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Lithium-ion batteries (LIB) are synonymous with the modern age of electrification, yet advances in battery design, manufacturing,
and chemistry are still urgently needed. Mathematical modelling plays an important role in understanding LIB performance and can
provide physics informed design directions, optimisation and explain outcomes. We present an exploration and detailed
comparison of the commonly used homogenised Doyle-Fuller Newman (DFN) model and X-ray computed tomography (CT) based
microstructural model for LIBs, along with experimental data. We provide insights into the relative benefits of each model and
highlight why they are important to battery technology development. We compare two common cathode chemistries, lithium nickel
manganese cobalt oxide (NMC), and lithium iron phosphate (LFP), and investigate discharge current density. The DFN and CT-
based models show good agreement for averaged LIB metrics, such as the voltage response and active material utilization,
demonstrating that homogenised, computationally inexpensive models are an essential basis for battery design and optimisation.
The CT-based microstructural model provides further insight into localised particle and electrode dynamics, considering
heterogeneities that are a source of battery degradation. Qualitatively, the models also compare well with experimental secondary
ion mass spectrometry mapping of the Li concentration in the active particles across the electrode thickness.
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As battery manufacturing continues to grow in response to the
electrification of transport, the lithium-ion battery (LIB) is increas-
ingly becoming a commoditised item. The LIB supply chain is
predicted to grow by 30% annually, from a current level of 0.7 TWh
per year to reach a market size of 4.7 TWh per year by 2030." There
is commercial advantage and growing pressure to accelerate the cell
design and optimisation process and to reduce costs. Optimising cell
design quickly is challenging for cell manufacturers because new
battery materials and applications emerge frequently and often
unexpectedly. Delivering design optimisation to meet these chal-
lenges can only be achieved by a shift away from a dependence on
trial and error and move toward greater automation including the use
of mathematical modelling.>

Many battery models have been developed to meet the needs of
cell designers.®* The scope of these models is multiscale, going
from the pack-level’ all the way down to simulating individual
particles® and molecules.” The simplest class of battery models are
those described by equivalent circuit models, which represent the
current/voltage dynamics of the battery in terms of circuit elements
such as resistors and capacitors.®'° Due to the simplicity of these
models and their computational efficiency, circuit models currently
dominate applications where the value of an accurate current/voltage
prediction is paramount, such as battery management systems
(BMS) and pack-level modelling."' However, because equivalent
circuit models abstract the underlying physics of the battery, they are
generally not appropriate for cell design problems.

The most simple class of physics-based models are single particle
models (SPM)'? together with many variants that include those with
electrolyte  dynamics  (SPMe),"*™"®>  thermal effects,'®"”

degradation,'® and the equivalent hydraulic model.'” The SPM/

“E-mail: eloise.tredenick @eng.ox.ac.uk

SPMe models assume that the active particle Li concentration is
uniform through the electrode thickness, an assumption that is not
appropriate for the thick electrodes common in commercial cells and
during fast charging cases considered here.

The benchmark model for LIB modelling is the Doyle-Fuller-
Newman (DFN) framework, which is a physics-based continuum
model incorporates porous electrode theory.'***?! The DFN model
comprises a set of coupled partial differential Eqs. (PDEs), including
nonlinear parabolic and elliptic PDEs. The DFN model is commonly
1D through the electrode thickness, and pseudo 1D through the
radius of the spherical particle and is hence referred to as pseudo-
two-dimensional (P2D), “pseudo-2D” (1 + 1D). A continuum based
approach is used to describe the electrode microstructure, which
includes a description of the carbon binder domain (CBD) and the
interconnected pores, and the particles are assumed to be spherical
and evenly distributed through the electrode thickness. Potentials in
the solid particles and liquid electrolyte are modelled, along with the
Li ion concentration in the particles and liquid electrolyte, and the
reaction current density. The Python implementation PyBaMM?>>
uses the DFN model, building on DUALFOIL? code. Extensions of
the DFN model have been considered recently and include multiple
layers of different chemistries within the anode, cathode or both
(M-DFN),>* and the many particle DFN model (MP-DFN), which is
able to consider an active particle size distribution.”>*® There are
homogenised 3D DFN models (3 + 3D, which use three-dimensions
to describe both the electrode and the particles), which can allow for
more realistic descriptions, such as active particles that are not
spherical, and particle cracking.*?' A 3D model was compared to a
1D DFN model for NMC and the 1D was found to be generally
suitable for the cases studied.?’” 3D microscopic, 3D homogenised
and DFN-type models including active particle size distributions
were compared for a 3C discharge of a LiCoO, (LCO) electrode,?¢
providing important information including detailed voltage profiles.
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There are different modelling approaches for lithium iron phosphate,
LiFePO, (LFP) including single particles that are not described by
spherical diffusion, but instead b2y phase behavior,®*® and phase
transitions using a shrinking core.”

