MPa measured at C rate = 1. In particle (3),
the maximum stresses measured are 15.9 and 23.8 MPa at C
rate = 3, and 5, respectively, which are 2.5 and 3.7 times higher than
6.4 MPa measured at C rate = 1. Lastly, in particle (4), the maximum
stresses measured are 11.2 and 15.0 MPa at C rate = 3, and 5,
respectively, which are 2.1 and 2.8 times higher than 5.3 MPa
measured at C rate = 1. Interestingly, the rate of increase in the
maximum stress observed with particle (1) is higher compared to
those of other particles, which is attributed to its relatively much
lower surface to volume ratio of 1.33 1/mm compared to 1.83, 2.06,



Fig. 9. Maximum Von-Mises stress in the CBD layer after galvanostatically discharging at various C rates from SOC = 0.2 to SOC = 0.95 in a) particle (1), b) particle (2), c) particle
(3), and d) particle (4).
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and 3.28 1/mm of particles (2), (3), and (4) respectively. The lower
surface to volume ratio increases the lithium-ion flux on the
particle’s surface which in turn increases the stress experienced by
the particle.

Notably for particles (1) and (2) at all C rates presented in Fig. 4,
the stress is observed to increase rapidly between SOC = 0.2 to 0.4
then plateaus to a constant value up to SOC = 0.95. For particles (3)
and (4), the stress is observed to increase rapidly between SOC = 0.2
to 0.3 then linearly increases at a much slower rate up to SOC = 0.95
where the maximum value is reached at the end of discharge. The
stress plateau in particle (1), (2) and slow linear increase in stress
observed with particles (3) and (4) after SOC = 0.4 are related to the
interaction between lithium diffusion and the diffusion-induced
hydrostatic stress [15,17,29]. The diffusion-induced hydrostatic
stress increases the lithium diffusion in the active material
particles, in accordance with Eq. (1), which results in decreasing
lithium concentration gradient inside the particle. Therefore, the
diffusion-induced hydrostatic stress results in lower rate of stress
generated in the particles. Without including CBD in the model,
Lim et al. has shown that the stress increases very sharply until
reaching the maximum value and then either plateaus at a
constant value or decreases due to the diffusion-induced
hydrostatic stress [29]. The inclusion of CBD as in our model
shows a similar behavior for stress evolution inside particles (1)
and (2), while particles (3) and (4) shows reduced effects of
hydrostatic-induced stress resulting in a slow linearly increasing
stress after SOC = 0.4.

Another notable observation is longer duration of rapidly
increasing initial stress with increasing C rate. Specifically,
particles (1), (2), and (3) exhibit a sharp increase from SOC = 0.2
to 0.25 at C rate = 1, from SOC = 0.2 to 0.3 at C rate = 3, and from
SOC = 0.2 to 0.4 at C rate = 5. This is because as C rate increases, the
diffusion-induced hydrostatic stress better facilitates the lithium
diffusion in the particles even at higher SOCs. For particle (4),
however, the rapid increase in stress initially occurs over a
relatively shorter range of SOC most likely due to much smaller size
of particle (4) compared to the size of other particles. These results
are in good agreement with the reports of Chu et al. in which they
showed, under similar galvanostatic testing conditions, a range of
SOC where the rate of sharp initial increase in stress increases with
bigger particle sizes and with higher C rates. [50].

The discussion so far involved high stress values close to the
particle’s center, which we called bulk stress. However, in Fig. 3,
high values of stress near concave areas on the particle’s surface
surrounded by CBD were observed. These points of high stress due
to surface irregularities can only be captured by including real 3D
reconstructed active material particles with surrounding CBD.
Reconstructed particles reveal non-uniform surface morphology
with multiple concave and convex areas which are locations of
high local stress concentration. Fig. 5 shows the simulation results
of tensile stress on the surface of LMO particles at the end of
discharge at 1C. On the surface of the particle, the maximum stress
always occurs at the concave areas, and convex areas have
relatively low stresses. The large curvature in the convex areas tend
to result in relatively higher lithium concentration gradient due to
the high surface to volume ratio, which leads to higher diffusional
stresses in these areas, in accordance with Eq. (3).

Fig. 6 shows the maximum tensile stress variations on the
particle’s surface (surface stress) when discharged at different C
rates. In all particles, the maximum tensile stress increases as the
applied current density increases with the maximum stress
occurring at C rate = 5. The calculated maximum surface tensile
stresses at C rate = 1 are 7.5, 13.3, 5.4, and 6.9 MPa for particles (1),
(2), (3), and (4), respectively, compared to 6.0, 9.0, 6.3, 5.0 MPa of
maximum bulk stress previously shown in vicinity of particle’s
center. At C rate = 3, the maximum surface tensile stress is 13.3,17.7,
10.0, and 10.1 MPa for particles (1), (2), (3), and (4), respectively,
compared to the maximum bulk stress of 17.8, 31.8, 15.9, and
5.6 MPa. When discharged at C rate = 5, the maximum surface
tensile stress is 17.3, 22.5, 16.3, and 17.8 MPa for particles (1), (2),
(3), and (4), respectively, compared to the maximum bulk stress of
30.1, 54.7, 23.8, and 11.9 MPa. These results show that at C rate = 1
for particle (1) and (4) the surface stress is actually higher than the
bulk stress which emphasizes the importance of utilizing the real
particle surface morphology as the model’s geometry. At C rate = 3
and 5, for particles (1), (2), (3), the bulk stress is higher than the



