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1. Introduction

Owing to the need of the hour to progress toward renewable
energy sources, recent years have seen rapid electrification of
the industrial[1] and transportation[2] sector. Lithium-ion batteries
(LIBs) are at the forefront of this global transition. The field of
application of LIBs already spans from consumer electronics to
electric vehicles as well as power tools and is expanding steadily

to shape the future of mobility in form of
electric vertical takeoff and landing
(eVTOL) aircrafts. Although LIBs are a ver-
satile energy-storage medium with higher
energy density and rate capability com-
pared to their counterparts, there is a need
to develop LIBs tailored to specific applica-
tion to meet the requirements of the future.
For instance, LIBs to be used in electrical
vehicles intended for greater range per
charge must fulfill higher energy require-
ments; in contrast, higher rate capability
is essential for an eVTOL that requires con-
siderably higher power at takeoff and land-
ing. Since energy density in LIBs is often
won at the cost of rate capability and in turn
power density, cell manufactures must
choose between the two during the concep-
tion of cell design for a given application.
An overview of the key decisions to be
made in this process has been highlighted
by Lain et al.[3] At the cathode level, a high-
energy cell differs from a high-power cell in
that, it has higher coat weights with a higher
mass ratio of active material thus resulting

in larger thickness and lower porosity. Furthermore, high-energy
cathodes constitute significantly lesser proportions of the conduc-
tivity additive and binder as compared to a high-power cathode.
The contrasting design strategies involved in the construction
of cathodes as well as the intended operation conditions for respec-
tive applications lead to significantly different microstructural
properties and limiting mechanisms. In case of high-energy elec-
trodes, the electrical conductivity possesses as the limiting factor
owing to the high insulating active material and low conductive
additive content. Since the rate capability of high-energy cathodes
is low,[4] the cathodes are operated under C-rates at which the ionic
diffusion is usually sufficient. On the contrary, high-power cath-
odes usually possess abundant conductivity additive to ensure ade-
quate electrical connection within the electrode but the ionic
conductivity is the limiting factor because of the necessity of faster
ionic diffusion at higher C-rates.

The extensive review on the manufacturing research in the
field of LIBs[5] clearly highlights the potential of manufacturing
processes in shaping the resulting microstructure of LIB electro-
des and hence their performance. Furthermore, numerous
theoretical and experimental attempts have been made by
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Herein, guidelines are provided for the dispersion of conductivity additive in
nickel-manganese-cobalt-oxide-based lithium-ion battery (LIB) cathodes with
respect to its influence on electrochemical performance. The contrasting design
strategies and operating conditions applicable to high-power and high-energy
cathodes lead to significant differences in performance limiting factors for the
respective microstructures. Hence, a generalization of the optimum dispersion of
the conductivity additive that enhances cell performance in all cases is not
possible. In this work, four distinct distributions of conductivity additive
agglomerate/aggregate sizes resulting from varying mixing conditions are
investigated with respect to their compatibility with cathode microstructures
intended for different LIB applications with the help of spatially resolved elec-
trochemical simulations. It is found that in the case of high-power cathodes,
wherein ionic transport is the dominant performance limiting factor, a more
significant proportion of agglomerates that are bigger in size leads to improved
diffusion and intercalation conditions. Conversely, in the case of high-energy
electrodes wherein the conductivity additive content is minimized, a larger fraction
of smaller aggregates, produced by the fragmentation of the agglomerates during
the mixing process are essential to ensure sufficient electrical conductivity.
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research groups worldwide to unravel the influence of individual
manufacturing processes on the resulting electrodes. In chrono-
logical order of cell manufacturing, dry as well as wet mixing was
investigated by Bockholt et al.[6,7] and Bauer et al.,[8] followed by
studies on dispersion by Mayer et al.[9] and Dreger et al.[10,11].
Subsequently, the influence of drying was reported by
Lombardo et al.[12] and Lippke et al.[13]. Finally, Ngandjong
et al.[14] and Primo et al.[15] delivered insights into calendering
in their studies. To overcome the inherent shortcomings of
high-power and high-energy cathode cell design, manufacturing
processes must be manipulated to achieve optimized microstruc-
tures. In case of high-energy cathodes, this implies achieving
improved electrical conductivity without significant loss in ionic
transport and an enhanced ionic conduction alongside the estab-
lished electrical network for high-power cathodes. This prospect
was exploited by researchers in the recent years. Kremer et al.[16]

were able to show that low drying rates could improve the rate
capability of high-energy thick electrodes. Gottschalk et al.[17]

reported the improvement in the performance of LIB anodes
by means of a two-layered microstructure.