X-ray computed tomography (CT) imaging has only recently
been applied to battery research and in general, CT is a relatively
new tool for the electrochemical field*. CT image-based models are
derived from the experimental reconstructed 3D CT scan images that
resolve active materials, binder and pores. The image is filtered,
segmented and then a computational mesh is constructed to facilitate
the application of the model including electrochemical and transport-
based partial differential Egs. on a geometry that is representative of
the real microstructure. CT image-based models are continuum
models and allow spatial resolution of the collection of particles
within a volume that can be statistically representative of the
electrode volume if large enough. Image-based models are able to
capture the realistic shape of particles, accounting for the non-
spherical geometry and non-uniform dispersion within the electrode
volume, and both of these factors have been shown to play a key role
in battery performance and long term degradation.>® In some cases,
given sufficient CT imaging resolution and computational resources,
it is possible to resolve the microstructural details within the CBD.
However, this detail is often homogenised due to the lack of CT
imaging resolution or to maintain practical computation times. CT
image-based models use similar Egs. to the P2D DFN model, but the
particle size is implicit within the model, and the CBD, if resolved, is
modelled as a separate electrically conductive medium. CT image-
based models are resolved in 3D across the electrode thickness,
including the particle in 3D. The model is created by discretising the
segmented CT image to mesh elements. Since the governing
electrochemical and transport Eqgs. are solved for the exact geometry,
it is possible to probe the influence of local heterogeneities, such as
variations in pore and particle size, shape and distribution.**°=> The
electrochemical descriptions can be coupled with Li intercalation or
de-intercalation induced stresses in the active particles, and for
example the influence of particle voids on degradation behavior can
be investigated.>

The relative advantages and disadvantages of the DFN and
microstructural CT model are summarised in Table I. While the
CT model simulations are information-rich, the drawbacks of

solving the model with high spatial resolution are the computational
demand and complexity,* along with the need for high resolution CT
scanners. Careful consideration about field of view (FOV) and
resolution is required to represent the domain accurately. For
problems such as estimating the model parameters, this computa-
tional effort can be limiting.

There have been limited comparisons of image based to DFN
models, although one study has been carried out, showing a brief
comparison of voltage data for LFP electrodes with good agreement
but did not consider the full details of the CBD.** A detailed
comparison of the two modelling approaches has been presented,™
which showed close agreement between the two approaches, but this
study only considered low C rates and did not include experimental
data. Two further studies have compared the two models briefly for
voltage profiles.***” One study®® produced close agreement with a
CT and 3D+1D DFN model including ellipsoid geometries, but only
compared one chemistry, one C rate and did not include experi-
mental data.

LIB experiments commonly focus on the electrode voltage
response, whereas physics-based models can reveal electrode
internal processes, such as the underlying Li ion concentration
profiles and spatially-resolved potential responses. Further, much of
a LIB’s practical performance relates to Li dynamics within the
electrode. Unfortunately, spatially and chemically resolving the local
Li concentrations in the active particles by experiments, such as
various types of electron or other microscopies, is difficult. A
promising experimental technique is plasma focused ion beam/
secondary ion mass spectrometry (PFIB/SIMS), which allows
qualitative visualisation of the active particle concentration gradients
at the scale of the electrode thickness, at a particular point in the
charge or discharge.**** A comparison of CT and PFIB/SIMS
imaging techniques is shown in Table II.

In this paper, we compare the homogenised modelling approach
of the DFN model with the CT image-based microstructural model.
These two models contain the same physics, with similar governing
equations, but are resolved over different domains. We aim to
understand the effects of non-uniform particle and electrolyte
gradients through the electrode thickness, when discharging at
high C rates (1C, 2C, 5C) and for relatively thick (80 pm, 90 pm
and 160 um) electrodes. We apply the models to two electrode

Table I. Comparison of DFN and CT scan domain models, where ¢ is the electrolyte volume fraction, b is the tortuosity and R is the particle radius.
A “* indicates a favourable option, “*> an intermediate option and ‘“**> an unfavourable option.

