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The prospect of thick graded electrodes for both higher energy and higher-power densities in lithium-ion

batteries is investigated. The simulation results discussed in previous reports on next-generation graded

electrodes do not recognize the effect of material processing conditions on microstructural, transport

and kinetic parameters. Hence, in this work, we focus on the effect of material processing conditions on

particle morphology and its subsequent influence on microstructure (porosity and tortuosity), along with

the resultant transport (solid-phase diffusivity) and kinetic (reaction rate constant) properties of

synthesized single-layer cathodes. These experimental insights are employed to simulate the benefits of

400 mm thick bi-layer graded cathodes with two different particle sizes and porosities in each layer. The

microstructural, transport, and kinetic information are obtained through 3D imaging and electrochemical

impedance spectroscopy (EIS) techniques. These parameters are used to develop bi-layer numerical

models to understand transport phenomena and to predict cell performance with such graded

structures. Simulation results highlight that bi-layer cathodes display higher electrode utilization (solid

phase lithiation) next to the current-collector compared to conventional monolayer cathodes with an

increase of 39.2% in first discharge capacity at 2C. Additionally, the simulations indicate that an

improvement of 47.7% in energy density, alongside a marginal increase of 0.6% in power density, can be

achieved at 4C by structuring the porosity in the layer next to the separator to be higher than the

porosity in the layer next to the current-collector.
1. Introduction

The need for the development of secondary lithium-ion
batteries (LIBs) with both high power and high energy density
is imperative for the advancement of portable devices, electric
vehicles (EV), and integrated renewable energy systems. In LIB
cell designs, there is an inherent trade-off between power and
energy density. Thick electrodes are attractive for high-energy
LIB applications because of their potential capability to store
high amounts of Li+ with increasing amounts of active materials
(AM). However, as the electrode thickness increases, mass
transport limitations in both solid and liquid phase become
more important impeding the power delivery.1–5 Previous
studies have revealed that underutilization of the AM near the
current collector (CC) at high C-rates is one of the main reasons
ng, Imperial College London, UK
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tion (ESI) available. See DOI:

f Chemistry 2021
for power fade in thick electrodes ($174 mm).6,7 This electrode
underutilization can be attributed to Li+ depletion in the liquid
phase and/or a Li+ diffusion gradient in the solid-phase.6

A promising thick electrode design investigated by
researchers is the graded electrode, where porosities and
particle sizes are spatially varied to improve cell perfor-
mance.8–13 In this article, performance is dened in terms of the
usable energy and/or power density during discharge (lith-
iation) of the cell. The rationale behind such an electrode
design approach includes: (i) allowing larger amount of Li+

transport in the liquid phase near the current collector through
increased porosity in that region of the electrode, and (ii)
increasing the local rate of Li+ uptake through the use of small
particles with reduced diffusion lengths. Ramadesigan et al.
simulated a graded LiCoO2 cathode, where the porosity prole
was divided equally into 5 layers, with constant porosity within
each layer.8 The porosity was decreased in each layer towards
the direction of the current collector. They reported that a 15–
33% decrease in ohmic resistance in the liquid phase was
possible compared to an overall constant porosity design, which
in turn increased the deliverable energy. Dai and Srinivasan
revisited the idea of using such graded electrodes to achieve
better energy density.9 They simulated a Li2Mn2O4 cathode
Sustainable Energy Fuels, 2021, 5, 1103–1119 | 1103
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structure with similar arrangement as ref. 8 at different C-rates
(0.1C–3C), where the porosity was decreased from 60% to 15%
towards the current collector. They concluded that no signi-
cant improvement in the liquid phase polarization, in the solid
phase concentration, or in the energy density was observed by
using a graded porosity electrode compared to an optimized
constant porosity design from their simulation. They went even
further, concluding that considering the manufacturing chal-
lenges associated with varying porosities, the use of such
a gradient-based porous structure is not warranted. Du et al.
also investigated several continuously changing porosity
proles and determined that grading the electrode design only
resulted in a relatively small increase in performance,6 over the
range of conditions evaluated. Golmon et al.12 and Taleghani
et al.13 investigated graded electrodes by varying both porosity
and particle size. Golmon et al. simulated a LiMn2O4 cathode
structure by gradually decreasing the porosity (from 95% to 5%)
and the particle size (10 mm to 1 nm) simultaneously towards
the separator–cathode interface. The numerical result showed
that for such a design the discharge capacity was improved by
29%. Their work did not show any performance comparison by
increasing the porosity and the particle size toward the sepa-
rator–cathode interface. Moreover, these continuously graded
structures, as opposed to layered structures, are practically
challenging to fabricate. Taleghani et al. simulated a LiMn2O4

electrode, which was composed of two layers with single-sized
particles in each layer. Their results also indicated that there
was no improvement in discharge capacity by varying the
porosity in two layer electrodes composed of two particle sizes
compared to a single layer electrode with constant porosity and
uniform particle size. However, their work overlooked two key
variables. The effect of higher C-rates (i.e. $1C) and smaller
particle sizes (i.e. #10 mm) in one of the layers on discharge
capacity. Most importantly, like all other simulation works on
gradedmicrostructures, their work did not consider the effect of
particle morphology on factors such as porosity, which is rec-
ognised to vary with processing conditions. It is well-known that
porosity is affected by particle size, particle shape, and the
distribution of particle sizes.10 Therefore, it is not realistic to
simply select porosity as an independent model parameter and
disregard the effect of particle morphology. Hence, in this study
we specically focus on including these parameters in our
analysis.

Previous studies suggest that among all the parameters,
mass transport behaviour is most sensitive to parameters that
describe diffusion in the solid phase14,15 and ion transport in the
liquid phase.9 Particle size directly affects mass transport in
solid phase through diffusion length, while porosity affects the
effective conductivity and diffusivity in the liquid phase.
Thereby, an accurate assessment of the dependence of micro-
structural, transport and kinetic parameters on processing and
manufacturing conditions is vital for understanding and
simulating cell performance of graded electrodes.

