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1. Introduction

Ranging from lightweight portable andmobile devices, to electric
vehicles as well as stationary energy stores, lithium-ion batteries
(LIBs) have become part of almost all areas of everyday life.[1]

Compared to other battery technologies,
LIBs are advantageous concerning energy
density and performance. Through a high
level of research, LIBs have been and are
constantly being improved in terms of their
cycle stability and aging resistance.[2,3]

Nevertheless, the demand for even more
powerful mobile energy storage systems
is increasing. For this reason, research
groups around the world are focusing on
improving LIBs, with the aim of achieving
ever-higher energy and power densities,
improved cycle stability and minimizing
manufacturing costs, while maintaining
safety aspects.[3]

LIBs consist of anode and cathode
layers, which are electrically insulated by
a separator, but are ionically conductively
connected. The two electrode layers have
a complex, particulate structure on the
nano- and micrometer scale and the pore
space is filled with an electrolyte.[4]

Regardless of the size and shape of the bat-
tery, the performance-determining trans-
port processes are located on the particle
or sub-particle level and are experimentally

accessible only with considerable metrological effort. In this con-
text, detailed spatially resolved numerical simulations can con-
tribute to a profound understanding of the transport processes
within a LIB.[5]

In 2005, García et al.,[6] conducted one of the first physics-
based electrochemical simulations of a LIB on fully resolved
electrode microstructures in 2D. Following this approach, 3D
simulations were performed using spherical or other idealized
particles[7–10] or microstructures reconstructed from focused
ion beam–scanning electron microscopy (FIB-SEM) and μCT
images.[5,11] The latter showed that the real particle morphology
deviates strongly from the spherical shape. This leads to local
fluctuations, which cannot be represented by an idealized
microstructure.[5,12]

Lithium–nickel–manganese–cobalt-oxide (NMC) is the most
widespread cathode active material (AM) on the battery market
according to the current state of the art.[3] Nevertheless, there are
some challenges regarding NMC cathodes, such as the low solid-
state diffusivity and a not very satisfactory thermal stability,
which was found to need improvement.[13] There are several
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A spatially resolved electrochemical model is applied to single porous lithium–
nickel–manganese–cobalt-oxide (NMC) particles to evaluate the effect of particle
porosity on the half-cell performance. The arrangement of the primary particles
within the investigated secondary particles is computer-generated by means
of the Fibonacci lattice method and is therefore identical. By varying the thickness
of the sintering bridges between the primary particles, the different particle
porosities are obtained. The numerical results reveal that transport limitations
decrease with increasing particle porosity. This becomes evident in lower local
overpotentials and more homogeneous lithium concentrations in the solid,
leading to higher utilizable capacities. To find optimum particle porosities for
different load conditions, a utility value analysis of two assessment approaches is
performed. The volume-based evaluation shows that nonporous particles are
most suitable for high-energy applications �1 C, whereas for medium to high-
power applications (1 to 10 C), particles with porosities between 10% and 20%
perform best. Interestingly, the latter show even higher utilizable energy densities
compared with the nonporous and the highly porous particles. In contrast to that,
the gravimetric results show that the electrochemical performance increases with
the particle porosity. Thus, the optimum inner porosity of NMC particles depends
on the desired application.
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ways to modify cathode materials in terms of thermal, mechani-
cal, and chemical stability. On the one hand, this is achieved
by varying the chemical composition[14], on the other hand,
by optimizing the AM particle morphology.[15] Uddin et al.[15]

stated that nanotechnology shows new ways to overcome
transport-related capacity limitations in the cathode material
and thereby increase the performance of batteries. This can be
realized by a suitable particle morphology or 3D nanostructures
that ensure reduced solid-state diffusion lengths in the AM.
Furthermore, this leads to lower transport resistances and faster
intercalation and deintercalation reactions.[15–21] Shaju and
Bruce[22] synthesized macroporous NMC and obtained a very
cycle-resistant material, which showed good performance char-
acteristics even at elevated temperatures around 50 �C.[22]

