
lable at ScienceDirect

Journal of Power Sources 307 (2016) 496e509
Contents lists avai
Journal of Power Sources

journal homepage: www.elsevier .com/locate/ jpowsour
Multiscale modeling of lithium-ion battery electrodes based on
nano-scale X-ray computed tomography

Ali Ghorbani Kashkooli a, Siamak Farhad b, *, Dong Un Lee a, Kun Feng a, Shawn Litster c,
Siddharth Komini Babu c, Likun Zhu d, Zhongwei Chen a, **

a Department of Chemical Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada
b Department of Mechanical Engineering, University of Akron, Akron, OH 44325-3903, United States
c Department of Mechanical Engineering, Carnegie Mellon University, Pittsburgh, PA 15213, United States
d Department of Mechanical Engineering, Indiana University Purdue University, Indianapolis, IN 46202, United States
h i g h l i g h t s
* Corresponding author.
** Corresponding author.

E-mail addresses: sfarhad@uakron.edu (S. Farh
(Z. Chen).

http://dx.doi.org/10.1016/j.jpowsour.2015.12.134
0378-7753/© 2016 Elsevier B.V. All rights reserved.
g r a p h i c a l a b s t r a c t
� A multiscale model is developed to
study lithium ion battery electrodes.

� The electrode microstructure is
reconstructed based on X-ray
computed tomography.

� The model predicts experimental
data more accurately than the ho-
mogenous models.

� Inhomogeneity causes wider distri-
bution of properties compared to
homogenous models.

� The developed model is applicable to
any lithium ion battery electrode
material.
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A multiscale platform has been developed to model lithium ion battery (LIB) electrodes based on the real
microstructure morphology. This multiscale framework consists of a microscale level where the elec-
trode microstructure architecture is modeled and a macroscale level where discharge/charge is simu-
lated. The coupling between two scales are performed in real time unlike using common surrogate based
models for microscale. For microscale geometry 3D microstructure is reconstructed based on the nano-
scale X-ray computed tomography data replacing typical computer generated microstructure. It is shown
that this model can predict the experimental performance of LiFePO4 (LFP) cathode at different discharge
rates more accurate than the conventional homogenous models. The approach employed in this study
provides valuable insight into the spatial distribution of lithium -ion inside the real microstructure of LIB
electrodes. The inhomogenous microstructure of LFP causes a wider range of physical and electro-
chemical properties in microscale compared to homogenous models.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium-ion batteries (LIBs) have attracted a tremendous
attention because of their high energy and power density
compared to other electrochemical energy storage technologies.
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Recently, automotive industries have put considerable effort to
accelerate electrification of vehicles using LIBs [1,2]. For this pur-
pose, among different candidates for cathode material, LiFePo4
(LFP) is believed to be promising choice due to its low price, superb
safety, and enhanced rate capability [3e5]. In addition to material
selection, the electrode architecture also plays a crucial role in
improving the performance of LIBs [6,7]. The microstructure of LIB
electrode remarkably influences the performance by providing
certain interfacial surface area, lithium ion diffusion path, and
active material connectivity [5,8], which particularly critical in
automotive applications where the demands of energy and power
densities are high [1].

The development of next generation high performance LIBs
requires close relation between modeling and experiment. Math-
ematical models have been used to address physical and electro-
chemical processes occurring inside the battery and further
employed to optimize electrode design. However, traditional
models still relies on a simplified picture of homogenous electrode
which do not provide sufficient information about the electrode's
real microstructure. Newman and co-workers have developed one
of the most successful LIB models based on the porous electrode
and concentrated solution theory [9,10]. Newman's pseudo-2D
(P2D) model assumes that the porous electrode is made of
equally sized, isotropic, homogenous spherical particles [9]. This
homogenous description of electrode structure results in smooth,
uniform intercalation/de-intercalation of lithium inside the host
materials and has proven to be successful in characterizing
discharge/charge behaviors particularly at low to moderate rates
[11,12]. Although P2D model assumptions are not preserved in real
LIB porous electrodes, it is widely applied in a variety of LIB
research due to its simplicity [13e15]. This includes the rate capa-
bility and design investigation [10,16] as well as thermal behavior
[17e19] studies. However, it fails to predict the phenomena related
to inhomogenous structure of the electrode microstructure such as
performance drop at high rates [20,21]. In addition, thewell-known
method of estimating the specific surface area based on spherical
particles and the electrode tortuosity using Bruggeman correction
has been controversial [22,23]. Therefore, in order to have more
genuine insight in LIBs research, there is a crucial need for an
advanced model capable of simulating LIBs behavior based on the
real electrode microstructure.