To the best of our knowledge, no previous modelling work
has explored the subject of thick ($400 mm) graded electrodes
where microstructural, transport, and kinetic values are exper-
imentally validated by recognizing both materials processing
1104 | Sustainable Energy Fuels, 2021, 5, 1103–1119
conditions and fabrication limitations. In this work, a Ni-rich
LiNi0.8Mn0.1Co0.1O2 (NMC811) bi-layer cathode model is devel-
oped to investigate the transport behaviour and the potential
benets of a bi-layer electrode in increasing overall electrode
utilization. Each layer consists of either primary (small size) or
secondary (big size) particles with their respective porosity and
tortuosity.

Fig. 1 shows a schematic diagram of a bi-layer cathode and
the transport pathways within the layered electrode during
discharge. In this microstructural arrangement, the secondary
particles are positioned in a layer closer to the current-collector
(CC) and the primary particles are positioned in another layer
closer to the separator. The mass and charge transport
phenomena are identied and summarized in the following
steps: (1) Li-ions are transported to the porous electrode from
the bulk electrolyte; (2) Li-ions move within the porous network
through the electrolyte; (3) electrons reach the CC via the
external circuit and move to the AM through the carbon black
(CB) network; (4) Li-ions are transported through the electrolyte
to secondary particles that are composed of primary particles;
(5) charge transfer reactions take place at the interface of the
electrolyte and the AM surface, and solid-state Li diffusion
occurs in the AM of primary particles. The transport process in
step (1) to (4) are driven by migration and diffusion caused by
potential difference and Li-ion concentration gradients in the
liquid phase respectively. The solid-state diffusion in step (5) is
driven by the Li+ concentration gradient between the bulk and
the surface of the AM.

The objective of this work is to investigate whether thick bi-
layer cathodes offer any advantages over conventional single
layer cathodes for both power and energy density applications
by bridging the gap between modelling and experimental work
on graded electrodes. The structure of the article serves to
highlight this. First, the effect of material processing conditions
on NMC811 particle morphology is investigated. The corre-
sponding microstructural (porosity, tortuosity), transport
(diffusion coefficient in solid-phase), and kinetic (reaction rate
constant) properties in single layer electrodes with thickness of
200 mm are quantied by employing 3D tomography imaging
techniques and EIS. Next, a 400 mm thick bi-layer numerical
model is developed by implementing the extracted values as
input modelling parameters. Finally, the simulated results are
used to analyse Li+ transport behaviour and heat generation
rate, to compare cell performance, and to propose a viable bi-
layer electrode design for a power and energy density
application.

2. Experiment
2.1 Materials

LiNi0.8Mn0.1Co0.1O2 (NMC-811) was obtained from MTI Corpo-
ration (reported average particle size 10–12 mm). Carbon black
(Super C-65) was acquired from TIMCAL. Polyvinylidene
diuoride (PVDF) binder and 1-methyl-2-pyrrolidinone (NMP)
were supplied by Sigma Aldrich. 1 M LiPF6 in PC : EC : DMC
(1 : 1 : 3) was purchased from BASF. Lithium chips with
a thickness of 0.6 mm was obtained from MTI.
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 A schematic illustration of a bi-layer cathode and the transport processes during discharge.
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2.2 Ball milling and freeze-drying

The as-received NMC powder was wet ball milled with a Retsch
100 planetary milling machine by using deionized water. The
main purpose of the ball milling is to break the secondary NMC
particles into primary particles. The ball milling conditions are
described in Table 1. The milling was performed both clockwise
and anti-clockwise for the production of materials with more
homogenous particle-size distribution.16 It has been reported
that neither ball size nor number of balls have a signicant
impact on crystallite size.17 Aer wet ball milling, the samples
were freeze-dried for 3–4 days using a Labconco Freezone 4.5
freeze dry system to get back powder forms.
2.3 Single layer electrode fabrication and coin cell
preparation

The electrodes were fabricated by a slurry casting (SC) process.
The slurry was prepared by mixing 80 wt% NMC-811 powder
with 10 wt% carbon black (CB) and 10 wt% PVDF, dissolved in
NMP solvent. The slurry was mixed for 20 minutes using
a THINKY ARE-250 Mixing and Degassing machine. Subse-
quently, the resulting slurry was cast onto a clean aluminium
Table 1 Ball milling condition for NMC samples

Ball size 10 mm
Number of balls 15 zirconia balls
Milling speed 350 RPM
Milling time 3 hours with 15 min of grinding and 5 min of rest

This journal is © The Royal Society of Chemistry 2021
foil current collector (thickness: 15 mm) by doctor blade method
(slot size: 100 mm–400 mm), using an in-house tool. The slurry
was dried in an oven at 70 �C for 6–8 hours.

From the cast electrode sheets, multiple 15 mm diameter
disks were punched out from each sheet to test reproducibility.
The thickness and corresponding mass loading of the cathode
disks were measured using a micrometre and a precision
balance respectively. The disks were dried for 10–12 hours in
a vacuum oven at 120 �C to take out the moisture and air to
ensure no side reaction occurred during the electrochemical
testing. The cathode disks were then transferred immediately
into an Ar-lled glovebox with O2 and H2O levels maintained
below 1 ppm. The half-cells in 2032 coin cell conguration were
assembled with cathode disks, Celgard 2325 separator
membranes, LiPF6 electrolyte and Li metal disk as counter/
reference electrodes. The assembled coin cells were le out
overnight prior to any electrochemical characterization for
wetting purpose.
2.4 Structural characterization

The as-received and ball milled samples were analyzed for
powder X-ray diffraction (XRD) using a PANalytical X'Pert X-ray
diffractometer with Cu Ka radiation source and a step size of 2q
¼ 0.016. The Brunauer–Emmett–Teller (BET) surface area of the
ball-milled powder were measured using a Autosorb iQ3 gas
sorption analyser by Quantachrome Instruments. Scanning
electron microscope (SEM) images of the milled powder and the
electrodes were taken using a LEO Gemini 1525 SEM with
a high-resolution eld emission (FE) gun. The Energy selective
Sustainable Energy Fuels, 2021, 5, 1103–1119 | 1105
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Table 2 XCT imaging settings

Voltage Power Detector Pixel size No. of projection Field of view Exposure time

80 kV 7 W 40� 341 nm 3201 279 � 331 � 288 mm 8 seconds
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Backscattered (EsB) detector with an accelerating voltage of 5 kV
was used for microstructural observation due to its suitability
for clear compositional contrast. A Malvern PANalytical Mas-
tersizer 2000 particle size analyzer (PSA) was used to investigate
the as-received secondary particles.