Fig. 10. Stress (MPa) within LMO active material and CBD at the end of discharge at 1C with varying Young’s modulus of CBD a), and b) Maximum tensile stress (bulk stress);
c), and d) Maximum tensile stress (surface stress); e), and f) Maximum Von-Mises stress, in particles (1), and (2) respectively.
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surface stress, while, the reverse is observed with particle (4),
which reiterates the importance of modeling high surface stress in
smaller particles.

There is no precise measurement of the tensile strength of LMO
currently in the literature. Park et al. has assumed the tensile
strength of �100 MPa close to the measured tensile strength of
TiO2 [51]. However, based on our simulation, the maximum tensile
stress in the reconstructed particles, whether bulk or surface
stress, discharged at various C rates are found to be much lower
than 100 MPa, confirming that the material failure very unlikely to
take place due to intercalation-induced stresses in the LMO
particles investigated in the present study. Park et al. have shown
that the stress level caused by the phase transition from cubic to
tetragonal is an order of magnitude higher than the intercalation-
induced stress, and that this phase transition would eventually
cause the material failure [17]. Nevertheless, phase change is not
considered in the current work since it is an irreversible process for
LMO electrodes, which is normally avoided during battery
operation.
Hao et al. showed that, in a core-shell structure, a jump in radial
and tangential stress is observed at the core and shell interface.
Their results were based on the modeling of a spherical LMO active
particle with a surrounding carbon shell, and the assumption that
the radial displacement is continuous at the interface [46]. As
shown in Fig. 7, our result based on the real morphology modeling
also demonstrates a similar jump in tensile stress at the interface of
the active material and CBD. Particle (1) along with its CBD was
chosen as the sample geometry and 2D cross sectional tensile
stress within the particle and CBD is shown in Fig. 4a. The variation
of stress from center of the particle to the outer surface of CBD
along a 1D cutline (red line in Fig. 7a) is presented in Fig. 7b,
confirming a marked jump in tensile stress at the interface. To be
able to compare our result to the spherical particle in ref. [46], the
cutline path was carefully chosen to avoid the high surface stress at
concave areas on the particle’s surface.

In this study, CBD was assumed to be composed of the usual
constituents, polyvinylidene fluoride (PVDF) polymer and Super P
carbon black, as typical binder and conductive agent used in LIB
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electrodes. Different Young’s modulus of binding materials
investigated by Rahani and Shenoy [37] with a range from
170 MPa for softer binders to 2000 MPa for harder binders,
employing 200 MPa to present their simulation results. Takahashi
et al. [35], on the other hand, reported Young’s modulus of 350 MPa
for CBD which was submerged in the electrolyte, while Grillet et al.
[36] deduced a value of 200 MPa for various amounts of carbon
black ranging from 10 to 40 wt % added to form swollen PVDF-
Carbon black composites. Finally, Wu et al. [40] estimated Young’s
modulus of 184 MPa from the piecewise linear elastic-plastic
model of stress-strain curve. Based on these findings, we have
chosen the value of 200 MPa to represent the Young’s modulus of
CBD in our simulation, consistent with the literature values
[31,36,37,40]. Apart from Young's modulus, Rahani et al. [37]
showed that CBD yield stress is also one of the most important
factors that affect the stress distribution inside the active particles.
They chose the yield stress of sy = 30 MPa for their CBD model,
while Wu et al. [40] used sy = 9.2 MPa and ultimate tensile stress of
13.4 MPa for their simulation. Finally, Takahashi et al. [34] found
the value of 16 MPa as the maximum tensile strength of CBD
submerged in the electrolyte. In our study, we have chosen the
value of 30 MPa for the yield stress which is also in good agreement
with values reported in the literature [31,37].

In the present work CBD is modeled as a ductile material; Since
the failure of ductile material is related to the Von-Mises stress
rather than tensile stress, it is chosen to demonstrate stress within
the CBD. The distribution of Von-Mises stresses on the outer
surface of CBD in all particles have been simulated and shown in
Fig. S3 with higher stresses, and lower stresses observed in
concave, and convex areas, respectively. The 2D cross section of
Von-Mises stress in the CBD layer at the end of galvanostatic
discharge at C rate = 1 is shown in Fig. 8. The local CBD stress in
vicinity of areas with high concavity tends to increase from
particle’s surface to the outer surface of CBD, where it tends to
decrease from the particle’s surface to the outer surface of CBD in
areas with high convexity. The maximum Von-Mises stress in the
CBD layer at C rate = 1 equals to 21.5, 27.5, 8.0, and 23.7 MPa in
particles (1), (2), (3), and (4), respectively. These results are
significantly lower than the yield stress of 30 MPa, which indicates
that CBD is very unlikely to experience plastic deformation.