Recent advances in the X-ray computed tomography (XCT) have
made nano-scale 3D microstructures capturing a reality. Nano-XCT
offers the capability to non-destructively resolve the 3D structure
of porous electrode as it provides high spatial resolution 2D stack to
computationally reconstruct a 3D image of the electrode micro-
structure. The obtained 3D geometry could be an alternative to
commonly used computer-generated geometries [20,24] in LIB 3D
models. LIBs research involving XCT can be categorized into two
general groups: the morphological studies and multiphysics
modeling. The first group is dedicated to characterizing the 3D
microstructure, particle distribution, pore scale morphological and
transport properties analysis [22,25,26]. The second group, on the
other hand, utilizes reconstructed 3D microstructure to simulate
multiphysics phenomena occurring inside the cell such as
discharge/charge performance [27], thermal behavior [28] and
stress analysis [26]. Yan et al. [27] simulated the discharge behavior
of LiCoO2 (LCO) based on nano-XCT data. Their results show that
the distributions of electrolyte concentration, current density, over
potential and intercalation reaction rate are significantly different
from the results obtained from the P2D model. Furthermore, the
microstructure inhomogeneity is found to be responsible for the
performance loss particularly at high discharge rates. Lim et al. [26]
modeled diffusion-induced stress inside LCO particles which were
reconstructed using XCT. Their results demonstrated that the
highest von Mises and Tresca stresses in a reconstructed particles
are several times greater than those obtained from the simple
spherical or ellipsoid particle with the same volume. Yan et al. [28]
simulated the heat generation during galvanostatic discharge in
LCO microstructure. Their results show that the simulation based
on reconstructed microstructure predicts more heat generation
than the P2D model at high discharge rates. The simulation based
on the reconstructedmicrostructure commonly results in thewider
distribution of physical and electrochemical properties. The au-
thors attributed the higher predicted heat generation to this wider
electrochemical properties distribution. Chung et al. [29] studied
the electrochemical and chemo-mechanical response of LiMn2O4
(LMO) cathodes based on the XCT method. Their simulations show
that particle size polydispersity of microstructures impacts the
local chemical and electrical behavior of a porous electrode.

In the present work, we aim to develop a model based on the
real microstructure of the electrode. Among different candidates,
LFP was chosen as the focused technology due to the aforemen-
tioned reasons. Applying the above mentioned method on the
electrode with nano-particles, e.g. LFP, to study multiphysics phe-
nomena, poses the inherent multiscale difficulty involved in the LIB
research [30]. Models involve microstructure study LIBs behavior in
two different length scales simultaneously; the first scale is in the
range of the particle size which is couple of micrometers in case of
LCO and LMO and tenth of nanometers for LFP. In this work, this
scale is called “microscale” wherein electrode architecture is
incorporated in the model. The second scale is in the range of the
electrode thickness, typically 100 mm, where discharge/charge is
characterized and here is called “macroscale”. For a micro-particle
electrode, the model length scale is from 10�6 to 10�2 m consid-
ering both microscale and macroscale. However, the scale is from
10�8 to 10�2 m for a nano-size particles. Thus, comparing elec-
trodes made of nano-particles and micro-particles, the difference
between model length scale ranges is two orders of magnitudes
bigger in case of electrode with nano-particles. This requires
around 106 times more mesh elements in 3D that would burden a
huge extra amount of computational cost on the model simulation.
To avoid this, the concept of multiscale modeling has been
employed to investigate LFP electrode behavior [30e33]. First, the
electrodemicrostructure was reconstructed based on the nano-XCT
data and the intercalation flux were obtained based on the simu-
lation results on microscale. Then, the intercalation flux was
exported to the macroscale to update the state variables such as
electric potentials and specious concentrations in macroscale.
Finally, the intercalation flux is updated based on the recent
updated variables and sent back to microscale domain [34]. In this
study, linking between microscale and macroscale is accomplished
through coupling of equations at two sub-scales simultaneously
[34], meaning that all the governing equations are solved concur-
rently in two scales and state variables are transferred between
them in real time. To couple sub-scale models, another approach
reported in the literature is serial coupling [35]. In the serial
coupling, a surrogate-based model is determined from the pre-
processed simulation data carried out on the microscale. The sur-
rogate model is obtained based on the numerical experiment per-
formed on microscale. For this, a quasi-steady state simulation of
the governing equation is performed based on an experiment
design for the initial values of state variables. Then, to couple the
two scales, database and look up table [36,37] approach is used to
couple microscale with macroscale. Although using serial method
diminishes computational time, it includes error due to uncertainty
in fitting the empirical model to microstructural data. In addition,
the assumption of quasi steady state in microscale is highly ques-
tionable in a mainly time dependent model.