Focused-ion beam (FIB) and X-ray computed tomography
(XCT) imaging techniques were employed to quantify micro-
structural parameters of the single-layer electrodes. The choice
between XCT and FIB tomography techniques primarily
depends on the sample size to be characterized and the corre-
sponding spatial resolution required to resolve relevant micro-
structural features. The electrode microstructures with larger
particle sizes require imaging of larger volumes to achieve
statistical representation. Therefore, the microstructure of the
electrodes with larger (D50 � 10 mm) particle size were quanti-
ed using a Zeiss Xradia Versa 500 XCT machine. The operating
settings for the XCT system are given in Table 2. On the other
hand, the microstructure of the electrodes with smaller (D50 � 1
mm) particle sizes were quantied using a Zeiss Auriga 40 FIB
scanning microscope equipped with Gemini FE-SEM column in
order to resolve small feature sizes with high resolution. A
milling current of 16 nA and 2 nA were applied to cut and slice
the volume of interest respectively with a depth of 15 mm. The
pixel sizes of the cross-section SEM images were 14.2 nm �
14.2 nm and the thickness of each slice was 40 nm. The
acquired images were processed using Fiji-ImageJ and Avizo
soware.
2.5 Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) measurements
were carried out at room temperature using a Bio-Logic SAS
BCS-800 series battery cycler. A sinusoidal signal with ampli-
tude voltage of 10 mV was applied over a frequency range of
0.1 Hz to 100 kHz. EIS measurements were taken periodically at
the end of 4.2 V, 3.9 V, 3.6 V and 3.3 V to determine transport
and kinetic parameters at different degrees of lithiation. The
Fig. 2 A schematic of the cathode computation domains.

1106 | Sustainable Energy Fuels, 2021, 5, 1103–1119
tting of Nyquist plots to an equivalent electronic circuit was
performed by the EC-Lab V11.12 soware. Galvanostatic charge
and discharge were performed on monolayer electrodes at
different C-rate in a voltage range of 2.7 V–4.2 V by using Landt
Instruments CT2001A battery testing systems at room
temperature.

3. Mathematical modelling

In this section, a detailed approach for the development of thick
bi-layer electrode models is provided. The 1D + 1D electro-
chemical model is coupled with a 1D thermal model. The main
objective is to investigate the effect of particle size and corre-
sponding porosity in bi-layer electrodes and compare their
electrochemical and thermal performance with conventional
monolayer electrodes.

3.1 Electrochemical model

A 1D + 1D electrochemical model was developed based on
Newman's pseudo two-dimensional (P2D) model.18–22 This Li-
ion intercalation half-cell model consists of two domains:
a porous cathode (NMC) and a separator. The negative electrode
is a Li metal foil and is implemented as a point source, which is
considered as an innite reservoir of lithium that can be
stripped and deposited with constant exchange current density
of iLi ¼ 12.6 A m�2.22,23 In this continuum scale model, both the
solid phase and the liquid phase co-exist in each volume
domain with their respective volume fraction. The model
assumes a homogenous mixture of active material (AM),
conductive additive and binder in the solid matrix. The porous
cathode domain is divided into two domains representing two
different layers where particle size and corresponding porosity
are varied in each layer. Fig. 2 shows the schematic of the
cathode computation domains where the input microstructural
parameters are obtained through the characterization tech-
niques specied earlier in Section 2.4.
This journal is © The Royal Society of Chemistry 2021
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Table 3 Design parameters for the 1D + 1D model

Parameters Positive electrode Separator

Particle radius, rp 1 mm, 10 mma

Thickness, Li 400 mm 25 (ref. 28)
Porosity, 3 0.42, 0.51a 0.41 (ref. 28)
Tortuosity factor, s 1.4, 1.9a 2.19 (ref. 28)
Domain fraction, f 0.5

a See Section 4.2 and Table 6.

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
1/

10
/2

02
5 

7:
38

:5
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The simulation results were generated using COMSOL Mul-
tiphysics 5.4 soware. The 1D + 1D Newman model originally
considers a 1D representation through the layers of the elec-
trochemical cell in the x direction (Ltot) which is coupled to
a second dimension in the y direction (rp) representing radial-
symmetric active material particles.24 Therefore, a linear extru-
sion coupling variable in COMSOL Multiphysics is applied to
link the 1D (x direction) and 2D (y direction) geometries to each
other. The details on such geometric development using
COMSOL Multiphysics can be found here.25 The design
parameters are listed in Table 3. The parameter f is the fraction
of the total thickness of the positive electrode that represents
the layer closer to the separator. The following assumptions are
considered for the simulated cell model:18,26,27 (1) no gas
generation; (2) homogenous distribution of CB and binder; (3)
no solid electrolyte interface (SEI) layer; (4) no contact resis-
tance since no current collector domain; (5) the transport of Li
and electrons are continuous at phase boundaries and the local
reaction rate is described by the Butler–Volmer equation; (6)
electrode active material is composed of spherical particles
(including small particles); and (7) volumetric expansion due to
intercalation is negligible during discharge.

3.2 Thermal model

A 1D thermal model is coupled with the 1D + 1D electro-
chemical model. In this model, only natural convection is
considered for heat dissipation. An average heat transfer coef-
cient h value of 5 W m�2 K�1 is considered and adopted from
Table 4 List of kinetic and thermal parameters

Parameters Values

Solid diffusivity Ds 1.00 � 1
Electronic conductivity ss 3.8 S m�

Reaction rate constant k0 4.91 � 1
Initial concentration of Li+ in liquid phase C0

l 1000 mo
Maximum concentration of Li+ in solid phase Cs,max 50 060
Transference number t0+ 0.4
Anodic aa and cathodic ac transfer coefficients 0.5
Density of NMC811 rNMC 4870 kg
Heat conductivity of NMC811 lNMC 1.58 W m
Heat capacity of NMC811 Cp,NMC 840.1
Density of separator rsep 1009 kg
Heat conductivity of separator lsep 0.33
Heat capacity of separator Cp,sep 1978.2 J

a See Section 4.3 and Fig. 7.