Dreizler et al.[23] refined commercially available NMC material
and generated highly porous NMC particles with porosities
exceeding 40%. Compared to the commercial nonporous AM
particles with less than 4% inner porosity, the highly porous
AM particles showed a better fast-charging capability, a higher
available capacity, and a better mechanical stability.[23] Lueth
et al.[24] modeled porous NMC via the volume averaging
technique and implemented the equations in an extended
Newman model. They observed lower transport losses and
higher discharge capacities of the porous AM particles.[24]

Furthermore, in a previous contribution, 3D and spatially
resolved simulations were carried out to determine the influence
of NMC primary and secondary particle sizes on the electro-
chemical performance of LIB half-cells.[25]

This publication continues the research on the influence of
particle morphology and investigates the impact of the particle
porosity of NMC AM on the electrochemical performance
of LIBs by systematic spatially resolved simulations. At the
manufacturing of LIBs many processing steps occur, which
influence the ionic and electronic transport behavior in the
assembled batteries to a large extent.[26] In this contribution,
the pure AM response on the different load conditions is of
interest. Therefore, single particle simulations are conducted.
This gives insight into the capacity-limiting transport processes
involved and reveals the origin of the differences in the utilizable
energy and power density of the various porous particles.

2. Electrode Particle Generation

For the investigation of the influence of different porous AM par-
ticles on the electrochemical performance, a computer-aided
generation of secondary AM particles with a defined primary par-
ticle arrangement and virtual sintering is applied. Experimental
investigations show that commercial NMC particles typically
have primary particles in the range between 0.2 and 3.6 μm
and a volume-related mean diameter d50.3 of the secondary
particles between 8 and 12 μm.[23,27,28] Thus, a primary particle
diameter of 1 μm and a secondary particle diameter of 10 μm is
used for the particle generation. To be able to compare the results
and to keep other influencing effects constant, single secondary
particle simulations with identical primary particle arrangement
but different thicknesses of the sintering bridges are used.

The calculation of an approximately equal distribution of
primary particles on the respective shell layer SX is performed

using the Fibonacci lattice method. The angle ΦXi of each
primary particle i on the shell SX is the azimuthal angle of
the spherical coordinates with values between 0 and 2π and is
given in Equation (1). The golden section ((1þp

5))/2 serves
as the basis for the Fibonacci numbers, which is why this
approach is called the Fibonacci lattice method.[29]

θXi ¼ 2π ·
ð1þ ffiffiffi

5
p Þ
2

· ði� 0.5Þ (1)

The angle φXi is the pole angle of the spherical coordinates and
can take values between 0 (north pole) and π (south pole). It is
calculated in Equation (2) using the consecutive primary particle
index i¼ {1, …, nX} ∈ ℕ for each shell SX and the total number of
spheres in the respective shell nX.

[29]

φXi ¼ cos�1

�
1� 2 · ði� 0.5Þ

nX

�
(2)

The sphere count nX results from geometrical considerations.
The overall number of primary particles for one porous second-
ary particle with a diameter of 10 μm and a primary particle diam-
eter of 1 μm with a maximum shell count of N¼ 5 amounts to
nP¼ 522. Further geometrical properties of the regarded AM par-
ticles are summarized in Table 1. For simplification, the particles
are named according to their inner porosity.

As expected, the geometry with the highest porosity has the
largest active surface area A. However, the solid volume V of
the respective particles decreases linearly with increasing poros-
ity, starting with the reference particle with 0% porosity
(see Table 1). It can be seen from Table 1 that the volume-specific
surface area SV, increases almost linearly with increasing poros-
ity of the particles. A schematic representation of the electrode
particle set-up is shown in Figure 1.

3. Electrochemical Model

The underlyingmodel considers the charge and species transport
in 3D spatially resolved electrochemical half-cells, with one solid
electrode region and a liquid electrolyte region coexisting as two
nonoverlapping subdomains.[10] The focus in this contribution
lies on the simulation of the positive electrode. Hence, the anode
is not resolved, but assumed to consist of metallic lithium and is
modeled by a suitable boundary condition.

The charge conservation equation in Equation (3) is used, to
describe the electron conduction in the porous NMC particle.

Table 1. Properties of the investigated porous AM particles.