The purpose of this study is to establish an advanced imaged-
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based multiscale computational framework capable of modeling
LIBs at various design and operating conditions. The results are
presented for an LFP cathode scanned by a nano-XCT device and
processed/reconstructed by a commercial software package (Sim-
pleware, HO, Exeter, England). To achieve accurate results, con-
current multiscale model is implemented in Comsol Multiphysics®

software.
2. Electrode structure reconstruction

The LFP sample used in this study is from a commercial LFP/
graphite cell which was disassembled in an argon filled glove box
(H2O < 0.5 ppm, O2 < 0.5 ppm). Since Aluminum current collector
affect the XCT scan, it was detached from the electrode by soaking
in 6 M KOH solution [27]. The sample was imaged using nano-XCT
(UltraXRM-L200, Xradia Inc., Pleasanton, CA) at Carnegie Mellon
University [38]. A high resolution scan of region of interest with
50 nm resolution (16 nm cubic voxels) and 16 mm field of view was
performed. A total of 990 tomogramswere obtained by rotating the
sample over 180� with 16 nm distance between slices. Then, the
obtained 2D stack was segmented using thresholding technique to
convert greyscale stack to binary stack. Eventually, 3D morphology
of the LFP nano particles was reconstructed based on the 2D stack
by commercial software ScanIP 7 (Simpleware, HO, Exeter,
England).

Fig. 1a shows a 2D raw morphology of the electrode
Fig. 1. Different morphological images of a commercial LFP (a) nano-XCT tomogram, 5 mm e
microstructure based on a tomogram obtained from 2D stack after
segmentation. Fig.1b shows the reconstructed 3Dmicrostructure of
the electrode consists of cluster of particles and Fig. 1c represents
the SEM image of electrode nano particles. In Fig.1a and b, the black
region consists of cluster of active material particles whereas white
region includes pore, additives comprising polymer binder (PVDF)
and conductive carbon material. Since X-ray is highly sensitive to
the atomic number, low atomic number additive phases could not
be captured with one run of imaging. To distinguish different
phases, two modes of imaging are needed: absorption contrast
which capture active material and Zernike phase contrast that
detects active material along with solid phase additives. Details
method of distinguishing various electrode regions can be found in
Ref. [39]. In this work, additives are not considered separately from
the active material because it is hard to clearly distinguish them
from active material. Moreover, treating them as separate region
provokes an excessive computational load. It is shown that if the
weight percentage of active material is high, the carbon material
and polymer binder are distributed randomly in the electrode [40].
The weight percentage of active material in the current electrode is
90 percent obtained by Thermogravimetric Analysis (TGA) [41].
Hence, we assumed that the carbon material is randomly distrib-
uted among the active material to provide electronic connectivity.
For this, a growing region image processing algorithm was applied
on the active material region to provide fusion of neighbors active
material together. The obtained 3D reconstructed microstructure
ach side (b) reconstructed structure, 5 mm each side (c) SEM image, scale bar is 100 nm.
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pore volume became 40% after filtering and image processing
improvement which came in agreement with the 35% porosity of
the real electrode obtained by Brunauer Emmett Teller (BET)
measurement. The difference could be attributed to the uncon-
nected pores which cannot be detected by BET. Video 1 displays the
morphological evolution of the electrode microstructure during
reconstruction after image processing.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.jpowsour.2015.12.134.
3. Experiment

For validation of the model, several coin cell (half-cells) were
fabricated from the LFP cathode of the disassembled commercial
LIB. Since LFP had been coated on both side of an aluminum sheet,
the LFP coated on one side was removed using a cotton-based wipe
soaked in 1-methyl-2 pyrolidinone (NMP) and scotch tape. Tomake
the coin half-cells circular cathodes with area of 1.13 cm2 were
punched and coin cells (LIR2032-type) were assembled with a
lithium metal foil as the counter electrode and an ion permeable
separator (Celgard 2500). The electrolyte is 1 M lithium hexa-
fluorophosphate (LiPF6) in 1:1 ethylene carbonate (EC): diethyl
carbonate (DEC) and sealed before removal from the glove box. The
cell then tested on a battery cycler (Neware CT-3008-5 V 10mA). All
cells were first cycled five times for the formation stage with a
constant-currenteconstant-voltage CCCV protocol [42] on charge
(CC at C/5 between 2.5 and 4.2 V and CV until I < C/25) and a 30min
period of rest, followed by CC discharge between 4.2 and 2.5 V
versus Li electrode. Then, in order to estimate the equilibrium po-
tential, a fully charged electrode was discharged at CC at C/25 and
the result is presented in Table 3. The rate-capability tests were
accomplished on the coin half-cell setup by galvanostatic charge/
discharge at C-rates ranging from C/25 to 4 C between 2.5 and 4.2 V
versus Li electrode. For all rates, CCCV protocol was used for charge
(CV until I <C/25) to make sure the cathode came back to a fully
charged state.
Fig. 2. Multiscale mod
4. Modeling and computer simulation