This journal is © The Royal Society of Chemistry 2021
ref. 29. This lumped thermal model assumes uniform temper-
ature across the cell domain thicknesses and ignores heat of
mixing effects. The kinetic and thermal parameters are deter-
mined from experiments, literature, and by tting the experi-
mental data. The list is presented in Table 4.

All mass, charge and energy conservation equations are
solved in the x direction, except for Li intercalation in the solid
phase, which follows Fick's laws of diffusion equation in the y
direction of the 2D geometry. The solid phase diffusion in the x
direction of the 2D is ignored since it is assumed that the solid
particles are not sintered together and are individual particles.
Thus, there is no inter-particle solid-state intercalation. The list
of governing equations and boundary conditions are given in
Table 5.

The concentration and temperature dependent diffusion
coefficient Dl and ionic conductivity Kl in 1 M LiPF6 (PC/EC/
DMC) electrolyte were determined from ref. 31. The entropic

coefficient
dU
dT

as a function of lithiation degree in NMC was

determined from ref. 32 and implemented in the models via
cubic spine interpolation. The experimentally measured kinetic
parameters are also incorporated in the model using cubic
spine interpolation.
4. Results and discussion
4.1 Effect of material processing on particle morphology

The effect of ball milling conditions on particle morphology
were investigated using SEM, BET, and XRD analysis. The SEM
images in Fig. 3(a) and (b) conrm that the big secondary
spherical particles are broken into small non-spherical primary
particles. The statistical image analysis reveals that the average
diameter and the standard deviation of the milled particles are
0.93 mm and 0.31 mm respectively as shown in Fig. 3(c). The SEM
images of the as received �10 mm secondary particles (Fig. S1†)
and the analysis of their size distribution (Fig. S2†) using PSA
are provided in ESI.†

The surface area of the ball-milled particles is 14.7 m2 g�1, as
determined by the BET method. Powder XRD data of the as-
Experiment/references

0�12 to 2.14 � 10�14 cm2 s�1a Experiment
1 30
0�11 to 6.37 � 10�11 m2 mol�0.5 s�1a Experiment
l m�3 31 and 32

32
33
30

m�3 32
�1 K�1 32

32
m�3 32

32
kg�1 K�1 32

Sustainable Energy Fuels, 2021, 5, 1103–1119 | 1107
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received big particles and ball-milled small particles samples
was obtained to study the effect of material processing on
crystal structure. The XRD patterns for the small and big
particles are shown in Fig. 3(d). The big particle powder sample
exhibits sharp diffraction peaks due to highly crystalline
structure.17 The observed peak broadening and lower relative
intensity of the XRD peaks for the small particles can be asso-
ciated with the relative decrease in crystallinity of the ball-
milled small particle powder sample.16,17 The small particle
sample shows similar peaks and peak positions as the non-
milled samples, which indicates no phase change occurred
during ball milling. All the identied peaks are in agreement
with reference data of NMC.16,17,34–37 Furthermore, a possible
surface layer of Li2CO3 formation was detected by XRD analysis
(Fig. S3†) when the milling time was increased to 10 hours.
Since the stability of Ni-rich NMC under deionized water is
a concern, themilling time was kept for 3 hours to minimize the
interaction of AM with the solvent.
4.2 Quantication of microstructural parameters

The thickness and mass loading of the slurry casted cathode
disks are correlated in Fig. S4.†The mass loading was found to
be a linear function of thickness for both electrodes with small
and big particle size. The impact of initial drying temperature
on microstructure is discussed further in the supplementary.
The SEM images of synthesized cathode structures with big
particles in Fig. 4(a) and small particles in Fig. 4(b) show no
signicant aggregation of the particles from the slurry casting
process. Furthermore, the SEM image conrms a uniform
distribution of CB for microstructure with small particles. It has
been reported that for 50 nm AM particles, percolation of CB
particles cannot be achieved before 15 wt% CB, while for
100 nm - 200 nm AM particles percolation can be achieved at
10 wt% CB.38 The reason is a well-interconnected conductive
network is hardly probable with AM particle sizes of 50 nm and
CB particles of similar sizes (�50–100 nm) as they can be
separated easily. Since the size distribution for the ball-milled
particles falls in the range between 0.4–1.6 mm (Fig. 3(c)),
a microstructure synthesized with 10 wt% CB should be suffi-
cient to ensure a well-connected CB matrix. Similarly, a 10 wt%
binder was chosen to ensure adhesion to the CC and the
mechanical stability of the microstructure with respect to thick
electrodes (high mass loading), small particles (high surface
area), and high CB ratio.

One common method to estimate porosity and tortuosity in
porous materials is high pressure mercury intrusion porosim-
etry (MIP), but MIP only provides an estimation of isotropic
tortuosity.39,40 In recent years, the use of XCT and FIB tomo-
graphic techniques have revolutionized our quantitative
understanding of microstructure as well as the transport path-
ways within LIB electrodes.41 These 3D imaging techniques have
enabled us to quantify porosity in 3D volume space and aniso-
tropic tortuosity in both the in-plane and through-plane direc-
tions. Here, the monolayer NMC cathodes consisting of big
secondary particles were characterized using the Zeiss Xradia
Versa 500 XCT system because of its large eld of view (FOV).
Sustainable Energy Fuels, 2021, 5, 1103–1119 | 1109
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Fig. 4 SEM images of the slurry casted monolayer electrodes with (a) big and (b) small particle sizes.