DFN model - averaged domain

CT scan domain

Experimental data vali- /T
dation accuracy

Computation Time

Geometry

Seconds

Special domain features

thickness and volume fraction. *

Dimensions 1D in x (through electrode), plus 1D (pseudo) in r
(spherical particle radius), so pseudo-2D (1+1D)
Limitations New equations required for non-spherical parti-

cles *

Software required

Optimisation /st

Additional parameters required for €, b or R ™

Capture porosity and particle size distributions
through the electrode, change the electrode

MATLAB®, Python, C**, PyBaMM and others

/+

Hours to days *

Particles are explicitly resolved. Macropores and bulk carbon binder may
be resolved depending on CT resolution. The micropores within the
carbon binder domain are difficult to resolve and are accounted for via
a Bruggeman homogenisation method or tortuosity relationships. *

Ability to modify volume fraction and electrode volumes can be cloned,
mirrored and stacked to extend the electrode thickness.**"

3Dinx, y, z. *

Resolution of desired geometrical features is dependent on limitations of
CT instrument and morphology of the microstructure in question, such
as inability to capture LFP CBD. Limited FOV that can cause
representation issue. Inability to capture CBD microporosity. *

A combination of Simpleware ScanIP meshing and
COMSOL "MultiPhysics finite element commercial software, or Python
and C*" based open source software such as FEniCS or OpenFOAM
and others.

v/ Possible but involves increased computation times. *
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Table IL. CT compared to PFIB/SIMS imaging techniques® including common minimum resolutions and field of view (FOV), along with those used
in this study shown with an “*” and the minimum resolution values may take additional effort and a minimum of 100 nm resolution for PFIB/SIMS

is common.
. Sample Vacuum
Technique  Resolution Resolution FOV Preservation ~ Requirement Information Extracted
X-ray CT ~ 10 nm 64 nm (50 nm ~ 100 64 ym x 64 ym (16 pm x 16 pm Non-de- n/a Porosity, surface area,
(nano-) possible) m possible) structive tortuosity, chemical
composition
PFIB/ ~ 10 nm 360 nm (100 ~ 10 50 pm x 105 pm (min depends on Destructive Vacuum Porosity, light and trace
SIMS nm possible) pm spot size and scan resolution) required element mappings

Table III. Timings of DFN model code in MATLAB 2023a, and CT
scan model in COMSOL ‘MultiPhysics, for NMC (80 ;sm) and LFP
(90 pm), both at a 1C discharge. N is the number of nodes in each
particle radius, r and through thickness compartment, x, and N =11
is for testing purposes only. The “*’ indicates the fine mesh for
plotting the article figures. The DFN model was solved on a Dell,
Windows 10 desktop PC, Intel™® Core, i7-10700 CPU @ 2.9GHz,
16 GB (average practical usage 2.5 GB), random access memory
(RAM), 64 bit system. The CT model was solved on a Dell, Windows
10 workstation PC, Intel™® Xeon™, Platinum 8260 CPU @ 2.4GHz,
64 bit, 750 GB RAM (average practical usage 100 GB), high-
performance computer.

N States Run time
NMC - DEN 11, 11 154 0.7 s
27, 27 810 44
35, 55" 2,130 204 s
NMC - CT 73 x 10° 8.3 x 10° 8 hr
LFP - DFN 11, 11 154 035 s
27, 27 810 42
43, 65" 3,034 499 s
LFP - CT 43 x 10° 6.9 x 10° 15 hr
chemistries of lithium nickel manganese cobalt oxide,

Li[Nip C0poMng»]O, (NMC622), and lithium iron phosphate,
LiFePO, (LFP), to avoid chemistry-specific conclusions. The model
outputs are compared to standard voltage experiments and to PFIB/
SIMS based Li mapping across an LFP electrode. The novelty of our
approach is a thorough comparison of the two models over a range
of operating conditions and chemistries, including active material
and electrolyte concentration, voltage profiles and SOC in parallel to
electrochemistry experiments that are validated with the models,
along with independent PFIB/SIMS Li mapping.

Methods

Mathematical models and parameters.— Numerical solution
procedure.—The finite volume DFN model, which is described in
Supplementary Egs. (S1) to (S7), is nondimensionalised and solved
numerically, by discretising the model’s PDEs using second order
central differences to approximate the spatial derivatives, along with
averaging of the diffusivity and conductivity functions at the control
volume faces. The resulting system of differential algebraic Egs.
(DAESs) is solved using “odel5s” including a mass matrix, within
MATLAB® 2023a.** Timings for the code solutions for a 1C
discharge are shown in Table III. Parameters are shown in
Table IV and the fitting is based on the four cases for NMC-based
electrodes and the LFP-based electrode at 5C, using the same
parameters between the DFN and CT models where possible, with
the fit being focused on the voltage experimental data. The
parameters are fitted to minimize the difference between the model

and experiment. The DFN simulation and post-processing codes that
have been used to produce the results of this study are available as
open-source code (https://github.com/EloiseTredenick/DFN-P2D-
Matlab-NMC622-LFP_CTvsDFEN).