In order to predict possible material failure due to plastic
deformation of CBD that enclose the active LMO particles, we have
simulated the maximum stress by galvanostatically discharge at
higher C rates from SOC = 0.2 to 0.95 as shown in Fig. 9. In all CBD
layers of the particles, the maximum Von-Mises stress is observed to
increase as the applied current density increases, the maximum
occurring at C rate = 5. Similar to the stress distribution in the active
material particles discussed above, the maximum stress in the CBD
layer is dependent on the particle size, morphology, CBD thickness,
materials properties, and the applied C rate. Having said this, the
maximum Von-Mises stress in the CBD layer is found to equal 34.0,
28.7,11.35, and 27.9 MPa in particles (1), (2), (3), and (4), respectively,
when discharged at C rate = 5. Since the maximum stress in the CBD
layer of particle (1) exceeds 30 MPa, the failure of CBD via plastic
deformation can potentially happen. Even though in this study
plastic deformation is not included in the model, its occurrence only
reduces the stress incurred on the active material particle itself, not
affecting the previous prediction that the active material failure is
very unlikely.

Additionally, it is noteworthy to mention the simulated stress in
the electrodes are highly dependent on the overall mechanical
properties of CBD, including its Young’s modulus, percentage of
conductive additive [36] used to fabricate electrodes, as well as the
environment in which they are test such as, dry or wet (submerged)
in the electrolyte [35]. In order to identify the effect of different CBD
properties on the stress within electrodes, CBDs with low and high
Young’s moduli of E = 10, and 1000 MPa, respectively, have been
employed to compared with the reference modulus of E = 200 MPa.
All other model conditions and parameters were kept unchanged.
The results obtained with only particles (1), and (2) are shown due to
their higher stress levels compared to particles (3), and (4), but all
particles’ mechanical behaviors are quite similar. Fig. 10 shows the
bulk and surface stress within LMO active materials and Von-Mises
stress in CBD during galvanostatic discharge at C rate = 1. Fig.10a and
10b demonstrate the maximum bulk tensile stress for various
Young’s moduli within particles (1) and (2), respectively, confirming
that higher Young’s modulus causes a slight increase in the bulk
stress within active material particles. Fig. 10c and 10d shows the
maximum surface tensile stress evolution, occurring at a concave
area of particle (1) and (2), respectively. Unlike the bulk stress,
increasing Young’s modulus to 1000 MPa leads to an extremely large
surface stress of 45 MPa in particle (1), and 125 MPa in particle (2) at
the end of discharge. These are much higher than 100 MPa of LMO
tensile strength and might lead to crack formation and material
failure. This again highlights the importance of utilizing the real
surface morphology of the active material particle as the model
geometry, which cannot be predicted by conventional uniform
spherical particle models. The maximum Von-Mises stress for CBD
enclosing particles (1), and (2) are also presented in Fig. 10e and 10f.
Similar to the behavior of the active material, higher Young’s
modulus results in a dramatic increase in stress within CBD. For
E = 1000 MPa,plastic failure ofCBDismost likely tohappen duetothe
maximum stress level of �140 MPa exceeding the yield stress of CBD.
Accordingly, the simulation results demonstrate that lower stiffness
is favorable for lower diffusion induced stress in electrode’s active
material and CBD.

5. Conclusions

In this study, X-ray nano computed tomography technology has
been utilized to successfully capture and model the real
morphology of LMO active electrode particles and to investigate
the diffusion-induced mechanical stress. Unlike other previously
published reports, our investigation considers the effect of a
uniform layer of CBD which encapsulates active particles on the
mechanical stress during battery discharge. Our results have
revealed that the stress generated in the electrode heavily depends
on the particle size, local morphology, and mechanical properties
of both active material and CBD. Specifically, surface tensile stress
has been found to be relatively higher and lower on the surfaces of
particles with high surface concavity, and convexity, respectively.
In fact, the maximum stress experienced by the active particles
during galvanostatic discharge at the rate as high as 5C has been
found to be significantly lower than the material’s tensile strength.
Inside CBD, however, the stress has been found to reach the levels
of yield stress reported in the literature, which can lead to plastic
deformation and detachment of CBD resulting in the loss of
electrical connectivity of the active particles from the percolated
solid network. This result highlights the importance of developing
CBD with the optimal composition to achieve mechanical
properties with higher limits to prevent potential power loss
and lifetime degradation of LIB electrodes. The unique mechanical
stress analysis conducted in this study using real particle
morphology is a significant advancement from simplified spherical
model-based simulations commonly reported in the literature,
which will positively contribute to further improving LIB active
electrodes to address continuously rising energy demands.
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