Multiscale model development of the LIB half-cell based on the
real microstructure is presented in this section. This includes the
geometries and governing equations on 3D microscale and 1D
macroscale domains along with the bridging between two scales.
The microscale geometry is a Representative Elementary Volume
(REV) of the total reconstructed electrode. The macro scale is a 1D
sandwich model of Li foil j separator j cathode to simulate half-cell
charge/discharge performance. As discussed in introduction, to
couple the state variables such as electric potentials and specious
concentrations between two scales, concurrent approach is used.
Bridging is accomplished through transferring the calculated
intercalation flux on the macroscale as the boundary condition for
microscale. Then, the governing equations in microscale is solved to
update the lithium concentration inside microstructures and
calculating the new intercalation flux. Next, the intercalation flux is
sent back to the macroscale, which later be used in governing
equations in macroscale domain to update state variables. The
updated state variables in macroscale then is used to update
intercalation flux which in the next time step would be applied as
interfacial boundary condition in the microscale domain. This cir-
cular coupling, which is illustrated in Fig. 2, continues during the
cell operation time. The coupling details will be further discussed in
Section 4.3.
4.1. Microstructure selection

As discussed in the introduction, the reason that multiscale
approach was chosen is due to the presence of LFP nano particles
which creates complicated microstructure, see Fig. 1. In order to
choose appropriate microstructure we apply the concept of
Representative Elementary Volume (REV) which represents a
portion of the electrode as a cluster of particles [43]. Majdabadi
et al. [44] showed that the largest particle radius in the commercial
LFP battery, which is similar to the one we disassembled, is around
eling framework.

http://dx.doi.org/10.1016/j.jpowsour.2015.12.134
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169 nm. These size particles allocate around 10% (vol) of the active
electrode material. Accordingly, we calculated the smallest volume
of the electrode that has at least one particle with the largest size.
We achieved a cubic REV with sides of 728 nmwhich is the largest
characteristic size of the microstructure.

Another approach to find the smallest REV size is to calculate the
electrode properties for a small cubic subdivision of the electrode
sample. The subdivision size then will be increased until electrode
properties e.g. porosity ε and specific interfacial surface area per
unit volume of electrode a, remain within an acceptable range.
Table 1 shows porosity and specific surface area per unit volume for
various cubic subdivisions using ScanIP 7 (Simpleware, HO, Exeter,
England). As mentioned previously, the domain porosity is around
0.4. For the sizes above 707 nm, when the subdivision size in-
creases, the porosity of the subdivisions remains within the 3% of
the domain porosity. On the other hand, the average specific surface
area of the electrode is around 3.6 (1/mm) where it remains within
the 9% of the domain specific surface area for the subdivisions
above 707 nm.

Using the results of both approaches, a REV with 750 nm each
side from reconstructed microstructure was chosen for the current
simulation. Furthermore, mesh is also generated using ScanIP 7
(Simpleware, HO, Exeter, England), see Fig. S1.
4.2. Governing equations in macroscale

In this subsection, the governing equations of mass and charge
transfer are developed for each components of the 1D cell structure
in macroscale, including the LFP porous cathode, a porous and ion
permeable membrane separator, Li foil counter electrode, and the
electrolyte that fills the cathode and separator pores. During
discharge electron flows in the external circuit from lithium foil to
the cathode current collector and lithium ion travels through
separator to the cathode. The following electrochemical reaction
happens during the discharge and charge process:

Positive Electrode:

xLiþ þ xe� þ LiyFePO4# LixþyFePO4 (1)

Negative Electrode:

Li#Lið1�xÞ þ xLiþ þ xe� (2)

The mathematical model employed to simulate macroscopic 1D
half-cell LIB is based on the porous electrode theory [45e47]. For
the transport of lithium ion inside the electrolyte the concentrated
solution theory is used which can be written as:

ε

vc2
vt

¼ v

vx

�
Deff

vc2
vx

�
þ ajn

�
1� t0þ

�
(3)

where c2 is the concentration of lithium inside electrolyte, Deff is
Table 1
Porosity and specific surface area per unit volume for cubic subdivisions of the
electrode sample with different size using ScanIP 7 (Simpleware, HO, Exeter,
England).