The CT image-based model is solved using the finite element
method. Simpleware ScaniP (Mountain View, CA, USA) is used to
discretise the segmented image, giving linear tetrahedral meshes
with the quantity of mesh elements and degrees of freedom shown in
Table III. A mesh sensitivity test was carried out and the simulation
conditions were found to be stable. The electrochemical and
transport Eqgs. as outlined in Supplementary Egs. (S13) to (S16),
are solved in COMSOL MultiPhysics (v6.1, Sweden). Time step-
ping is handled using 2nd order backward Euler differentiation. The
volume fraction of the CBD and electrolyte are explicitly resolved
within the CT model for the NMC electrode. For the LFP electrode,
the much finer scale CBD microstructure could not be captured via
X-ray CT due to resolution limitations and was therefore instead
modelled using a homogenised approach, similar to the P2D DFN
model, where an averaged value of the volume fraction of CBD and
electrolyte is used throughout the domain (Supplementary Egs.
(S15a) to (S15¢)).

The parameter values (Table IV) for the reaction rates, k, are
fitted and align with those found elsewhere,**** along with the initial
concentrations in the solid particles, cs,o,s ' and solid particle
diffusivity for LFP, Dsyp.52 The parameters between the DFN and
CT models in Table IV are either the same or similar in most cases,
and for LFP the DFN model has the same parameters as the CT
model except for &, . For the DEN parameter for LFP, the porosity,
€ep» 18 taken from experimental results as it is calendered to 30%
porosity, and then fitted further to 0.2625. For NMC, the differences
in the electronic conductivities in the solid, o, between the CT and
DFN models are to be expected due to the CBD being defined
explicitly for the CT model only. For the DFN model, a resistance is
added for NMC as it is known to have higher internal resistance than
LFP.>® A function for the solid particle diffusivity, D,, was
considered, but this did not alter the results significantly, so was
not used further.

Experiment.— LFP cell fabrication.—Electrodes manufactured
comprise LFP (MTI, USA), carbon additive (C65, Imerys, UK), and
polyvinylidene fluoride binder (PVDF, Solef 5130, Solvay, UK).
Active materials and carbon additive are dried overnight under
vacuum and a 3wt.% PVDF in 1-Methyl-2-pyrrolidinone (NMP,
Sigma) solution was then produced by stirring overnight. The
electrode slurry is produced by mixing the 3wt.% PVDF in NMP
solution with the active material and carbon conductive additive
using a planetary mixer (Thinky ARE-250). The solid material mass
fraction ratio is 92:4:4 (active material: carbon additive: binder) for
the slurry, with a solid content fraction of 40%, targeting an
electronic conductivity of 5 S/m. The electrode slurry is cast onto
carbon-coated aluminum foil (MTI, 18 um total thickness) using a
doctor blade and drawdown table. Dried electrode sheets are
calendered to a thickness that resulted in a porosity of 30%.



Table IV. Model parameters for NMC622 and LFP based electrodes. The “Exp”’ values are measured. If the CT model parameters that are derived from the X-ray CT image were different to the DFN
model, they are shown in brackets as “(CT ...)”. If the Source denotes ‘CT image’, then the parameter was determined from the CT image scan data. *Average particle radius was determined from the

CT scan data.

Parameter Description Unit NMC LFP Source
A Electrode cross-sectional area m? 9x 1071 1x107'° CT image
b, Bruggeman tortuosity factor — 1.5 (CT n/a) 2.3 Fitted, CT
image
by — 1.5 1.5 Fitted
Ceo Initial concentration of Li ions in electrolyte mol/m? 1,000 1,000 Exp
Cop0 Initial concentration of Li ions in solid mol/m* 12,662 570 Fitted
particles
€s,p,max Maximum concentration of Li ions in solid mol/m? 48,700 22,806 45 46
particles
D, Diffusivity of Li ions in solid m?/s 3.995 x 107" 1x107" NMC ¥,
Fitted
F Faraday constant sA/mol 96485.332 96485.332 48
g Thermodynamic factor (equivalent to — 1.43 1.43
dln,
(1+55)
1 Current density A/m? I1=1J/A
I Applied current mA 314 x 107°,1.57 x 107%, 6.29 x 107, 3.14 x 10~ (1C, 5C 80 um, 1C, 556 x 107°°,1.38 x 1077
5C 160 pm) (2C, 50)
k, Reaction rate constant m>3s~'mol % 75 x 1072 (CT 9 x 107" 125 x 1072 Fitted
L, Thickness #m 80, 160 90 CT image,
Exp
L pm 16 16 Exp
R Universal gas constant J/K/mol 8.314463 8.314463 a8
R, Internal resistance Q m? 1.8 x 1073 (CT n/a) n/a
R, Radius of particle pm 4.9% 0.4* CT image
T Constant absolute reference temperature K 293.15 (20 °C) 293.15 (20 °C) Exp
s Transference number of the electrolyte — 0.37 0.37 49
€CBD,p Carbon binder domain volume fraction — 0.135 (CT n/a) 0.25 Fitted
Eep Electrolyte volume fraction — 0.3 (CT n/a) 0.2625 (CT n/a) Fitted
Eeys — 1 (CT n/a) 1 (CT n/a) Exp
Osp Electronic conductivity in solid S/m 5 (CT 0.17) 5 Exp
OCBD Electronic conductivity in CBD S/m n/a (CT 10) — Exp

€0S0€0 TLI STOT “A12120§ (021220419215 Y] fO [pUInOf
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Table V. Information for the NMC half cell.