In this work, computational investigations have been carried out
to determine the degree of dispersion of the conductivity additive
best suited for high-energy and high-power cathode application
respectively. The basis of the dispersion degree, indicating the
progress of deagglomeration of the conductivity additive in the dis-
persion step of cathode manufacturing, is formed by the study on
the quality control of LIB electrode suspensions.[10] The different
degrees of dispersion investigated in this work are characterized by
size distribution of the conductivity additive measured after dry
mixing with the active material at different tip speeds of the mixing
device.[18] The measurements were made at the Institute for
Particle Technology, Technische Universität Braunschweig, and
kindly made available by Dr.-Ing. Julian Mayer. All the size distri-
butionsmeasured at differentmixer tip speeds of 2.5, 6.25, 9.5, and
13ms�1 possess a bimodal shape wherein the peak at higher size
indicates the population of agglomerates in the mixture and the
peak at smaller sizes that of the fragmented agglomerates and
aggregates. However, with rising tip speeds, the peak of the
agglomerates diminishes and the population of the aggregates
and smaller fragments rises. To the realize the change in micro-
structure that would result from such deagglomeration duringmix-
ing the measured size distributions were incorporated into
idealized cathode geometries[19] intended for numerical investiga-
tions. The idealized geometries generated for the purpose of this
work are composed of the active component, lithium nickel man-
ganese cobalt oxide (NMC), and the passive component, compris-
ing the conductivity additive and the binder modeled as smooth
spheres. Depending on the chosen application, the idealized
microstructures were modeled to replicate different mass loading
and hence thickness, porosity, and composition based on the
respective recipe. Eventually, all the generated microstructures
were transformed into half-cell domains with the addition of an
electrolyte region and periodic boundaries in the in-plane direction
followed by characterization of these individual domains by means
of numerical determination of structural parameters namely effec-
tive electrical conductivity, tortuosity, and specific available active
surface area. Finally, the entire half-cell domain was subjected to
galvanostatic operation condition at discharge rate suitable for the
respective application to obtain potential progression with respect

to a lithium-metal anode to be used consecutively for the evaluation
of performance. The insights gained have been presented as guide-
lines for cell design keeping in mind the intended application.

2. Numerical Method

2.1. Idealized Microstructure Generation

The idealized cathode geometries investigated in this contribu-
tion were generated by means of the open-source particle simu-
lation software LIGGGHTS made available by the CFDEM
project.[20] Hereby, discrete element method (DEM) simulations
were carried out to generate particulate assemblies capable of
replicating LIB cathode microstructure. The idealized aspect
of the resulting geometries lies in the fact that all the particles
are assumed to be dense, smooth spheres. For all particle sim-
ulations carried out within the framework of this work, two types
of particles were used, namely the active material particle repre-
senting the NMC particle and the carbon binder domain (CBD)
particle representing a combination of the conductivity additive
carbon black and binder polyvinylidene difluoride. It was
assumed that carbon black and the binder exist in equal quanti-
ties in all the recipes and that all of it was absorbed by carbon
black, leaving no surplus binder that could attach itself to the
active material surface. It is to be noted that such a scenario
is not achievable with the contemporary manufacturing methods
involved in the mass production of LIBs. However, Bauer et al.[8]

showed that a dry mixing pretreatment of the active material with
carbon black followed by dispersion in binder–solvent solution
along with additional carbon black to immobilize the binder
could achieve the assumed state. Since NMC particles exhibit
a rather narrow size distribution a constant diameter of 10 μm
was assumed.[8] In contrast, size for the CBD particle was derived
from the measured size distributions after dispersion for a con-
stant amount of time and varies depending on the mixing tip
speed as shown in Figure 1.

To calculate the number of particles of each constituent and its
individual species in the particle simulations, at first the design for
the respective application was determined. In case of high-power
cathodes, a recipe (active-material:carbon-black:binder wt%) of
90:5:5 wt% was chosen which was transformed into a half-cell
computational domain of dimension 20� 20� 40 μm with a
porosity of 40%. Whereas, for high-energy cathode 98:1:1 wt%
was the chosen recipe. The computational half-cell domain in case
of the latter has a dimension of 20� 20� 120 μm and a porosity
of 30%. Based on these design parameters, the volume fraction of
the components in the half-cell computational domain could be
calculated based on the method applied by Hein et al.[21].
Depending on the chosen recipe, the density of the resulting solid
cathode ρsc can be calculated with the relation

ρsc ¼
1P
i

wi
ρi

(1)

wherein wi represents the mass fraction of the constituent particle
type, and ρi its density. Upon substituting the half-cell porosity
into Equation (2), the volume fraction of the solid components
εc in the half-cell can be calculated using the half-cell porosity ε.
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εc ¼ 1� ε (2)

Finally, Equation (3) reveals the volumetric fraction of the con-
stituent particles in the half-cell and Equation (4) reveals the
number of particles ni,j of the individual species of a given con-
stituent. Herein, V denotes the total half-cell volume L� B�H
and q3ðdi,jÞ denotes the diameter-dependent relative population
of a species j belonging to a given constituent i.

εi ¼
wi

ρi
� ρsc � εc (3)

ni,j ¼
6� V � εi � q3ðdi,jÞ

π � d3i,j
(4)

Following the determination of the quantity of the constitu-
ents and their respective species, these were inserted randomly
into a simulation box much larger than the intended half-cell size
in the framework of the software LIGGGHTS as illustrated by the
initial suspension state in Figure 2. Subsequently, the simulation
box was made to shrink to a given dimension ensuring constant
rate of shrinkage followed by relaxation to overcome the resulting
overlapping between the particles. The simplified Johnson–
Kendall–Roberts (SKJR) model[22] was used to mimic the
cohesion between the particles, and their movement was dictated
by the conservation of momentum. Additionally, contact force
between the particles was modeled by the Hertz–Mindlin
model.[23] This simulation step was intended to imitate the dry-
ing process. Conclusively, the particle assembly was subjected to
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Figure 1. Measured carbon black particle size (courtesy Mayer et al.) represented as a) relative population distribution and b) cumulative distribution.