Porosity,
ε [%]

Solid volume,
V [μm3]

Active surface
area, A [μm2]

Volume-specific surface
area, SV [μm�1]

Specific surface
area [m2 g�1]

40.4 278.71 1419.97 5.09 1.08

30.3 325.98 1266.35 3.88 0.87

20.0 373.99 1036.54 2.77 0.59

11.6 413.47 747.32 1.81 0.38

5.5 441.97 541.20 1.22 0.26

0.0 467.66 337.56 0.72 0.15
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Here ϕS represents the electrical potential and κS the electrical
conductivity.

∇ · ðκS · ∇ϕSÞ ¼ 0 (3)

As shown in Equation (4), the lithium transport in the AM
particles is modeled via solid-state diffusion. In this context,
cS represents the lithium concentration andDS the solid-state dif-
fusion coefficient of lithium. In the scope of this contribution,
only isotropic transport properties are considered.

∂cS
∂t

¼ ∇ · ðDS · ∇cSÞ (4)

The liquid electrolyte is modeled using concentrated solution
theory, while charge neutrality is presumed (see Equation (5)).[30,31]

In Equation (5), cE stands for the lithium concentration, DE

for the diffusion coefficient of lithium and~iE for the ionic current
density in the electrolyte. The indicator for the mobility of lithium-
ions in the electrolyte is the transference number t0þ and F repre-
sents the Faraday constant.

∂cE
∂t

¼ ∇ ·
�
DE · ∇cE þ

~iEt0þ
F

�
(5)

~iE ¼ �κE · ∇ϕE þ
2ℜTκE

F
ð1� t0þÞ∇ lnðcEÞ (6)

In Equation (6), ϕE represents the electrical potential of the
electrolyte and ℜ the universal gas constant. Furthermore, κE
is the ionic conductivity and T the absolute temperature. To cou-
ple the solid electrode and the electrolyte, a Butler–Volmer-type

electrochemical kinetics condition is used (see Equation (7)).[30,32,33]

As shown in Equation (7), the exchange current density ~iBV
depends on the material-specific kinetic constant kBV, the con-
centrations of the electrolyte cE and AM cS at the particle surface
ΓS,E and the maximum stoichiometric lithium concentration of
NMC cS,max. The overpotential is indicated by η and the anodic or
cathodic apparent transfer coefficient by αa or αc, respectively.

[30]

~iBV ¼ kBV ·
�
cS,max � cSjΓS,E

�
αa ·

�
cSjΓS,E

�
αc ·

�
cEjΓS,E

�
αa

·
�
exp

�
αaFη
ℜT

�
� exp

�
�αcFη

ℜT

�� (7)

According to Equation (8), the overpotential η is calculated
from the difference between the electrical potentials of the elec-
trode ϕS as well as the electrolyte ϕE on the particles’ surface and
the material-specific, concentration-dependent equilibrium
potential Ueq(cS).

η ¼ ϕSjΓS,E
� ϕEjΓS,E

�Ueq

�
cSjΓS,E

�
(8)

In Equation (9), the continuity condition is stated. This means
that the ionic current density~iE at the active surface from the
electrolyte side with normal vector~nE has to be equal to the inter-
calation current density~iBV at the active surface from the particles
side into the AM with normal vector ~nS. Note that ~nS points in
the opposite direction of ~nE.

~iBVjΓS,E
·~nS ¼ �~iEjΓS,E

·~nE (9)

As the electrochemical reactions at the surface of the lithium
metal anode are assumed to be fast, the electrical potential at the
anode is set to 0 V. Furthermore, the absolute ionic current at
the anode is equal to the electric current at the cathode current
collector, to satisfy the charge conservation condition over the
entire half-cell. The ionic current density at the cathode current
collector ΓCC is ~iEjΓCC

·~nE ¼ 0 Am�2 in normal direction,
because it is impermeable to lithium ions. The material-specific
model parameters that are used throughout this contribution are
summarized in Table 2.

Figure 2 shows a diagonally cut simulation setup and result of
the ε¼ 11.6% geometry. From this figure, it can be seen that the
cases are configured as half-cells with an AM particle as positive
electrode. The porous particle is assumed to be ideally connected
to the cathode current collector and the vertical electrolyte bound-
aries are periodically connected. The anode is assumed to consist
of metallic lithium and is modeled by a suitable boundary con-
dition. The assumption of isothermal operation at T¼ 298 K
applies. For the initialization of the cases homogeneous lithium
distributions within the solid cS,ref and the electrolyte cE,ref are
used. Furthermore, the potential at which the simulations start
is ϕS,ref¼ 4.2 V.