Description Value
Specific capacity at 0.05C 175 mAh/g
Min Voltage 25V
Max Voltage 42V
Table VI. Information for the LFP half cell.

Description Value
Specific capacity at 0.05C 150 mAh/g
Min Voltage 25V
Max Voltage 42V

Electrode disks with a diameter of 14 mm are punched from the
electrode sheet before drying and bringing into an argon-filled glove
box (Mbraun, H,O < 0.1 ppm, O, < 0.1 ppm). Electrochemical
cells are prepared in the glove box using a Li metal counter
electrode, 16 pum separator (H1609, Celgard) and 1 M lithium
hexafluorophosphate (LiPF¢) in ethylene carbonate (EC): ethyl
methyl carbonate (EMC) (30:70 wt.%) with vinylene carbonate
(2 wt.%) electrolyte (ELYTE). Coin cells are tested using a battery
cycler (LBT21084, Arbin) in a temperature-controlled environment
at 20 “C. The mathematical models use the values for cell weight for
NMC of 2.19 x 1077 g, 438 x 10”7 g (thickness 80 pm, 160 pm),
and LFP of 1.84 x 10® g (thickness 90 zim). Further details of the
NMC and LFP half cells are shown in Tables V and VI.

Computed tomography scan acquisition.—Both NMC and LFP
microstructures are captured using lab-based nano X-ray tomography.
The methodology for NMC microstructure acquisition is described in
a previous study,”® while the LFP image is acquired as follows. A
small disk-shaped electrode with a diameter of approximately 1 mm is
obtained from an electrode sheet. The disk is then affixed to a pin head
using a fast-setting epoxy. A micro-milling laser technique is utilised
to reduce the diameter of the electrode to about 90 pm, resulting in a
pillar-shaped specimen. A lab-based X-ray nano-CT system (Zeiss
Xradia Ultra 810 X-ray microscope, Carl Zeiss, CA, USA) is used to
scan the LFP electrode pillar. The scan is performed with an isotropic
voxel size of 64 nm and a field of view of 64 um x 64 pm. To collect
1601 sequential projections over a 180° rotation, a quasi-monochro-
matic X-ray beam with a Cr characteristic emission energy of 5.4 keV
is used. Each projection has an exposure time of 140 s.

NMCe22
0.25 w C6‘

=
b
:

Probability
e
O

e
a

0.05F 1

0 4 8 12 16 20
Particle Radius (pm)

Secondary ion mass spectrometry.—A Thermo Scientific™
Helios™ G4 plasma focused ion beam microscope (PFIB) CXe
DualBeam™ system, incorporating a Hiden EQS secondary ion
mass spectrometer (SIMS), is used for precise cross-sectioning and
spatial mapping of Li across an LFP-based electrode cross-section.
The electrode is fabricated using the method described in “LFP Cell
Fabrication”. Measurements of the spatially resolved “Li" isotope
intensity are carried out by application of an acceleration voltage of
30 keV, a probing current of 0.1 nA, resolution of 360 nm and a field
of view of 50 pum x 105 pm.

Results and Discussion

Electrode characterisation.—Figure 1 shows the particle radius
histograms, measured via X-ray CT imaging, for the particles within
the NMC622 and LFP CT image sub-volumes, whose dimensions
are outlined in Fig. 2. The NMC and LFP are positive-skewed, with
the NMC distribution more positively-skewed than LFP (skewness
of 0.96 and 0.79 for NMC and LFP, respectively). The total number
of particles is significantly higher within the LFP CT sub-volume
(392 particles within a 90 pm thick electrode), compared to NMC
CT sub-volume (172 particles within an 80 pm thick electrode),
because of the smaller LFP average radius of 0.4 ;sm compared with
4.9 pm for NMC. There are a small number of particles with radii up
to three times the mean radius, especially for NMC where there are
eight large particles (larger than 11 um) including a particle with
radius of 14.7 pm. The relatively small LFP particle radii required a
nano-CT scanner to resolve, rather than a more commonly available
micro-CT scanner. The nano-CT scanner also allowed the acquisi-
tion of the CBD in the coarser length-scale NMC electrode. The
average electrolyte volume fraction was 0.293 for NMC, obtained
from processing CT images as previously described.*® For LFP, the
CBD was not resolved, and a volume fraction of 0.375 (assumed to
include the CBD) was obtained.