Fig. 3 FE-SEM images of NMC primary particles after ball-milling at (a) low and (b) high magnification, statistical analysis of particle size
distribution of primary particles (c), and XRD patterns for as-received and ball-milled NMC samples (d).
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This allows statistically relevant results to be obtained by
capturing a large enough volume with big feature sizes. Fig. 5(a)
and (b) show the raw greyscale and segmented images respec-
tively. The XCT image data was segmented into two-phases
(blue is solid phase and black is pore phase) using the Fiji-
ImageJ plugin tool, Trainable Weka Segmentation (TWS).42

Conversely, the single-layer electrodes consisting of small
primary particles were characterized using the Zeiss Auriga 40
1110 | Sustainable Energy Fuels, 2021, 5, 1103–1119
FIB system because of its ability to resolve samples with small
feature sizes at ne image resolution. The sample preparation
process for FIB tomography followed the steps reported in ref.
43, where the samples were rst embedded in an epoxy resin
and subsequently vacuum impregnated. The main reason for
using an epoxy resin is to ll up the pore space with chemical
elements having low atomic number (Z) to achieve a better SEM
contrast between electrode material phase and pore phase for
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 The raw and segmented images from the XCT scanning are shown in (a) and (b) respectively. A 3D rendering of the reconstructed NMC
cathode with big particles is shown in (c).

Fig. 6 The cross-sectional SEM view after FIB milling and few slices is shown in (a) and a 3D rendering of the reconstructed NMC cathode with
small particles is shown in (b).

Table 6 List of microstructural values extracted by 2D and 3D char-
acterization techniques
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accurate segmentation. The cross-sectional SEM image aer FIB
milling a few slices is shown in Fig. 6(a). Segmentation steps
similar to those used for the XCT images were followed for FIB
data to identify solid and pore phases. The porosity was esti-
mated by summing up the voxels of pore phase divided by the
total voxels that represent both solid and pore phase. The 3D
microstructures of the NMC cathodes consisting of big particles
and small particles were reconstructed by the Avizo soware
and are presented in Fig. 5(c) and 6(b) respectively. The tortu-
osity factors of the microstructures were calculated in the
through-plane direction (the predominant Li+ transport
pathway) using the open source MATLAB application Tau-
Factor.44 Table 6 lists all the values, and the characterization
techniques that were used for microstructural quantication.
Parameters Values
Characterization
technique

Average big particle diameter, D50,p1 10 mm PSA, see ESI
Average small particle diameter, D50,p2 0.93 mm

(�1 mm)
SEM

Porosity for big particles, 31 51% XCT
Porosity for small particles, 32 42% FIB
Tortuosity factor for big particles, s1 1.4 XCT
Tortuosity factor for small particles, s2 1.9 FIB
4.3 Quantication of transport and kinetic parameters

EIS studies were performed on the monolayer electrodes to
understand the impact of material processing condition on
transport and kinetic parameters. The Nyquist plots for small
and big particles respectively at four different cell voltages
corresponding to different depths of discharge (DOD) are pre-
sented in Fig. S5(a) and (b).† The solid lines represent the tting
This journal is © The Royal Society of Chemistry 2021
results, which are tted based on a simplied equivalent
circuit,†45,46 as shown in the inset of Fig. S45(a).† In this
equivalent circuit, Rs reects the cell internal contact resistance
at the high frequency region, Rct and CPE indicate charge
transfer resistance and correlated constant phase element at the
intermediate frequency region, and W corresponds to the nite
length Warburg impedance at the low frequency region. The
Warburg impedance usually consists of both Li+ diffusion in the
solution and solid phase. However, the diffusivity in liquid is
Sustainable Energy Fuels, 2021, 5, 1103–1119 | 1111
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Fig. 7 Solid-state diffusion coefficient (a) and reaction rate constant (b) as a function of cell voltage.

Table 7 Impedance parameters obtained by the equivalent circuit for
big and small particles

Voltage

Small particles Big particles

Rct (ohm)
s

(ohm per s1/2) Rct (ohm)
s

(ohm per s1/2)

4.2 V 26.38 7.23 31.33 10.50
3.9 V 29.00 7.87 32.99 6.64
3.6 V 32.66 8.79 35.68 12.97

Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
1/

10
/2

02
5 

7:
38

:5
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
much faster than that in the solid material. Besides, the
contribution from the transport resistance in liquid phase is
assumed negligible because of low tortuosity values associated
with the relatively high porous microstructures studied here
compared to commercial electrodes. Therefore, only solid-state
diffusion in AM particles associated withWarburg impedance is
considered in this study.

The solid phase diffusion coefficient (Ds) can be estimated by
using the following equations:45,46

Ds ¼ R2T2

2A2n4F 4Cs
2s2

(1)

Re(Z) ¼ Rs + Rct + su�1/2 (2)

where R is the gas constant, T is the absolute temperature, A is
the electrode area that was cut out for coin cell application, n is
the number of electrons transferred, F is the Faraday constant,
Cs is the concentration of Li+ in solid-phase, u is the angular
frequency, and s is the Warburg coefficient. The value for s can
be calculated based on the linear Randles eqn (2) in which the
slope is obtained from the linear tting of the real impedance
Re(Z) vs. u�1/2 at the low frequency region. The slopes of tted
lines at different voltages corresponding to different DOD are
shown in Fig. S6.†

Lithium diffusivities as a function of cell voltage for both
small and big particles are plotted in Fig. 7(a). The values are
within the range (10�12 to 10�14 cm2 s�1) previously reported by
other groups.47,48 In general, Ds decreases with increase of DOD.
This is because the Li+ concentration in the bulk of the AM
particles increases from its initial value near zero to a saturation
value, owning to a progressive harder Li+ insertion process upon
discharge.49,50 However, a slight increase in diffusivity at 3.9 V
for the big particles is observed. This could be ascribed to
micro-cracking in secondary particles caused by phase trans-
formations and structural distortions.51 Such microcracks are
responsible for electrolyte inltration towards the center of the
secondary particles, which in turn reduces the diffusion length
for Li+, leading to an apparent increase in diffusivity.52 Another
interesting observation is that the diffusivity for small particles
is higher than the larger particles. This maybe because rigid
1112 | Sustainable Energy Fuels, 2021, 5, 1103–1119
crystal structures cannot facilitate Li+ diffusion unlike less
crystallized or amorphous structures.53,54 As conrmed by the
above XRD results, the small particles exhibit a lower degree of
crystallinity relative to larger particles.