Cube side (nm) Porosity, ε Specific surface area, a (1/mm)

2122 0.41 3.62
1415 0.36 3.59
1132 0.42 3.73
849 0.42 3.71
707 0.39 3.51
566 0.35 4.27
424 0.6 4.92
283 0.58 4.87
effective diffusivity, jn is the pore-solid flux of lithium ions, and t0þ is
the transference number of the lithium ion in the solution which is
assumed to be constant in this work. The subscripts i ¼ 1, 2 are the
solid and electrolyte phases, respectively, throughout this paper.
The governing equations in macroscale is similar to the ones in P2D
model. However, the model properties could be calculated using
the real specific surface area, a, and the effective diffusivity, Deff as
described in Ref. [48].

The effective diffusivity is defined as [48]:

Deff ¼ D
ε

t
(4)

where D is the intrinsic diffusivity and t is the electrode tortuosity
which accounts for the obstruction to diffusion by porous network.
Generally, in traditional LIB modeling tortuosity is calculated using
Bruggeman correlation [9,10,49]. However, Bruggeman derived the
correlation for a specific structure containing spherical particles
which is not the case for diverse morphology of LIB active materials
[48]. In order to calculate the tortuosity, using heat and mass
transfer analogy, the steady state conductive heat transfer was
simulated on both pore network and active material microstruc-
ture. Video 2 displays the details of the mesh generated for the
simulation inside active material microstructure (cube side is
1.5 mm). The temperature distributionwas obtainedwithin the pore
network by applying temperature gradient in x, y, z directions
separately (see Fig. S2 for result in y direction). To calculate the
tortuosity, results obtained from the pore network must be
compared to the one obtained through a uniform, non-porous
sample with the same dimensions as discussed in Ref. [48] by
cooper et al. Table 2 represents directional tortuosity and its
average value based on the stationary heat transfer simulation.
Electric potential in the solution f2 is represented by ohm's law as:

vf2
vx

¼ � i2
keff

þ RT
F

ð1� tþÞ
�
1þ vlnf2

vlnc2

�
vlnc2
vx

(5)

where i2 is current density in the electrolyte, keff is effective con-
ductivity, R is the universal gas constant, T is temperature, F is
Faraday's constant, and f2 is mean molar activity coefficient of
electrolyte and is assumed to be constant. Since tortuosity is a
geometric characteristics of the electrode, it is not related to the
transport processes. Therefore, keff can also be calculated using eq.
(4) by replacing diffusivity, D with conductivity, k using tortuosity
values listed in Table 2. This is also valid for all upcoming effective
parameters. The electric potential in the solid phase, f1, is described
using ohm's law in solid as follows:

I � i2 ¼ �seff
vf1
vx

(6)

where, I is superficial current density, seff is effective conductivity of
solid matrix.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.jpowsour.2015.12.134.

The lithium ion intercalation reaction in the solid matrix is
estimated from the ButereVolmer equation as:
Table 2
Directional tortuosity of both solid and electrolyte phase of the studied LFP cathode.

Region Volume fraction tx ty tz tavg

Solid phase 0.6 1.6116 1.8154 1.7794 1.7311
Electrolyte phase 0.4 2.2544 2.4289 2.0844 2.2472

http://dx.doi.org/10.1016/j.jpowsour.2015.12.134


Table 3
List of model parameters.

Parameter Description Value

A Area of the electrode 1.13 cm2

lpos Positive electrode thickness 50 mm
lsep Separator thickness 52 mm
εpos Porosity of positive electrode 0.4
εsep Porosity of separator 1
DLFP Solid state binary diffusion

coefficient of LFP
7 � 10�18 m2/s

s Electrical conductivity of
positive electrode

0.03 S/m

k0 Reaction rate constant in
positive electrode

2.5 � 10�13 mol m�2s�1(mol m�3)�1.5

aa Anodic transfer coefficient 0.5
ac Cathodic transfer coefficient 0.5
if Exchange current density of

lithium foil
19 A/m2

cini Initial salt concentration in
the electrolyte

1000 mol/m3

cmax Maximum Lithium
concentration in the LFP
particles

22,800 mol/m3

DLiPF6 Salt diffusivity of electrolyte 3 � 10�10 m2/s

t0þ Lithium ion transference
number

0.343

T Cell Temperature 298 K
U Open circuit potential of LFP Uc=50 ¼ 3:382þ 0:00470 yþ 1:627expð�81:163 y1:0138Þ þ 7:6445� 10�8expð25:36 y2:469Þ � 8:4410 � 10�8expð25:262 y2:478Þ
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jn ¼ I
F
¼ i0

F

�
exp

�
aaF
RT

h

�
� exp

�
� acF

RT
h

��
(7)

where, h, is the surface overpotential defined as:

h ¼ U � f1 � f2 (8)

And i0 is the exchange current density defined as [9]:

i0 ¼ Fk0ðc2sÞaðCmax � C1sÞaC1sa (9)

where, k0 is a reaction rate constant, C1s and C2s are the lithium ion
concentration at the interface of the active material and electrolyte,
respectively, Cmax is the maximum concentration of lithium inside
the solid matrix, and U is the open circuit potential which is a
function of C1s.