Modelling results.—We solve the (i) homogenised Doyle-Fuller-
Newman model (DFN model), and (ii) microstructurally resolved
CT-based model considering the DFN Egs. (CT model), as described
in “Methods”. A total of six cases are considered as shown in
Table VII: NMC at 1C and 5C, for electrode thicknesses of 80 pm
and 160 pym, and LFP at 2C and 5C for a 90 pum electrode thickness.
We compare the model results to experimental data for LFP, while
models for NMC have been compared to experiments reported
elsewhere.”**° The computational domains for both models are
shown in Fig. 2, which also shows the different regions of active
particle, carbon binder and pore space.

Figure 3 shows the simulated voltage against capacity for NMC
(A) and LFP (B). For NMC in Fig. 3A, the profiles compare well in
terms of qualitative shape and predicted capacity, especially at 1C.

LFP
025 . ;

0.15¢

0.05+

iy

0 " " "
0 0.26 0.52 0.78 1.04 1.3
Particle Radius (um)

Figure 1. Histograms of the NMC622 and LFP particle radius, obtained from CT scans. The mean radius is given by the red dashed line. The mean NMC
particle radius is 4.9 ym = 3.1 pym and LFP is 0.4 pm = 0.1 pum. There are large particles with radii 14.7 ym and 1.2 um for NMC and LFP, respectively.
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Figure 2. (A) The computational domain for the image-based CT model for NMC (L, = 80 um and 160 pm) and LFP (L, = 90 um) electrodes. L.. = 10 um
and L, = 16 pum, while B = W = 30um for NMC electrodes and B = W = 10um for the LFP case. (B) The domain for the pseudo-2D DFN model (Egs. solved
both through the electrode in x and in a representative idealised particle in r), where all relevant dimensions match the microstructural model in (A). The scales
are different between sub-figures and is described in more detail in Fig. S1.

Table VII. The six cases considered for modelling for the DFN and voltage response shows a sharp drop in capacity at 5C for the 160

CT models. pm thick NMC electrode, and at 5C for the 90 ym thick LFP
electrode. This drop in capacity is indicative of under-utilization of
Case Chemistry C rate Thickness the active particles, where the normalised particle concentration has
not reached unity throughout the electrode. This arises because of Li
1 NMC 1C 80 pum ion concentration depletion in the electrolyte, where the local Li*
2 NMC 5C 80 pm concentration tends to zero.

Supplementary Fig. S2 shows the originally validated CT model

3 NMC 1€ 160 yim against the NMC622 experimental data (for an electrode thickness of
4 NMC 5C 160 pm 40 ppm*°) for voltage profiles with capacity including discharge rates
5 LEP 2C 90 yum of 0.1C, 1C and 5C and we have included the DFN model used in
6 LFP 5C 90 yim this work. The models compare well to each other and to the

experimental data. Considering the fundamental differences between
the two models, in terms of homogenised (DFN) or microscopic
For LFP in Fig. 3B, the profiles agree with experiment at 5C, while (CT), the voltages in Figs. 3 and S2 are encouragingly similar. The
the agreement of the 2C profile is reduced because the experimental results of the two models utilising similar parameters underline the
training data for model parameterisation was taken at 5C. The importance of correctly specifying critical parameters and functions
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Figure 5. Simulated normalised Li" concentration at the centre of LFP particles - 2C (A) and 5C (B), at range of ToD, across a 90 um electrode. The normalised
Li* concentration at the centre of the particle (€5 p.centre/Cs,p,max) 18 shown as a function of distance from the CC. 0% ToD is the start of discharge and 100% is the
end. DFN model results are solid lines and CT model results are points. The CT model concentration moving average is shown in black. The moving average is
obtained from 201 particles. The CC is on the left and separator on the right of each subfigure.

in both models, such as the open circuit potential (OCP) function for
each chemistry. When testing parameter sensitivities, the geometric
factors such as tortuosity and volume fraction®* are important
especially at high C rates and can limit capacity, but since the two
models are based on similar parameters, these did not result in
significant differences. Although the geometric domain of the two
models are different, this did not relate to a significant difference in
the modelling outcomes, which implies other factors such as the
OCP curve,** are more dominant in determining voltage results.
Figures 4 and 5 show the simulated Li active particle concentra-
tions at the centre of the particle for NMC and LFP, respectively, as
a function of distance through the electrode thickness at different
time of discharges (ToD). The DFN model is shown as solid lines,
while the CT results are shown as dots from individual particles,
where the size of the dot is related to the particle radius. The moving
averages of the particle concentrations for the CT model results are
shown as black points. In all cases, the CT results show that, as
expected, the smaller particles lithiate faster than the larger particles.
For NMC in Fig. 4, there is good agreement between the DFN and
CT models, particularly at 1C in (A) and (C). As the DFN model is
solved using an average approach, including the mean particle radius
of the CT image data, this supports the good agreement to the CT
moving average as expected. At 5C in (B) and (D), the agreement is
close to the moving average, but there is a larger distribution of Li™
concentrations produced with the CT model. At the largest electrode
thickness and C rate in (D), the Li* concentration profile becomes
noticeably sloped, with regions close to the current collector at much
lower concentration than close to the separator. The particles are not
fully discharged through the thickness of the electrode and through
the particle radius, which represents significant under-utilization of
active particles related to electrolyte depletion. At 5C and 160 pm
for NMC, the DFN model fit compared to the CT model is somewhat
reduced in terms of the achieved capacity in Fig. 3A, along with Li™
concentration in the particle in Fig. 4D near the current collector,
both at the end of discharge. Small changes to porosity and reaction
rate constant (changed to ecppp=0.18, &.,=0293 and
ky =9 x 1072 mz'ss_]mol_o's) alleviate these differences, but
reduce the fit at lower C rates so these changes were not retained.