The tted values of Rct and s for both small and big particles
at different voltages are concluded in Table 7. For both parti-
cles, charge transfer resistance increases with increasing DOD.
Notably, the big particles exhibit higher Rct values compare to
the small particles except at high DOD (namely 3.3 V). The
elevation in Rct with increasing DOD can be assigned to the
worsening ionic diffusivity in electrolyte and the poorer elec-
tronic conductivity in the AM.55,56 Since no visible CB agglom-
eration in electrode microstructures were conrmed by the SEM
images, it is plausible that ionic resistance in electrolyte
predominately contributed to Rct at high DOD leading to
a higher Rct at 3.3 V for the small particles compared to the big.
XCT and FIB tomography further conrmed that the micro-
structures with small particles yield�10% less porosity than the
big particles. This reduction in porosity also increased the
tortuosity and as a result decreased the effective diffusivity and
effective conductivity of the electrolyte.

The reaction rate constant (k0) can be determined from Rct

using the modied equation below:57,58

k0 ¼ RT

n2F 2ARctðClÞ0:5ðCs;max � CsÞ0:5ðCsÞ0:5
(3)

In this equation, Cl is the concentration of Li+ in the elec-
trolyte, Cs,max is the maximum theoretical concentration of Li+
3.3 V 40.21 8.59 38.42 17.92

This journal is © The Royal Society of Chemistry 2021
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in the solid phase, and Cs is the concentration of Li+ at the
surface of AM particles. The calculated k0 is plotted as a func-
tion of cell voltage in Fig. 7(b). As seen, the small particles
display slightly faster charge transfer reaction rate between the
electrolyte and the surface of the AM particles. Two interesting
phenomena can be observed: an increase in k0 at higher DOD
corresponding to 3.6 V and 3.3 V, and a higher k0 value for small
particles despite having a higher Rct at 3.3 V.

The reason for the increase in k0 at high DOD is because of
the inuence of Cs,max � Cs on the value of k0. At high DOD, Cs

approaches Cs,max and as a consequence a smaller value
for Cs,max � Cs yields a higher value of k0. Moreover, base-
d on the experimental data extracted from EIS results,
Cs,max � Cs,big > Cs,max � Cs,small at any given DOD as the solid
phase concentration in small particles (Cs,small) is higher than
the solid phase concentration in big particles (Cs,big) due to
short diffusion length and large interfacial surface area. This
explains why the smaller particles have a higher k0 even with
a higher Rct at 3.3 V.

4.4 Simulation results of bi-layer electrodes

A direct, time-dependent solver of MUMPS was used in COM-
SOL Multiphysics to solve the constitutive partial differential
equations (PDE). The relative tolerance was 0.0001 and the
Fig. 8 Simulated model validation with experimental data for half-cells.

Table 8 Design matrix for bi-layer cathodes

Type of bi-layer
cathodes

First layer next
to separator Second laye

BLC1 Big particle Small parti
BLC2 Small particle Big particle

This journal is © The Royal Society of Chemistry 2021
absolute tolerance was a scaled factor of 0.01. The cells were
discharged with a cut-off voltage of 3.4 V. Dimensionless
geometries were implemented for particle radius and cell
thickness to improve computational speed and to avoid
numerical convergence issues.

First, the simulated cell voltage vs. specic capacity curves
for monolayer electrodes with big particles and small particles
were validated against their respective experimental data
acquired from coin cells. The thickness and C-rate were 200 mm
and 0.5C respectively. Fig. 8 conrms both monolayer models
are in good agreement with the half-cell measurements for big
and small particles. Aerwards, the so-validated models were
used to construct a 400 mm bi-layer cathode, where half of the
layer (200 mm) was constructed with big particles and the other
half was constructed with small particles. Table 8 shows the
design matrix that is considered to evaluate the performance of
the bi-layer cathodes.

The specic capacity as a function of cell voltage for bi-layer
cathodes are plotted in Fig. 9(a)–(d). The rst discharge capacity
of the bi-layer models are compared with monolayer models at
C-rates of 1C, 2C, 3C and 4C. At all C-rates, both BLC1 and BLC2
exhibit higher capacity than the monolayer electrode consisting
of big particles, which is the conventional electrode micro-
structure used commercially. As C-rate increases to 4C, the
r next to CC Domain fraction
Each layer
thickness

cle 1/2 200 mm
1/2 200 mm

Sustainable Energy Fuels, 2021, 5, 1103–1119 | 1113
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discharge capacity of BLC1 approaches the discharge capacity of
the monolayer electrodes with small particles. Small particle
sizes are desirable as they increase interfacial surface area and
reduce the diffusion length for lithium ions in the AM. A large
interfacial surface area is important for ensuring an adequate
rate of ion transfer between solid and liquid phases.14 However,
an increased interfacial surface area also results in increased
side reactions with the electrolyte and promotes the formation
of cathode electrolyte interface (CEI) layer. This layer obstructs
the diffusion of Li+ and results in large irreversible capacity.
Moreover, a decrease in particle size yields a low tap density,
which translates into low volumetric energy density. These
largely prevent the use of small particles in commercial
monolayer electrodes. In the model, the effect of CEI is not
included and the cell performance is evaluated based on rst
discharge capacity. However, it is worth noting that positioning
big particles in a layer next to the separator like BLC1 may assist
with circumventing large capacity loss due to reduced side
reaction induced by decreased interfacial surface area.