4.3. Governing equations in microscale and bridging

The conservation of mass inside the microscale is governed by
Fick's mass transfer equation:
Fig. 3. Comparison of the modeling (line) and experimental (dots) results for an LFP electro
vc1
vt

¼ V$ðD1Vc1Þ (10)
where, c1 is the concentration of lithium ion inside the micro-
structure, D1 is the solid state diffusivity of LFP, and V operator
applies on the spatial coordinate in the 3D microscale domain.
Boundary condition for the eq. (11) is expressed as:

jn ¼ �D1Vc1$n at the interface of the solid matrix
and electrolyte

(11)

where, n is the unit vector normal to the boundary interface and jn
is the pore-wall flux imported frommacroscale. As shown in Fig. 2,
bridging between two scales is a circular or two way coupling of
state variables in real time (concurrent coupling). Fig. 2 shows the
multiscale framework along with the time dependent solution al-
gorithm in counter clock wise direction. The marching in time
starts by calculating pore-wall flux, jn from macroscale initial
values, shown by red (in the web version) bubble in Fig. 2. The
calculated pore-wall flux, jn then is used as the boundary condition
(eq. (11)) for eq. (10) in microscale; by this lithium in concentration,
de half-cell at different discharge rates (a) multiscale model (b) Newman P2D model.
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c1, is updated inside whole microstructure using eq. (11) specially
this includes updating electrode/electrolyte interface, C1s. The
updated C1s would be used to update exchange current density, i0
and next pore-solid lithium flux jn. To update the flux we assume
Fig. 4. Distribution of lithium concentration (mol m�3) inside the electrode microstructure d
geometry in microscale and 1D x-coordinate describe geometry in macroscale along the el
that the electric potential and electrolyte concentration at the
interface does not change between the two scales. The updated
pore-solid lithium flux then is mapped from microscale to macro-
scale and next will be used to update other state variables through
uring discharge at c-rate ¼ 1 for different SOCs (3D electrode microstructure represents
ectrode thickness direction).
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macroscale governing equations. This loop continues until the stop
operation condition of the cell is satisfied.

The only remaining issue to complete the model development is
determining solid state diffusivity (D1) of LFP, where special care
needs to be taken. Inmodeling LIBs, all chemistries share a common
modeling framework that involves transport of charge across both
the electronic and ionic phases in an electrode, transport of mass in
the ionic phase, reaction at the electrode/electrolyte interface, and
transport of Li ions in the solid particles [50]. The unique features of
each chemistry are then accounted for by changing the parameters
Fig. 5. Histograms of the lithium ion concentration inside
that describe these processes e.g. thermodynamic potential and
diffusion coefficient appropriately. However, the LFP electrode
differs from these systems in that it undergoes a phase change with
the lithiated and unlithiated forms having distinct phases, as evi-
denced from X-ray diffraction patterns of the material at various
stages of lithiation [51]. The phase change of LFP first was incor-
porated into P2D model using the shrinking core concept by Sri-
navasan et al. [50]. The coreeshell model considers the existence of
a core of one phase covered with a shell of the second phase and
transport of lithium ions in the shell move the boundary between
microstructure using multiscale model at c-rate ¼ 1.
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two phases. The validity of the Core-Shell model has been contro-
versial [52e54] since it has shown to be incompatible with
experimental observation [55]. To account for phase change, here
we have used the variable solid-state diffusivity model [44,52,54]
which model LFP phase change by a thermodynamic factor g as:

D1 ¼ DLFPg (12)

g can be calculated based on the open circuit potential U, and
state of charge of the electrode, y, using:
Fig. 6. Histogram of the lithium ion concentration using P2D mode
g ¼ � F
RT

yð1� yÞ vU
vy

(13)

5. Results and discussion

As discussed earlier, in the P2D model it is assumed that the
porous electrode consists of isotropic, homogeneous, mono-
dispersed spherical particles [27]. These assumptions are not valid
for real battery electrodes where the electrode microstructure is
l inside spherical particles with radius of 72 nm at c-rate ¼ 1.
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inhomogeneous, non-isotropic with 3D pores and constructed from
different size and shape particles. In this study, consideration of the
3D reconstructed real electrode microstructure creates the oppor-
tunity to remove the P2D assumptions to reach more accurate and
more detailed results related to the electrode microstructure.