Table VIII. Number of fitted parameters for the DFN and CT
models.

DFN Total CT Total
NMC622 by, kp, Re, €capp 4 kp, ocBD 2
LFP Eep 1 bp’ DS,p’ kp, ECBD,p 4

For LFP in Fig. 5, the slope of the profiles are markedly different
with an “S” shape or travelling front across the electrode thickness
as the discharge proceeds, approximately segregating discharged and
charged regions of the electrode. This distinctive shape arises from
the voltage plateau in the OCP profile.>* As seen earlier in the
voltage profiles, for 5C in Fig. 5B, there is better agreement than at
2C (A) because the model parameters were fitted at 5C.
Supplementary Fig. S3 shows the simulated state of charge (SOC)
for LFP compared with the SOC estimated experimentally (calcu-
lated based on measured capacity). The modelled SOC profiles agree
with one another, and with the experimental data. At 2C, the SOC
changes by approximately 80% across the cycle, while at 5C, the
SOC changes by only 40% because of increased electrolyte
depletion and active material under-utilization.

Figure 6 shows the CT model results for the normalised Li*
concentration of the active particles for NMC (A) and LFP (B)
(whereas Figs. 4 and 5 showed only the centre). The thinner 80 pm
NMC electrode (A) is the only case that is fully discharged at 100%
ToD, represented by a single color throughout and indicating full
lithiation. For a 90 pm thick LFP electrode (B), the active particles
are close to being completely lithiated at the end of discharge, but a
through thickness Li* gradient has developed as previously de-
scribed. For the same electrode at 5C, only particles approximately
half way across the electrode are significantly lithiated by the end of
discharge at 100% ToD. A similar profile arises for a 160 pm thick
NMC electrode (A). Supplementary Fig. S4 shows the Li" con-
centrations through the solid particle radius for LFP. Encouragingly,
when comparing Fig. 6B to Supplementary Fig. S4, the DFN and CT



Journal of The Electrochemical Society, 2025 172 030503

NMC
50% ToD

10% ToD

100% ToD

80 um
1C

Separator

160 pm
5C

Current
collector

cs,p/cs,p‘max

0.85

0.70

0.40

0.25

B
LFP
10% ToD 50% ToD 100% ToD
90 um
2C
Cs p/Cs pmax
1
0.8
0.6
Separator
.55 °P 0.4
0.2
0
90 pm
5C
Current
collector

Figure 6. 3D CT model results for normalised Li* concentration in the active particles (Cs,p/Cs.pmax) for NMC (A) and LFP (B). The Figs. are not plotted at the

same scale.

models produced similar Li* concentrations through the solid
particle radius. Both models show that the concentration is either
relatively constant near the separator and current collector, or has a
gradient near the centre of the electrode, further confirming the
similarities in the modelling results.

Figure 7 shows the simulated concentration of Li* in the
electrolyte through the electrode thickness for NMC and LFP as a
function of discharge time. The DFN and CT results compare well
over both space and time. All subfigures exhibit complete Li ion
concentration depletion, except for the case of 80 um thick NMC
electrode at 1C (A). The Li* concentration in the electrolyte for LFP
(C,D) changes with time more significantly than NMC, whereas
NMC (A,B) quickly reaches a steady-state, especially for 1C (A),
where the steady-state has been reached after 10% ToD. The CT
model for LFP has a smaller range in concentrations at a particular
point in the electrode and a specific ToD. For the CT model for
NMC (A, B), there are a range of concentrations at a particular point
in the electrode and a specific ToD, because of the wide range of
particle radii and pore sizes. The shape of the concentration of active

material and electrolyte profiles (Figs. 7 and 5) for low and high C
rates for LFP are similar to those found elsewhere,”> comparing to
their experimentally relevant solid conductivity values.