The resulting solid phase lithiation fraction across the
dimensionless electrode thickness at 2C and 4C are shown in
Fig. 10(a) and (b) respectively. Here, the lithiation fraction is
presented as the ratio of Li+ concentration at the centre of the AM
Fig. 9 Simulated first discharge capacity as a function of cell voltage at

1114 | Sustainable Energy Fuels, 2021, 5, 1103–1119
particles to maximum theoretical concentration in the solid
phase at the end of cut-off voltage. For the electrode thickness,
zero is next to the separator, whereas 1 is next to CC. Both BLC1
and BLC2 have higher electrode utilization next to the CC as seen
in Fig. 10(a), although, BLC1 displays overall better AM utiliza-
tion along the thickness of the electrode. In fact, Li+ concentra-
tion in AM particles goes up at the interface between the rst and
second layer in BLC1, while the concentration prole gradually
decreases along the thickness for BLC2 and monolayer models.
This is can be linked to the presence of small particles in the
second layer or BLC1 which have higher rate of Li+ intercalation
due to large interfacial surface area, shorter diffusion pathway,
and faster kinetics (Ds and k0) as discussed in Sections 4.2 and 4.3
respectively. Additionally, a higher volume fraction of small
particles in the second layer of BLC1 means a higher amount of
Li+ is stored in the AM. Since both the BLC1 and the monolayer
with small particles, achieve high discharge capacities at 4C, their
solid phase concentration proles are compared in Fig. 10(b). A
�5% increase of Li+ concentration in AM particles can be noticed
along the electrode thickness (0.5 # Ltot # 0.9) for the BLC1
structure. A rapid drop in lithiation at Ltot � 0.9, followed by
a plateau can be also noticed. The reasons are explained in the
following paragraph (Fig. 10(d)).
(a) 1C, (b) 2C, (c) 3C, and (d) 4C.

This journal is © The Royal Society of Chemistry 2021
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Fig. 10(c) and (d) show the electrolyte concentration across
the electrode thickness at the end of cut-off voltage. It can be seen
in Fig. 10(c) that the monolayer model with big particles suffers
from smaller Li+ concentration gradients as compared to the
other three cathode structures at 2C. This can be attributed to two
factors: the monolayer composed of big particles has a higher
porosity throughout its electrode thickness, which permits
a greater amount of Li+ to be transported to the reaction zone
closer to the CC. Concurrently, the time required for Li+ to
intercalate into the AM of big particles is longer due to longer
diffusion length. As a result, more Li+ can be found in the liquid
phase than the solid phase, particularly at high C-rates. This
analysis is consistent with the result presented in Fig. 10(a),
where the electrode utilization for the monolayer with big parti-
cles is the lowest among all the microstructures. The largest
electrolyte depletion closer to the CC can be noticed for the
monolayer with small particles owing to its lower porosity
throughout the electrode thickness. BLC2 retains higher elec-
trolyte concentration at the back of the electrode compared to
BLC1. This can be again linked to the presence of higher porosity
and longer diffusion length through big particles in the second
layer of BLC2. The electrolyte concentration prole through the
electrode thickness for BLC1 and small particles at 4C can be
seen in Fig. 10(d). The result illustrates that at such a high C-rate
the retardation of liquid phase transport becomes severe and the
Fig. 10 Comparison of solid phase concentration ratio along the electro
the electrode thickness at (c) 2C and (d) 4C.

This journal is © The Royal Society of Chemistry 2021
electrolyte concentration reaches zero near the CC. This also
explains the sharp drop in lithiation fraction next to the CC in
Fig. 10(b) since no Li+ are available for solid phase intercalation.
Despite both structures having the same porosity closer to the
CC, BLC1 exhibits slightly higher electrolyte concentration. This
can be ascribed to the presence of higher porosity in the rst
layer, which has given more Li+ access to the depth of the second
layer. The plateau at Ltot > 0.9 is related to the minimum lith-
iation fraction (�0.3) in the NMC corresponding to an upper cut-
off voltage of 4.2 V. A higher cut-off voltage (>4.2 V) may lead to
structural instability, gas generation, and parasitic reactions
between the surface of the AM and electrolyte.59–61

In this coupled 1D thermal model, the density and specic
heat capacity are calculated based on the length-averaged values
of each component inside the half cell and presented in eqn (4).
The thermal conductivity along the thickness is given in eqn (5).

rCp ¼ 1

L

X
i

riCp;iLi (4)

l ¼ L
X
i

li

Li

(5)

where i represents different cell components including sepa-
rator and cathode. The heat generation in LIB is generally
caused by reaction over potential Qrxn, reversible heat Qrev due
de thickness at (a) 2C and (b) 4C, and electrolyte concentration along
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Fig. 11 (a) Total heat generation rate along the electrode thickness and (b) comparison of Ragone plot for bi-layer and monolayer cathodes at
4C.
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to changes in entropy, and Joule heat due to ion transport in the
liquid phase and electron transport in the solid phase.

In Fig. 11(a), the total heat generation rate in bi-layer and
monolayer electrodes are compared at 4C. The results reveal
that the total heat generation rate in the rst layer of BLC1 is the
lowest. At the interface of rst and second layer, the heat
generation rate increases from 15 W m�3 to 30 W m�3. The
opposite trend can be observed for BLC2, where the heat
generation drops from 20W m�3 to 10 W m�3 at the interface
between the layers. It is known that the ohmic loss in the
electrolyte is the main source for most of the heat generation in
cathode, which is aggravated by the steep concentration
gradient in a thick cathode due to insufficient ionic conductivity
under high discharge rate.62 The layer composed with big
particles inherit higher porosity and lower tortuosity compare
to the layer composed with small particles. This leads to
a higher effective diffusivity that in turn decreases the slope of
the electrolyte concentration gradient and hence the heat
generation rate in the layer comprised of big particles. None-
theless, another interesting comparison can be noticed between
BLC1 and the monolayer with big particles. Despite the mono-
layer with big particles having a higher porosity throughout its
entire thickness, BLC1 with graded porosity (high to low)
exhibits lower heat generation. This can be related to the
presence of small particles in the second layer, where the
magnitude of overpotential decreases with decreasing particle
size due to higher reaction areas leading to lower irreversible
reaction heat,63 and thus less overall heat generation. An
increase in heat generation at Ltot $ 0.9 can be noticed for BLC1
and small particles. This is related to Joule heating caused by
charge transport limitation in the liquid phase (Fig. 10(d)).