Figure 2. Generation of idealized half-cell geometries.
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uniaxial compression until the predetermined thickness of the
cathode based on the respective application was reached, with
a fixed wall moving at a constant speed following the calendering
process. The chain of DEM simulations thus executed are only
intended as means of generating a spatial distribution of cathode
components similar to LIB cathodes. Since, the initial insertion
of the particles into the simulation box is random, the resulting
spatial distribution of the CBD is homogeneous and effects such
as binder migration during drying are not accounted for.
Detailed description of the particle–particle as well as particle–
wall interaction necessary to describe the transient behavior of
cathode slurries are therefore out of the scope of this work.
The resulting volume and weight fractions as well as the used
material properties are summarized in Table 1. Since carbon
black and binder have been modeled as composite particle, its
volume and weight fraction are the sum of the value for carbon
black and binder. To transform the particulate assemblies result-
ing from the previously elaborated DEM simulations into
half-cell computational domain, at first these were extended
periodically.[19] Subsequently, to prepare the particulate assem-
blies for meshing in Simcenter STAR–CCMþ,[24] the point con-
tacts between the particle were treated by means of the surface
wrapper utility.[25] Herein, points on the surfaces of particles
closer than a predefined size were bridged together to form a sort
of wrap over the entire assembly. This leads to an addition of
mass to the cathode structure; however, the change made in
the volume fraction of the respective components and the poros-
ity was negligible. The wrapped structure was then trimmed to
the dimension of the half-cell resulting in the domain ΩS.
Finally, after the inclusion of the electrolyte domain ΩE in the
pores and in the seperator domain on the top, the half-cell com-
puational domain was forged as shown on the far right in
Figure 2. A total of eight idealized half-cell domains were con-
structed. A set of four, for each application corresponding to
the different tip speeds.

2.2. Characterization

The interplay of conduction phenomenon strongly effects the
performance of LIBs. The electric and ionic conductivities are
interdependent and determined by the cathode microstructure.
In this contribution, effective microstructural properties related
to these conduction phenomenon were evaluated by a numerical
method developed by Kespe et al.[26] The generalized form of the
equation set utilized is summarized in Table 2. The numerical
method utilizes the law of conservation as is stated by Equation
(2.1) in the Table. Herein, ψ represents concentration c in case of

mass conservation and potential ϕ in case of charge conservation.
The spatially dependent coefficient α represents diffusion coeffi-
cient DE for the former and electrical conductivity κS for the lat-
ter. To evaluate the effective value of α for the microstructure, a
unit gradient Δψ was applied across the extremities ( ∂ΩB and
∂ΩT) of the respective domains. The electrical conductivity is
restricted to the cathode region ΩS, while the ionic conduction
occurs only within the electrolyte in the region ΩE. Due to the

applied gradient, a flux ~i evolves across the microstructure.
The flux is limited to the respective domain by the boundary con-
dition 2.2 at the contact boundary between cathode and electro-
lyte ∂ΩS;E. Furthermore, the periodic boundaries ∂ΩP in the
direction perpendicular to the flux ensure that the investigated
domain is representative. To determine the effective property,
formula 2.4, derived from Equation (2.1) and (2.3) was used.
Herein, H represents the thickness of the domain, and Δx
and Δy represent the lateral dimensions. The formulation of
Δψ depends on the evaluated property, that is, (cT � cB) for mass
and (ϕT � ϕB) for charge. The obtained effective electrical con-
ductivity κeffS is directly used as an indicator for the conductive
capabilities of the cathode. However, for ionic conductivity,
the chosen parameter is tortuosity τ. Tortuosity is a dimension
less factor indicating the quality of 3D pore system.[27] It inter-
links porosity and diffusion phenomenon following the rela-
tion[28]

Deff
E ¼ DE

ε

τ
(5)

A higher tortuosity is thus an indicator of poor quality with
respect to ionic diffusion due to the lower effective diffusion coef-
ficient Deff

E at a given porosity. Another important microstruc-
tural property that has a significant influence on the half-cell
performance is the available specific active surface area Sv.
The electrochemical activity in a cell owing to the redox reactions
is a surface phenomenon hence its availability effects the rate as
well as the efficiency of these reactions. The dispersion and dis-
tribution of the inactive components namely carbon black and
binder during the fabrication process strongly influence the avail-
ability of the active surface, since these components latch on to
the active material surface they restrict movement of the lithium
ion to an otherwise potential site of intercalation. In this work,
the combination of carbon black and binder are considered to be
dense; hence, no ionic diffusion is permitted through it.
Numerous contemporary studies[12,21,29] have modeled the
CBD to be porous with the help of effective ionic diffusion sub-
jected to an assumption of intrinsic properties of the CBD such

Table 1. Material properties and proportions of the cathode constituents.

Active material Carbon black Binder

Density [kg m�3] 4780 1850 1780

High-power cathode weight [%] 90 5 5

High-power cathode volume [%] 46 7 7

High-energy cathode weight [%] 98 1 1

High-energy cathode volume [%] 66 2 2

Table 2. Model equations for determination of effective microstructural
properties.