For the concentration dependent equilibrium potential of
NMC Ueq(cS), a correlation published by Stewart et al. and
Kindermann et al. is used, which is shown in Equation (10).[32,33]

Figure 1. Schematic representation of the computer-generated porous
particles using the Fibonacci lattice method. The basic particle structure
was created by means of a shell-shaped arrangement (black circles S1…SN)
of the equally sized primary particles with radius RP and their approxi-
mately equally distributed centers MP on the respective shells (reddish
circles). By “virtual sintering” of the primary particles, the different poros-
ities can be adjusted by variable filling of the pore spaces (dark red com-
pounds), whereby the secondary particle radius RS remains constant. For
an ideal connection of the particles to the current collector, the particles
have a cylinder-shaped electrical connection part on the bottom side.
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Ueq ¼ 6.0826� 6.9922 · cSþ 7.1062 · cS2� 0.54549 · 10�4

· expð124.23 · cS� 114.2593Þ� 2.5947 · cS3
(10)

The dependence of the ionic conductivity κE of the electrolyte
on its local lithium concentration cE is captured in Equation (11)
by means of the correlation proposed by Less et al.[8]

κE ¼ �2.39 · 10�11c4E þ 1.21 · 10�7c3E � 2.89 · 10�4c2E
þ 0.32cE � 2.789

(11)

To account for the concentration dependent electrolyte
diffusion coefficient DE, a correlation fitted by Kespe et al.[9]

to the published data of Less et al.[8] is used
(see Equation (12)). Here, the electrolyte concentration cE is
in molm�3.

DE ¼ 1.2 · 10�21c4E � 6.5 · 10�18c3E þ 1.14 · 10�14c2E
� 8.06 · 10�12cE þ 2.24 · 10�9

(12)

For the comparison of the numerical results, the depth of
discharge (DOD) is an important battery parameter. The DOD
indicates how much of the theoretical maximum capacity of
the battery can be used under the prevailing operating
conditions. In the spatially resolved model, this quantity is given
for the electrode domain ΩS by Equation (13).[10]

DOD ¼ 1�
R ðcSð~x, tÞ � cS,ref ÞdΩSR ðcS,max � cS,ref ÞdΩS

(13)

To determine the performance of a simulated battery half-cell,
the “utilizable capacity” (UC) is adduced and is calculated as
shown in Equation (14).[10]

UC ¼ DODðCOVÞ
DODeqðCOVÞ

· 100 (14)

In this context, the terminal voltage also referred to as cut-off
voltage (COV), which is set to COV¼ 3.25 V in this contribution.

Table 2. Material properties of NMC, electrolyte, and Butler–Volmer kinetics.

Value Unit Reference

Parameters of cathode material

Electrical conductivity κS 10 S m�1 [40]

Coefficient of diffusion DS 3.5� 10�15 m2 s�1 [41]

Solid density of NMC ρNMC 4700 kg m�3 [28,35]

Solid density of carbon black ρCB 2200 kg m�3 [35]

Solid density of PVDF binder ρPVDF 1800 kg m�3 [42]

Cathode coating porosity ϵC 0.35 – [35,43]

Lithium concentration with equilibrium initial condition at 4.2 V cS,ref 21 736 mol m�3 [33]

Maximum stoichiometric lithium concentration cS,max 51 385 mol m�3 [44]

Equilibrium potential Ueq of NMC f ðcSÞ V see (10)[32,33]

Parameters of electrolyte

Ionic conductivity κE f ðcEÞ Sm�1 see (11)[8]

Transference number t0þ 0.4 – [8]

Coefficient of diffusion DE f ðcEÞ m2 s�1 see (12)[8]

Initial lithium concentration cE,ref 1000 mol m�3 [10]

Parameters of Butler–Volmer kinetics

Cathodic apparent transfer coefficient αc 0.5 – [45]

Anodic apparent transfer coefficient αa 0.5 – [45]

Butler–Volmer reaction rate constant kBV 2.895� 10�7 A mmol�1 [33]