A Ragone plot is presented in Fig. 11(b) to compare the
performance of bi-layer electrodes with monlayer electrodes at
4C. The specic energy (Ecell) is plotted against the average
specic power (Pcell) and both axes are on logarithmic scale. Ecell
and Pcell are calculated using the following equations:64

Ecell ¼ Iapp

M

ðt
0

VðtÞ dt (6)
1116 | Sustainable Energy Fuels, 2021, 5, 1103–1119
Pcell ¼ Ecell

t
(7)

where, Iapp is the applied current density, M is mass loading of
AM corresponding to electrode thickness (see Fig. S4†), t is the
total discharge time when the cell reaches the cut-off voltage
3.4 V, and V(t) is cell potential with respect to time. From
Fig. 11(b), it can be clearly seen that BLC1 attains the highest
energy density and power density, even marginally higher than
the monolayer with small particles. BLC1 exhibits an improve-
ment of 47.7% in energy density and a marginal increase of
0.6% in power density compare to monolayer with big particles.
The impracticality of using monolayers with small particles for
commercial LIB application has already been discussed. Thus,
BLC1 could be a potential electrode candidate for both power
and energy applications. On the other hand, BLC2 attains
a higher maximum energy density but a lower maximum power
density compared to commercial monolayer electrodes with big
particles.
Conclusion

In this work, the potential benet to use bi-layer cathodes over
single layer cathodes for thick electrode applications is inves-
tigated. Simulation results reveal that bi-layer cathodes exhibit
promising performance with improved ion diffusion and
discharge capacity. The effect of processing conditions on
particle morphology is investigated for NMC811 cathode
material. Single layer electrodes with two distinct particle sizes
are fabricated to assess resulting microstructural, transport,
and kinetic features by employing various physical and elec-
trochemical characterization techniques. The extracted values
are used as input parameters to develop bi-layer numerical
models. The simulations are carried out to understand the
transport behaviour and estimate cell performance for thick
graded electrodes. The summarized conclusion includes:

(1) Porosity decreases with decreasing particle size in
a microstructure. This favours faster transport in solid phase
but slower transport in liquid phase.
This journal is © The Royal Society of Chemistry 2021
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(2) Solid phase diffusivity and reaction rate constant
increases with decreasing particle size. The facilitation of
diffusivity can be connected to change in crystallinity to amor-
phous structure. The increase in rate constant can be credited to
a combination of reduced charge transfer resistance and higher
solid phase concentration.

(3) Both BLC1 and BLC2 display higher electrode utilization
next to the CC compared tomonolayer electrodes. At high C-rate
(4C), BLC1 shows similar discharge capacity as the monolayer
electrode with small particles. With an increase in C-rate, liquid
phase transport becomes the limiting factor.

(4) For both power and energy density application, BLC1
could be a potential electrode candidate for commercial
purposes.

For future work, the authors wish to fabricate thick bi-layer
cathodes to conrm the performance improvement as compared
to monolayer electrodes with single sized particles. However,
controlling CB percolation and binder migration become more
challenging in thick electrodes. The nished product is dependent
on a combination of slurry compositions, viscosity, and drying
conditions. Furthermore, a second deposition step is required
including material processing and handling of small particles.
Future experimental work should explore whether the prospect of
bi-layer electrodes outweigh the constraints associated with their
manufacturing process which includes novel deposition tech-
niques. For example, Huang et al. reported on successful synthesis
of a thin (12.2 mm) bi-layer anode structure through spray depo-
sition technique65 in which both layers consist of nano-sized
particles. Their experimental results conrmed superior charge
(Li extraction) capacity and coulombic efficiency at high current
density (2C, 4C) for this bi-layer electrode compare to single layer
electrodes. Further research is required to investigate the trans-
ferability of such synthesis technique along with other techniques
to large-scale industrial production.
Nomenclature
A

This jou
Electrode area (m2)

as
 Interfacial area (m2 m�3)

Cl
 Li+ concentration in liquid (mol m�3)

Cp
 Specic heat capacity (J kg�1 K�1)

Cs
 Li+ concentration in solid (mol m�3)

Dl
 Diffusion coefficient in liquid (m2 s�1)

Ds
 Diffusion coefficient in solid (m2 s�1)

Ecell
 Cell specic energy (W h kg�1)

f
 Domain fraction (—)

fe
 Activity coefficient (—)

F
 Faraday constant (C mol�1)

i0
 Exchange current density (A m�2)

il
 Liquid phase current density (A m�2)

in
 Local current density (A m�2)

is
 Solid phase current density (A m�2)

Iapp
 Applied current density (A m�2)

jLi
 Reaction current density (A m�3)

k0
 Reaction rate constant (m2 mol�0.5 s�1)
rnal is © The Royal Society of Chemistry 2021
h
 Convective heat transfer coefficient capacity (W m�2

K�1)

Lpos
 Cathode thickness (m)

Lsep
 Separator thickness (m)

M
 Mass loading (g m�2)

n
 Number of electrons (—)

Pcell
 Specic power (W kg�1)

Qohm
 Ohmic heat generation rate (W m�3)

Qrev
 Reversible or entropic heat generation rate W m�3)

Qrxn
 Reaction heat generation rate W m�3)

rp
 Particle radius (m)

R
 Gas constant (J mol�1 K�1)

t
 Time (s)

tp
 Transfer coefficient (—)

T
 Temperature (K)

Ueq
 Open circuit potential (V)

Uref
 Open circuit potential of an electrode reaction (V)

dU/
dT
Entropic coefficient (mV K�1)
Greek symbols
a
 Symmetry factor (—)

3
 Porosity or volume fraction of liquid (—)

ha
 Surface overpotential at Li foil (V)

hc
 Surface overpotential at cathode (V)

g
 Thermodynamic factor (—)

s
 Tortuosity (—)

K
 Electrolyte conductivity (S m�1)

s
 Solid phase conductivity (S m�1)

fl
 Electrolyte potential (V)

fs
 Electrode potential (V)

r
 Material density (kg m�3)

l
 Thermal conductivity (W m�1 K�1)
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