Ω=ΩS∪ΩE, ∂Ω ¼ ∂ΩB∪∂ΩS;E∪∂ΩP∪∂ΩT –

∇ · ðα · ∇ψÞ ¼ 0 (2.1)

∇ψ ·~n ¼ 0 on ∂ΩS,E (2.2)

~i ¼ α · ∇ψ (2.3)

αeff ¼ ∫~i ∂Ω�H
Δψ �Δx�Δy

(2.4)
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as tortuosity and porosity. However, Mayer et al.[30] showed in
their latest work that inner porosity of carbon black has an
immense effect on the electrochemical properties of the elec-
trode and the measurements required to make accurate estima-
tion of the former are nontrivial. Furthermore, in their review of
the modeling of inactive materials in LIBs, Chouchane et al.[31]

noted that the completely redistricted ionic diffusion through the

CBD was still able to replicate the spatial distribution of interca-
lated lithium in the electrode adequately and that, it was essential
to account for the loss of active surface area. Therefore, the
choice of completely redistricted ionic diffusion was opted to
build a worst-case scenario analysis. The specific active surface
area available for intercalation per unit volume of the cathode is
thus expressed as

Sv ¼
Total Active Surface Area� Active Surface Area occupied by the CBD

Cathode Volume
(6)

2.3. Performance Evaluation

The spatially resolved 3D microstructural model proposed by
Kespe et al.[32] was used as the basis for half-cell performance
evaluation in this work. This model makes use of mass and
charge balance equations to model the transport of lithium ions
and electrons within the half cell. The generalized forms of these
balances are stated as Equation (7) and (8). Herein, c represents
the concentration, t the time, ~̇n material flow, and~i the current.

∂c
∂t

¼ �∇ · ~̇n (7)

∇ ·~i ¼ 0 (8)

The computational domain of the model consists of two non-
overlapping domains ΩS and ΩE. The material and current flux
for the individual regions are summarized in Table 3. The solid
domain ΩS can be further classified into the active domain ΩAM

S

and the passive domainΩCBD
S . Likewise, the electrolyte domain is

classified into ΩSEP
E and ΩREST

E such that the former represents
the separator domain within the electrolyte, modeled with the
help of effective properties following the relation 5 and the latter
the remaining electrolyte region. In case of the solid region, the
electrical conductivity is set in such a manner that κCBDS >> κAMS
to model the superior electrical conductivity of the passive mate-
rial. Conversely, to limit the lithium transport in the passive
region the diffusion coefficient have been chosen such that
DCBD

S << DAM
S . In contrast, for the electrolyte region, the electri-

cal conductivity κE and the diffusion coefficient DE have been
modeled to depend on the electrolyte concentration following
the relations 9 and 10. These relations are based on the parame-
terization published by Less et al.,[33] wherein the liquid electro-
lyte is modeled as a completely dissociated conducting salt,
lithium hexafluorophosphate (LiPF6) in a solvent consisting of
a mixture of ethylene carbonate and ethyl methyl carbonate.

κE ¼ �2.39� 10�11 � cE4 þ 1.21� 10�7 ⋅ cE3

� 2.89� 10�4 � cE2 þ 0.32� cE � 2.789
(9)

DE ¼ 1.2� 10�21 � cE4 � 6.5� 10�18 � cE3 þ 1.14� 10�14

� cE2 � 8.06� 10�12 � cE þ 2.24� 10�9
(10)

At the interface between the two nonoverlapping regions
∂ΩS;E, a Butler–Volmer-type relation dictates the kinetics of
the electrochemical reactions via the intercalation current density
~iBV.

[34] Under consideration of symmetry, this relation can be
stated as Equation (11). Hereby, the intercalation current density
is set to zero on the passive subdomain ∂ΩCBD

S;E to ensure its inac-
tivity in the intercalation reaction. The universal constants in the
equation are F Faraday’s constant and R universal gas constant.
In addition, η denotes the overpotential determined by
Equation (12), where the equilibrium potential Ueq of NMC-
622 in dependence to concentration is given by the polynomial
function 13.[16]

~iBV ¼
8<
:
2 ⋅ kBVðcmax

S � cSÞαðcSÞαðcEÞα sinh
F

2RT
η

� �
on ∂ΩAM

S;E

0 on ∂ΩCBD
S;E

(11)

η ¼ ϕS � ϕE �Ueq (12)

Ueq ¼ 13.4905� 10.96038� cS þ 8.203617� cS1.358699

� 3.10758� 10�6 � eð127.1216⋅cS�114.2593Þ � 7.033556

� c�0.03362749
S

(13)

For both the regions, the material and charge transfer are
coupled over the periodic boundaries in the in-plane direction.
This ensures the applicability of the numerical results obtained
at the microscale to the macroscale of the LIB cathode. Finally,
the top of the electrolyte region in the half-cell as shown in
Figure 2 was modeled to be composed of metallic lithium. On
the other end of the half-cell, the cathode current collector
was modeled to impose galvanostatic boundary conditions, such
that a constant current flows through it. In case of high-power
cathodes, a high discharge rate of 5 C was chosen and in
case of high-energy cathodes the discharge rate was set to
0.5 C. To ensure charge neutrality, the condition 14 was
assumed. Additionally, isothermal operation at T= 298 K was
assumed.

~iBV ·~nS ¼ �~iE ·~nE (14)

Table 3. Mass and current flux in cathode and electrolyte domain.