Figure 2. Simulation case setup for the single porous secondary particle
simulations. Here the lithium concentration in the ε¼ 11.6% particle and
the ionic current densities in the electrolyte are shown. The arrows repre-
sent the ionic current density in the electrolyte region. The coloring was
adopted to be able to show the differences in the free electrolyte, therefore
the ionic current densities in the pore space is up to 100 times higher than
in the electrolyte surrounding the particle.
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The charge or discharge rate of a battery or battery half-cell is
called C-rate.[34] The C-rate is used to make different types of
batteries and materials comparable with one another. It is
defined as the constant current that is necessary to fully charge
or discharge the half-cell, times the value of the C-rate within 1 h.
In Equation (15), iBV stands for the mean intercalation current
density, A represents the AM particle surface area, and V the
solid particle volume.

C–rate ¼ 3600 s
h · iBV · A

F · ðcS,max � cS,ref Þ · V
(15)

To evaluate the performance capability of the NMC particles
with different porosities, the measuring quantities “utilizable
energy density” (UED) and “utilizable power density” (UPD)
are used. Therefore, the results of the single-particle simulations
are transferred to the macroscopic “bulk” level using two differ-
ent approaches. At first a gravimetric approach is used, in which
the results are transferred to the same mass of AM. For this con-
sideration, it should be noted that the particles with a higher
inner porosity occupy a larger overall volume than those with
lower porosity. The values associated with this approach receive
the index MB, which stands for “mass-based”.

For the second, “the volumetric”, approach, a reference
cathode slurry composition of Landesfeind et al.[35] is used to
obtain the number of AM particles within 1m3 of cathode
slurry. As this approach refers to the enveloping volume of
the particles, which is identical for the particles investigated
here, the number of AM particles in 1m3 slurry remains
constant. The values, which refer to this approach, are given
the index VB for “volume-based”.

Both approaches imply the assumptions that the single
secondary particle behavior is dominant also on the macroscopic
level. Furthermore, it is assumed that the considered macro-
scopic AM quantity is composed exclusively of particles of the
same size and morphological properties. In addition, the
assumption of an ideal and uniform electronic and ionic connec-
tion of the particles applies.Moreover, other influences, whichmight
interfere with the electrochemical performance of the pure AM, i.e.,
lithium-consuming side reactions, electrolyte decomposition,
etc. are neglected.

The calculation of the number of NMC particlesNVB in a cubic
meter of cathode slurry is done with the help of a representative
composition published by Landesfeind et al.[35] It consists of
the following mass fractions w: wNMC¼ 0.96, wCB¼ 0.02 and
wPVDF¼ 0.02. In Equation (16), the volume fraction of NMC
φNMC in the solid phase is calculated using the respective solid
densities ρ, which are given in Table 2.

φNMC ¼
wNMC
ρNMC

wNMC
ρNMC

þ wCB
ρCB

þ wPVDF
ρPVDF

¼ 0.91 (16)

The number of secondary particles is given by Equation (17)
using the cathode porosity εC. As the outer shape of the AM
particles is identical, the nonporous particle is used as reference
volume with V0%.

NVB ¼ ð1� εCÞ · φNMC

V0%
¼ 1.2648� 1015m�3 (17)

The calculation of the utilizable energy UEP of the respective
particles is done using Equation (18). Within the equation,
t(0) represents the discharge start time and the time t(COV)
when the COV is reached in seconds “s”. ΦS,CC(t) represents
the time-dependent electrical voltage in Volts “V” and ICC(t) the
time-dependent electrical current in Ampere “A”, both at the
current collector of the cathode. The unit of UEP is Watt
seconds “Ws”.

UEP ¼
ZtðCOVÞ

tð0Þ

ΦS,CCðtÞ · ICCðtÞdt (18)

By multiplying the particle-related value UEP by the volume-
specific particle number, the volumetric UED in Watt hours per
cubic meter “Wh m�3” is obtained (see Equation (19)).

UEDVB ¼ UEP · NVB

3600 s
h

(19)

For the gravimetric UED in Equation (20), for which the unit
is Watt hours per kilogram “Wh kg�1”, UEP is divided by the
density of solid NMC ρNMC (see Table 2) and the solid volume
V of the differently porous secondary particles (see Table 1).