Figure 8 shows a comparison of the simulated through thickness
Li* concentration for the CT model (A), SIMS Li* mapping (B),
and DFN model (C), for an LFP, 90 um thick electrode at the end of
a 5C discharge. The model shows the normalised Li* concentration
of active particles (¢ p/C; p max), and the SIMS plot is the normalised
intensity of the "Li" signal from the particles (after the electrolyte
was dried in a protective atmosphere). Consistent with the “S” shape,
or travelling front, of the Li" concentration profile for LFP described
earlier (Fig. 5), there are two reasonably well delineated regions of
high and low concentration, with a gradual region approximately at
the centre of the electrode thickness. The regions of relatively high
Lit concentration near the separator are similar across the sub-
figures. Supplementary Fig. S5 compares modelling and SIMS with
the relatively distinct high and low relative Li* concentration
regions corresponding reasonably well. The through thickness
position of the relatively sharp expected transition between low
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and high regions was slightly closer to the separator in the
experiment. Given that the SIMS results were not used for the
model fitting (voltage measurements were used instead), these
independent results are positive. Qualitatively, the comparison
between experiment and both models is encouraging and represents
a comparatively rare study of simulation and experiments of
spatially resolved, Lit ion dynamics. Using LFP as the active
material together with a relatively high C rate and thick electrode is
useful for this type of qualitative comparison because the shape of
the open circuit potential with a long plateau of constant voltage
leads to a distinct separation between charged and uncharged regions
across the electrode thickness at intermediate states of charge.
Table VIII shows the total number of parameters required to be
fitted to experimental data for each model. The number of fitted
parameters are generally similar, with the CT model for NMC and
the DFN model for LFP having the lowest number of parameters (2
and 1, respectively). For the least number of fitted parameters of the
DFN model for LFP in Table VIII, all except one parameter was able
to be obtained from the CT imaging and model directly. However,
due to the large range of NMC particle diameters and that the CBD
and electrolyte volume fractions were defined explicitly, the DFN
model was not able to directly use as many of the CT parameters.
The fitting of the models to LFP experimental data started by (i)
using the DFN model to find a baseline set of parameters, (ii) further
refining the parameters using the CT model and calculating averaged
parameters from the CT results, and then (iii) the parameters refined
by the CT model where possible to use in the DFN model (for
example the radius of the particle, R, carbon binder domain volume
fraction, ecppyp, tortuosity, by, and reaction rate constant, k). This
shows the benefits of coupling a CT-image based model with a DFN
model, and vice versa; using a homogenised DFN model to first find
parameters as a basis for the CT model. To reduce the number of

fitted parameters further, additional experiments could be under-
taken, for example, to obtain directly values for internal resistance,
R., and NMC electronic conductivity in the CBD, ocgp, LFP
particle diffusivity, D, and tortuosities. ¢

Conclusions

The dynamic responses of the LFP and NMC-based LIB
electrodes have been simulated by Doyle-Fuller-Newman and CT-
based models. For the six electrode cases investigated, the relatively
simple DFN model incorporates sufficient homogenised microstruc-
tural detail to agree with the detailed microstructural descriptions
available in the CT model. Both models can explain experimental
data suggesting that they have sufficiently captured the governing
mechanisms of lithium ion electrode dynamics. The CT and DFN
models agree well for NMC and LFP based electrodes in terms of
voltage response, particle and electrolyte Li concentration, and state
of charge. The models also agree qualitatively with the SIMS
mapping of 'Li" across the thickness of an LFP-based electrode.
The DFN model is useful for rapid optimisation and design of
battery electrodes and reveals internal electrode dynamics such as
critical spatial distributions of Li ion concentration in the electrolyte
and particles. The image-based model is capable of capturing and
predicting heterogeneities in electrode performance that are impor-
tant in electrode degradation and operation of batteries under more
demanding conditions, such as high current densities.**” The DFN
model requires 20 s (NMC) and 50 s (LFP), and 2.5 GB on a desktop
computer, while the CT model requires 8 h (NMC) and 15 h (LFP),
and 100 GB random access memory to execute on a high-
performance computer. As computing capabilities and CT-scanners
continue to increase in power, resolution and availability, while
reducing in cost, the CT model approach can be expected to utilised



Journal of The Electrochemical Society, 2025 172 030503

Acs.p/ Cs,p.max
1

0.8
0.6
04 l
02

0

B 250

200
150
100

50

Average intensity

s,p,max

s.p

O 1 1 1
0 10 20 30 40

Distance from CC (um)

50 60 70 80 90
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more commonly. We have demonstrated how the DFN and CT
models can interact beneficially when parametrising the models.
Future work might include a 3D homogenised DFN model that could
be utilised to tailor local microstructure variations, allowing simula-
tion of non-spherical particles, as well as degradation effects
including cracking and swelling.>*'
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