Cathode, ΩS = ΩAM
S ∪ΩCBD

S Electrolyte, ΩE = ΩREST
E ∪ΩSEP

E

~n
:
S ¼ �DSð~xÞ · ∇cS (3.1) ~n

:
E ¼ �DE · ∇cE þ t0þ

F ·
~iE

(3.2)

~iS ¼ κSð~xÞ · ∇ϕS
(3.3) ~iE ¼ �κE · ∇ϕE � 2RTKE

F ð1� tþ0 Þ∇ ln cE (3.4)
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The measure of performance chosen for this contribution is
the utilizable capacity of the half-cell. This performance parame-
ter can be derived from the half-cell potential evaluated from the
spatially resolved model with respect to the lithium-metal anode.
In doing so, the half-cell potential at the cathode current collector
is plotted along the depth of discharge (DOD). Evaluation of
DOD is carried out based on the maximum theoretical lithium
concentration cS;max, the reference concentration at the begin-
ning of galvanostatic discharge cS;ref , and the concentration at
given instance cSð~x, tÞ following Equation (15).

DOD ¼
R ðcSð~x, tÞ � cS,ref ÞR ðcS;max � cS;ref Þ

(15)

Consequently, the depth of discharge achieved by the half-cell
at the cutoff defined by the cutoff voltage, COV in comparison to
the theoretically possible discharge evaluated under equilibrium
conditions gives its utilizable capacity as stated by Equation (16).

The complete set of parameters used in the spatially resolved
model are summarized in Table 4.

UC ¼ DODðCOVÞ
DODeqðCOVÞ

� 100 (16)

3. Results and Discussion

In the following studies for each application type, the half-cell
variants were constructed to the same dimension and composi-
tion, as discussed in the previous section. The only factor that
leads to difference in the half-cell microstructure is thus the cho-
sen CBD dispersion dependent on the measurements made after
a constant time in a mixer with changing tip speeds. The size
distribution of the conductivity additives resulting from such a
dispersion process typically has a bimodal form. Mayer et al.[9]

describe modes of these distributions as the aggregate and
agglomerate peak respectively for the smaller and larger particles.
In this context, the term agglomerate refers to clusters held
together by weak forces of attraction and aggregates as particulate
structures held together by considerably stronger forces, that
form the building blocks of agglomerates. As can be observed
from Figure 1a, increase in tip speed leads to a shift of agglom-
erate peak into the aggregate peak. However, Mayer et al. showed
in their study that, the median of the particle size obtained was
independent of the tip speed and correlated closely with the total
specific energy input into the mixer. Consequently, since higher
tips speeds can deliver high energy in shorter time, smaller par-
ticle size can be attained from the shorter mixing time. Within in
the frame of this work, the resulting size distributions have been
extracted from measurements after constant mixing time.
Hence, the focus of this contribution is to formulate guidelines
on how particle-size distribution influences performance.

3.1. High-Power Cathodes

Figure 3 shows the investigated domain of the high-power cath-
odes. As can been seen from the figure, the dispersion of the
CBD at 13ms�1 is much more pronounced than that at
2.5ms�1. This leads to significant differences in the half-cell
microstructure. These differences were quantified by the charac-
terization simulations elaborated in Section 2.2, the results of
which are plotted in Figure 4. It can be observed from
Figure 4a that the available specific active surface area shows
a drastic drop from the 2.5 ms�1 variant to the 6.25ms�1 variant
followed by the convergence to a fairly constant value with rising
tip speed. This is due to the fact that as the aggregate peak rises
due to the increasing number of smaller particles resulting from
the deagglomeration as shown in Figure 1a, numerous new con-
tacts are formed between the fragmented CBD and the active
material. These contact areas are considered to be fully blocked
for lithium ions and hence a loss of active surface area is
observed. Upon further increase in the aggregate peak with
the tip speed no significant rise in these contacts can be inferred
from the unchanged available surface. The increasing number of
inter- as well as intra-particle contacts also has significant conse-
quences for the conduction phenomenon. As can be seen from
the Figure 4b on the left axis, the tortuosity increases steadily

Table 4. Parameters for the spatially resolved electrochemical model on
the microscale.

Value Unit Reference

Cathode

Active material electrical

conductivity κAMS

1 Sm�1 [37]

CBD electrical conductivity κCBDS 100 S m�1 [35]

Active material coefficient of

diffusion DAM
S

4.3032� 10�14 m2 s�1 [16]

CBD coefficient of diffusion DCBD
S 1�10�20 m2 s�1 [26]

Initial cathode potential ϕS;ref 4.3 V [21]

Active material initial lithium

concentration cAMS;ref

18409.57 mol m�3 [16]

Active material maximum lithium

concentration cAMS;max

50 451 mol m�3 [16]

CBD lithium concentration cCBDS;ref 0 mol m�3 [26]

Electrolyte

Initial electrolyte potential at
anode surface ϕE;ref

0 V [21]

Transfer number t0þ 0.4 – [33]

Initial lithium concentration cE;ref 1000 mol m�3 [26]

Separator

Porosity εsep 0.5 – [26]

Tortuosity τsep 1.5 – [26]

Butler–Volmer kinetics

Butler–Volmer reaction rate
constant kBV

1.4693� 10�6 A m�2.5 mol�1.5 [16]

Cathodic apparent transfer
coefficient αc

0.5 – [16]