The galvanostatic discharge at various rates for an LFP half-cell
with the model parameters listed in Table 3 is obtained from the
multiscale model and shown in Fig. 3a. It is noted that the multi-
scale model takes the real electrode structure into account. The
design adjustable parameters including the solid phase diffusion
Fig. 7. Distribution of the overpotential (unit:V) on the solid/electro
coefficient, DLFP, and solid matrix conductivity, s, are determined
based on the method described in Ref. [50] and compared with the
obtained experimental data. In addition, to compare the multiscale
model with Newman P2D model, the half-cell is also simulated
based on the P2D model and results are shown in Fig. 3b. In P2D
model, the average spherical particle diameter was chosen to be
37 nm based on the single particle distribution obtained by SEM
(see Fig.1c) [44]. The specific surface area of electrode/electrolyte in
the P2D model is calculated for spherical particles with radius of
37 nm and the effective transport properties including Deff, keff, seff,
lyte interface during discharge at c-rate ¼ 1 for different SOCs.
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are calculated using Bruggeman relationship with the coefficient of
1.5 [9]. As shown in Fig. 3b, the P2D model over predicts the ca-
pacity at discharge rates lower than 1 and under predicts the ca-
pacity for higher discharge rates. Other researchers have also
achieved the same results for the Newman P2D model [44,50,52].
In the modeling work using P2D model, normal remedy to address
this issue is using two [50] or four [44,52] different particle sizes to
mimic the real electrode microstructure. On the other hand, the
multiscale model could also predict the discharge curves at
Fig. 8. Distribution of lithium concentration (mol m�3) and Interfacial properties
different rates without further assumption using real electrode
morphology. The real electrode geometry provides higher surface
area for the lithium to intercalate compared to the spherical par-
ticle geometry with average size in the P2D. Moreover, the multi-
scale model does not use the Bruggeman relation to calculate the
effective transport properties.

Even though P2D model has proven successful to predict the
performance, it fails to predict the degradation and failure. The
main advantage using tomographic data in the current work is to
along the electrode thickness direction at the end of discharge for c-rate ¼ 4.
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visualize the heterogeneities inside the electrode microstructure
contributing to electrode failure and degradation. The approach
used in this study can provide valuable insight into the spatial
distribution of electrochemical properties inside the electrode
structure. For the LFP half-cell, during discharge at 1 C, the lithium
concentration, current density, open circuit potential (OCP), over-
potentials, and intercalation reaction rate are determined from the
multiscale modeling. The lithium concentration in the electrode
microstructure along the electrode thickness direction at discharge
rate of unity for various states of charges (SOCs) is shown in Fig. 4.
The average lithium ion concentration increases from the separator
toward the current collector. Moreover, lithium ion concentration
in microstructure is much higher in the region with smaller cross
section area perpendicular to lithium intercalation pathway. At
SOC ¼ 0.5, the maximum lithium ion concentration is
4.51 � 104 mol/m3 which is in the location of one of those sharp
regions close to the current collector (cal. around 10 times
compared to average lithium ion concentration in the REV).
Moreover, Fig. 4 shows that sharp region at SOC¼ 0.95, have higher
concentration than the maximum concentration at the end of
discharge (4.51 � 104 compared to 2.9� 104). The last feature that
can be found from the concentration distribution is that the
maximum concentration occurs in different locations across the
electrode thickness at different times. The maximum concentration
takes place in the cathode current collector location at SOC ¼ 0.95
and 0.5, whereas, it occurs in the location close to the separator at
the end of discharge.

These unpredictable behavior confirms the inherent non-
homogenous microstructure of LIB and could not be detected us-
ing homogenized methods. This behavior could be described better
by comparing the lithium ion concentration histogram as shown in
Fig. 5. The distribution range of lithium concentration becomes
wider from separator to current collector for SOC ¼ 0.95 and 0.5.
This would result in the more inhomogenity in concentration for
the particles closer to current collector. However, at the end of
discharge the condition is reversed and the inhomogenity shifts
toward the separator. To emphasize the model capability to capture
inhomogenity, lithium ion concentration result using P2D is also
shown in Fig. 6 for comparison. The wider range of lithium con-
centration using multiscale model is evident comparing two Figs. 5
and 6. In addition, lithium concentration distribution using P2D
model shows a certain trend because the properties vary in direc-
tion of electrode thickness. Nevertheless, the property distribution
based on the real microstructure properties show no clear trend
due to inherent inhomogenity of microstructures.