Anodic apparent transfer
coefficient αa

0.5 – [16]
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with increasing tip speed leading to loss of ionic conductivity.
Smaller CBD particles arising at higher tip speeds seep into
the pore network of the half-cell thus breaching ionic conduction
pathways and increasing tortuosity. In contrast, the increasing
number of contacts associated with the smaller CBD particles
lead to a considerable increase in the electrical conductivity from
the 2.5 variant to the 6.25ms�1 variant, evident on the right axis
in Figure 4b. Since, not all the new contacts formed owing to the
increasing number of smaller particles contribute to the electrical
network in the half-cell, no further relevant increase is noticed in
the electrical conductivity with increasing tip speed. This, behav-
ior is to be expected in percolating systems like the cathode
suspension.[35]

Based on the results of the characterization simulations, it
could be argued that larger CBD particle sizes present at low
tip speeds could prove to be beneficial for high-power cathodes.
Not only is the available specific active surface in these cases
higher, but also the electrical conductivity percolation is already
achieved at 6.25ms�1 and further increase of tip speed only leads
to deterioration of the ionic conductivity. To bridge the gap
between microstructural characteristics and half-cell perfor-
mance and thereby verify this hypothesis, scale-resolving micro-
structural simulations were carried out as explained in
Section 2.3. Since, the scale-resolving simulations are extremely
time and cost intensive only the domain of the tip speed wherein
relevant differences in microstructural properties were observed,

was investigated further. The half-cell potential recorded at the
current collector of the half-cells during a 5C discharge with
respect to pure metal anode is plotted against the depth of dis-
charge in Figure 5a. It is evident from the figure that the half-cell
variant at tip speed 2.5 ms�1 exhibits higher half-cell potential
across the entire depth of discharge than the 6.25ms�1 variant.
Accordingly, the evaluated utilizable capacity of the former is
superior to the latter as indicated in the figure. The reasons
for this result can be elucidated by the steep difference in the
available specific active surface area between the two variants.
Higher surface area available for intercalation in case of the
2.5ms�1 leads to lower levels of intercalation current density
across the cathode, this intern leads to lower overpotential dic-
tated by Equation (11), thereby improving utilizability. This
was verified by the investigation of average intercalation current
density presented in Figure 5b. Herein, the mean intercalation
current density arising per unit area in three volumetrically equal
regions of the cathode labeled as upper section (US), middle sec-
tion (MS), and lower section (LS) in Figure 3 was evaluated from
the scale-resolving simulations with respect to the global depth of
discharge. As is evident, the lesser degree of dispersion for the
2.5ms�1 variant leads to higher available specific active surface
area and hence lower intercalation current density in all the
sections.

Another important inference that can be made from the
Figure 5b is based on the progress of the average current density

Figure 3. Idealized half-cell geometries of the high-power cathode variants.
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Figure 4. Structural characterization of the high-power cathode variants. a) Specific active surface area, b) tortuosity (left axis), and effective electrical
conductivity (right axis).
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with the depth of discharge. The magnitude of the average inter-
calation current density at beginning of the discharge is set based
on the surface area of the respective sections and the distribution
of the current dependent on the electrical conductivity. Only
small differences in magnitude are observed, because on the
one hand the sections poses similar surface area owing to
the homogeneous distribution of the CBD, on the other hand
the electrical conductivity is sufficiently high in all sections even
in the case of the 2.5 ms�1 variant. Furthermore, since the thick-
ness of the high-power cathode is small, a uniform distribution
of the intercalation current results. Consequently, after a short
duration of discharge at 80 s, no sharp gradients in the concen-
tration distribution are visible for both the cathode and electrolyte
domain in Figure 6. In this figure, the cathode and the electrolyte
domain have been presented separately with labels for the respec-
tive concentration on the left and right side. Further, clipping
planes at the midpoints in the lateral direction reveal the inside
of the electrolyte domain. In contrast, toward the end of the dis-
charge cycle at 400 s, the current at the US reduces at the expense
of the other sections. This is seen most evidently for the
6.25ms�1 variant in Figure 5b. Since, the total current in the
half-cell must at all times be constant under galvanostatic

operation condition, this observation is an indication that the
US gains concentration the fastest. The lithium ions originating
at the anode are fed preferentially to the top layer of the cathode
until the current density drops at DOD= 0.6 owing to the rising
surface concentration following the relation 11. This can be veri-
fied by the resolved representation of lithium concentration in
the half-cell as shown in the Figure 7. As is evident in the figure,
most prominently for the 6.25ms�1 variant, the US shows the
preferential accumulation of lithium concentration with the
upper layer already exhibiting lithium concentration higher than
80% of the maximum solid concentration. This leads to the
depletion of electrolyte also evident from the figure, from the
growing black spots close to the current collector where the elec-
trolyte concentration has dropped to 94% of the initial value,
highlighting the inherent ionic conductivity limitation of high-
power cathodes. However, numerous publications[16,32] have
pointed out that this limitation could be countered by a favorable
gradient in the distribution of the conductivity additive and
binder in the thickness of the cathode. An increasing amount
of binder and conductivity additive toward the cathode current
collector without significantly influencing the local electrical con-
ductivities of the individual section would enhance the ability of
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Figure 5. Performance evaluation of the chosen high-power cathode variants. a) Galvanostatic discharge curves at 5 C discharge rate; b) average inter-
calation current density in the upper section (US) (top), middle section (MS) (middle), and lower section (LS) (bottom).

Figure 6. Relative lithium concentration distribution in the high-power cathode and electrolyte domain of the 2.5ms�1 variant (left) and 6.25ms�1 variant
(right) after 80 s of galvanostatic discharge at 5 C.
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the ions to navigate through the thickness of the half-cell hence
improving the ionic conductivity without significant loss in the
electrical conductivity. Hence conclusively, it is proposed that a
lower degree of dispersion and an increasing gradient of the con-
ductivity additive and binder in the direction of the current col-
lector are best design choices for the high-power application.

3.2. High-Energy Cathodes

The investigated high-energy variants are shown in Figure 8.
Similar to the previous subsection, a visible increase in the

fragmented CBD particles can be seen in the figure as the tip
speed rises. However, the implications for the high-energy cath-
ode are in sharp contrast to that for the high-power cathode, as
can be seen from Figure 9. For all the characteristics, no signifi-
cant change is observed up until the highest tip speed 13ms�1.
At the highest tip speed ergo, the highest degree of dispersion
however, a sharp drop in the available specific active surface area
in Figure 9a, along with sharp increase in tortuosity and electrical
conductivity in Figure 9b can be observed. These changes can be
attributed to large fraction of smaller CBD fragments present in
the microstructure similar to what was observed for the high-
power variant. The onset of this change at much higher tip speed

Figure 7. Relative lithium concentration distribution in the high-power cathode and electrolyte domain of the 2.5ms�1 variant (left) and 6.25 ms�1 variant
(right) after 400 s of galvanostatic discharge at 5 C.

Figure 8. Idealized half-cell geometries of the high-energy cathode variants.
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in case of the high-energy variant can be explained by their larger
thickness hence longer conduction pathways, as well as signifi-
cantly low CBD content. Thus, to significantly impact the char-
acteristics of the high-energy cathode, a higher degree of
dispersion is necessary. This additional effort however does
not seem to be justified based on the results of characterization
simulations. Although the electrical conductivity shows percola-
tion behavior at the highest tip speed, the sharply increased num-
ber of contact responsible for it decreases the available surface
area and increases the tortuosity immensely. The consequences
of this change are evident in the half-cell potential curve extracted
from the scale-resolving simulations. As shown in Figure 10a,
despite the significantly better electrical conductivity of the
13ms�1 variant, it is operating at similar half-cell potential as
the 6.25ms�1 variant. The cause here for being the considerably
higher intercalation density present on its surface in all the sec-
tions of the cathode is evident from Figure 10b.

To seek deeper insights into the limiting mechanisms of both
the variants, the concentration distribution in the half-cell during
the discharge of the cathode variants at 0.5C was investigated. It
is observed that in the starting stages of the discharge after
1200 s, a gradient in the lithium concentration develops close
to the current collector for the 6.25ms�1 variant as shown in
Figure 11. This is due to the significantly lower electrical

conductivity present in the variant which in turn leads to high
potential drop in the direction of the current collector. Since
the region closer the current collector is operating at a lower
potential in comparison to the other sections owing to the large
potential drop over the thickness of the cathode, the overpotential
in the LS is higher compared to the other sections and hence
following the relation 11, it exhibits higher mean intercalation
current density at the start of discharge. Consequently, the LS
gains concentration the fastest and after a saturation at around
DOD= 0.15, the current starts to drop at the expense of the other
sections visible in Figure 10b. This behavior is not so evidently
visible for the 13ms�1 variant. Instead in this case, the disparity
in potential of the cathode sections cannot be compensated with
change in concentration owing to its considerably higher ionic
limitation caused by the higher tortuosity.

The consequences of this become noticeable at the end stages
of the discharge, at 6800 s. It can been seen in Figure 12 that a
lithium concentration gradient develops close to the separator for
the 13ms�1 variant. This is due to the sharp rise in tortuosity
resulting from the smaller fragments of CBD present at high
tip speeds. Since the conduction pathways for lithium ions are
significantly longer in high-energy cell, this leads to drastic con-
sequences for the high-energy cathode. The electrolyte starts to
deplete close to the current collector at the LS of the half-cell as
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Figure 9. Structural characterization of the high-energy cathode variants. a) Specific active surface area, b) tortuosity (left axis), and effective electrical
conductivity (right axis).

0 0.2 0.4 0.6 0.8 1
Depth of Discharge (DOD) / -

3.2

3.4

3.6

3.8

4

4.2

H
al

f-
C

el
l P

ot
en

tia
l v

s.
 L

i/L
i+

 / 
V

68
00

 s

68
00

 s

t
s
 = 6.25 ms-1

t
s
 = 13 ms-1

Cut-off Voltage
0 0.2 0.4 0.6 0.8 1

-2
-1.5

-1
-0.5

Upper Section

0 0.2 0.4 0.6 0.8 1
-2

-1.5
-1

-0.5
Middle Section

0 0.2 0.4 0.6 0.8 1
-2

-1.5
-1

-0.5
Lower Section

Depth of Discharge (DOD) / -

A
vg

. I
nt

. C
ur

re
nt

 D
en

si
ty

 iav
g

B
V

 / 
A

 m
-2

t
s
 = 6.25 ms-1 t

s
 = 13 ms-1(a) (b)