Fig. 7 illustrates the overpotential distribution on the electrode
solid/electrolyte interface. The overpotential is calculated using eq.
(8), and is a function of OCP, electric potential in the solid, f1, and
electric potential in electrolyte, f2. OCP is obtained by microscale
simulation results from the lithium concentration on the solid/
electrolyte interface (see Fig. S3). The OCP is the function of the SOC
on the electrode solid/electrolyte interface based on the experi-
mental data obtained during the half-cell discharge at C/50 (shown
in Table 3). Inhomogeneous distribution of the OCP is due to
different lithium concentrations and material utilization during
discharge. On the other hand, electric and electronic potentials are
Table 4
Lithium concentration range in the microstructure along the electrode thickness
direction at different rates (time: end of discharge, unit: mol/m3).

C-rate lpos/10 lpos/2 lpos

1 3.50 � 104 2.33 � 104 1.37 � 104

4 1.05 � 105 7.40 � 104 3.91 � 104
achieved through macroscale results. Therefore, the overpotential
is a property that requires to be calculated using results from the
multiscale: microscale and macroscale. On the solid/electrolyte
interface at a certain point along the thickness direction, the
overpotential variations is primary due to OCP changes. However,
among different location along thickness direction is due to
different contributions of OCP and electric potential in the solid and
electrolyte.

To compare the simulation results at different rates, discharge
process at c-rate ¼ 4 is presented in Fig. 8. Lithium ion concen-
tration in the electrodemicrostructure at the end of discharge for c-
rate ¼ 4 is shown in the first row in Fig. 8. Simulation results show
higher inhomogenity insidemicrostructure at c-rate¼ 4 (1st row in
Fig. 8) compared to the c-rate ¼ 1 (3rd row of Fig. 4). The inho-
mogenity could be better scrutinized by comparing the range of
lithium concentration at different rates. Table 4 summarizes those
ranges which clearly confirms the wider range of concentration at
higher rate due to effect of inhomogenities. In addition, OCP and
overpotential interfacial properties at the solid/electrolyte interface
along the electrode thickness direction are also shown in 2nd and
3rd row of Fig. 8, respectively. Fig. 8 shows that the interfacial
properties are also distributed in a wider range at c-rate ¼ 4
compared to c-rate ¼ 1. Histogram graph of lithium concentration
and interfacial properties using multiscale model at c-rate ¼ 4
along electrode thickness direction is presented in Fig. S4. For
comparison histogram graph of lithium concentration using P2D
model is also shown in Fig. S5 which clearly shows the wider range
of properties distribution at higher rate.
6. Conclusions

We have successfully established an imaged-based multiscale
model to study the real microstructure of electrodes of lithium ion
batteries. The model is based on the real 3D microstructure data,
while take advantage of the traditional homogenous 1D model in
macroscale to characterize discharge/charge performance. In
macroscale, the model is modified through dropping Bruggeman
relation and replacing it by real tortuosity of the electrode porous
structure. In addition, the interfacial surface area is determined
based on the nano-XCT data removing the typical relation assuming
spherical particles. The coupling between micro and macro scales
are performed in real time unlike using common surrogate based
models for microscale. The simulation results could predict the
experimental discharge voltage of LFP cathodes at different rates.
The simulation showed that the lithium ion concentration in the
electrode active material structure is much higher in the region
with smaller cross-section area perpendicular to the lithium
intercalation pathway. Such low area regions would intercalate ca.
10 times higher than the area with an average concentration. The
approach used in this study can provide valuable insight into the
spatial distribution of lithium ions inside the microstructure of LIB
electrodes. The inhomogenous microstructure of LFP causes a wide
range of physical and electrochemical properties compared to the
homogenous model.
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Nomenclature

a specific interfacial area (m2/m3)
c concentration of electrolyte (mol m�3)
D diffusion coefficient (m2 s�1)
f mean molar activity coefficient
F Faraday's constant, 96487 (C mol�1)
i current density (A m�2)
I total applied current density to the cell (A m�2)
jn pore-solid flux of lithium ions (mol/(m3 s))
k0 reaction rate constant (mol m�2s�1(mol m�3)�1.5)
l thickness (m)
n unit vector normal to the boundary interface
OCP interfacial open circuit potential (V)
R universal gas constant (J/(mol. K))
t time (s)
T temperature (K)
tþ transference number of lithium-ion with respect to the

solvent
U Open circuit potential of LFP (V)
x spatial coordinate along the thickness of the cell

Greek letters
a apparent transfer coefficient (kinetic parameter)
g thermodynamic factor for variable solid state diffusivity

model
ε porosity
k electrolyte conductivity (S m�1)
s conductivity of solid matrix (S m�1)
f electric potential (V)
t electrode tortuosity
h surface overpotential (V)

Subscripts
1 Solid phase
2 electrolyte phase
a anodic
c cathodic
eff effective
ini initial
LFP lithium iron phosphate
max maximum
s solid/electrolyte interface
sep separator
pos positive electrode
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