Figure 10. Performance evaluation of the chosen high-energy cathode variants. a) Galvanostatic discharge curves at 0.5 C discharge rate; b) average
intercalation current density in the US (top), MS (middle), and LS (bottom).
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lithium ions are not supplied fast enough from the anodic
source. Furthermore, the discharge depth of the cathode is lim-
ited by the US. Thus, after 6800 s, it is only able to achieve a depth
of discharge of around 0.57 whereas the 6.25ms�1 variant
reaches 0.84 in the same time, as indicated in Figure 10a. As
expected, this behavior is absent in the 6.25ms�1 variant at
the end stages of discharge, where a concentration higher than
80% respective to the maximum value is seen along the entire
thickness of the cathode in the figure on the left hand side.
This is facilitated by further drop in the intercalation current
for the variant, during the end stages in the bottom section as
shown in Figure 10b. Since the limitation of the 13ms�1 is
already clear at this stage, further simulation up until the cutoff
voltage to determine the utilizable capacity, requiring consider-
ably higher computational effort due to low time step required
specially at higher concentration were not carried out. Thus, it
is evident that even at the highest degree of dispersion sufficient
electrical conductivity has not been established warranting an
increase in the CBD content. All the more, the increased tortu-
osity on account of the higher fragmentation of the CBD leads to
diffusion limitation in the half-cell. To ensure a balance in the
conduction phenomenon, it is proposed to consider higher
CBD content than 1 wt% to ensure sufficient electrical conduc-
tivity at higher degree of dispersion. At the same time, similar to
the case of high-power cathodes, a gradient in the distribution of

the CBD with increasing content in the direction of the current
collector must be established to insure adequate mobility of the
lithium ions. These observations are in accordance with the sim-
ulative predictions made by Kremer et al.[16] Finally, to preserve
the available active surface area despite the higher degree of dis-
persion the shape of the conductivity additive could be exploited.
It was found in numerous studies that conductive additives with
higher aspect ratio (such as graphite)[35,36] exhibit much lower
percolation threshold hence reducing the content of conductivity
additive needed and therefore the active surface area blocked by
the passive elements. Conclusively, it can be inferred that a
higher degree of dispersion is necessary for the high-energy
application to enable improvement in the electrical conduction,
provided sufficient reach of the lithium ion through a favorable
distribution of the conductivity additive and the use of conduc-
tivity additive enabling enhanced percolation is ensured.

4. Conclusion

In the framework of this contribution, four different degrees of
dispersion of the conductivity additive derived from measure-
ments made after mixing of the cathode components for a con-
stant time were investigated numerically. The contribution
focuses on the suitability of these dispersion degrees for

Figure 11. Relative lithium concentration distribution in the high-energy cathode and electrolyte domain of the 6.25ms�1 variant (left) and 13ms�1

variant (right) after 1200 s of galvanostatic discharge at 0.5 C.
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contrasting applications of LIBs namely high power and high
energy. The design parameters of the chosen applicaitons and
the guidelines derived from the investigations have been sum-
marised in Table 5. In case of the high-power application, it
was found that a lower degree of dispersion was adequate for
the cathode design. The high CBD content in high-power cath-
ode enabled sufficient electrical conduction even at the lowest
degree of dispersion of the additive, and further vigorous

dispersion led to loss of specific active surface area and ionic con-
ductivity. Moreover, a suggestion for distribution of the CBD in
the thickness of the cathode such that more CBD content is pres-
ent close to the current collector has been proposed as an addi-
tional measure for an optimal design to overcome the built-in
shortcomings of these cathodes.

In contrast, in case of the high-energy application, it was
observed that a higher degree of dispersion is essential to estab-
lish an electrical conduction network. This, however, comes at
the cost of significant ionic limitation and loss of the active sur-
face. The CBD content in high-energy cathodes must be high
enough as well as dispersed well enough to connect the extremi-
ties of the cathode to the source of current at the current collector.
Simultaneously, the CBD content and its distribution must be
kept under check to avoid deterioration of the ionic conduction.
Similar to the higher-power cathode, a distribution gradient in
the CBD content with higher CBD close to the current collector
would enable far reach of the lithium ions. Additionally, the CBD
content needed to reach sufficient electrical conductivity could be
kept under check by use of conductivity additives with a higher
aspect ratio such as graphite. With these proposals, the presented
work contributes to the microstructural optimization of the LIB
cathode manufacturing and complements the research in the
direction of application-tailored LIB manufacturing to cater to
diverse demands of future electrification.

Figure 12. Relative lithium concentration distribution in the high-energy cathode and electrolyte domain of the 6.25ms�1 variant (left) and 13ms�1

variant (right) after 6800 s of galvanostatic discharge at 0.5 C.

Table 5. Summary of the application-based design parameters and
guidelines with respect to conductivity additive and binder in NMC-
based lithium-ion battery cathodes.

High power High energy

Recipe (AM:CB:Binder)
[wt%]

90:5:5 98:1:1

Thickness [μm] 40 120

Porosity [%] 40 30

Inherent limitation Ionic conduction Electrical conduction

Degree of dispersion Low, sufficient High, necessary

Conductivity additive content Sufficiently high >1 wt%

Distribution Increasing content
toward CC

Increasing content
toward CC
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