UEDMB ¼ UEP

ρNMC · V · 3600 s
h

(20)

The volumetric or gravimetric values for the UPD result from
the respective UEDs divided by the discharge time until COV is
reached, while x stands either for VB or MB (see Equation (21)).
UPDVB is given in Watt per cubic meter “Wm�3” and the unit of
UPDMB is Watt per kilogram “Wkg�1”.

UPDx ¼
UEDx · 3600 s

h

ðtðCOVÞ � tð0ÞÞ (21)

The model equations were implemented using the finite vol-
ume method in the open source simulation platform
OpenFOAM of version 6. The simulations were conducted in
parallel on the supercomputer ForHLR, located at the
Steinbuch Centre for Computing in Karlsruhe.

4. Results and Discussion

Various manufacturers of commercial batteries with nonporous
NMC as cathode AM, which are built as 18 650 round cells, spec-
ify 2C or 4C as the highest discharge rate in their datasheet.[33]

For this reason, a numerical C-rate study ranging from 0.1C to
10C and simulations with the same absolute intercalation current
(SAIC) as the 4C of the nonporous particle are conducted. With
the help of these simulations, statements about the influence
of the particle porosity on the electrochemical performance
can be deduced.

Figure 3 shows the half-cell potentials upon galvanostatic dis-
charging at a 4C discharge rate. It can be seen that at higher
porosities, the half-cell potential remains at a higher level when
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comparing at the same DOD. However, it should be considered
that at higher porosities, the solid particle volume is smaller and
thus the mass as well as the theoretical maximum capacity of the
AM particle is lower. For this reason, a smaller absolute interca-
lation current is present, as the C-rate is proportional iBV

V (see
Equation (15)). Furthermore, the active surface area of a porous
particle is higher and therefore, the intercalation current density
decreases which leads to lower concentration gradients and
smaller overpotentials. Thus, the achievable DOD and the UC
gain larger values before the COV is reached.

Half-cell potentials represent a macroscopically measurable
quantity. To determine the root cause of the shown behavior, first
the lithium concentration fields of the electrolyte domain are

evaluated. In a second step, the lithium concentration fields of
the investigated porous AM particles are analyzed.

As can be seen in Equation (12), the lithium diffusion coeffi-
cient in the electrolyte DE is considered as concentration-
dependent and is in the order of 10�10 m2 s�1. Hence, it is almost
five orders of magnitude higher than the solid-state diffusion
coefficient of lithium in NMC. For this reason, it is favorable
to transport lithium via the electrolyte to the inner part of the
AM. However, a depletion of lithium ions in the electrolyte inside
the porous particles may occur, especially at elevated C-rates.
For this reason, the 10C discharge simulations were examined
more closely (see Figure 4).

In Figure 4, the center-cut electrolyte domains of the investi-
gated porous particle simulations at the end of the respective
10C galvanostatic discharge cycle are shown. The images show
the relative lithium concentration fields in the electrolyte
subdomains.

For the highly porous particles with ε> 20%, the maximum
reduction of the electrolyte concentration inside the particle is
1.8%, in comparison to the initial lithium concentration. At a
porosity of ε¼ 20%, the maximum concentration depletion is
around 8.4% and for particles with already very narrow pores
(ε¼ 11.6% and ε¼ 5.5%), but still with a large internal active
surface area, the electrolyte depletion reaches a maximum of
55.1%. However, the electrolyte surrounding the nonporous
particle shows no noticeable lithium concentration depletion.

The simulations show that electrolyte depletion is pronounced
in regions where lithium ions have to be transported through
narrow pore cross-sections, especially when these pores serve
as a connector to a large inner surface area of closed pores.
Thus, these small pore cross-sections are prone to high ionic cur-
rent densities. Hence, as according to Latz and Zausch,[31] ionic
current densities induce thermal heating, these regions may
become hot spots, in which degradation processes and electrolyte
decomposition might be pronounced.[36] Therefore, from the
electrolyte’s view-point, it can be stated that nonporous particles

Figure 4. Representation of the relative lithium concentration in the electrolyte subdomains, which are cut at the particles’ center and depicted each
at the end of a 10C galvanostatic discharge cycle.

Figure 3. Half-cell potentials of the investigated porous particles for a 4C
discharge cycle over the DOD.
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or AM particles with an open-pore structure and a porosity
ε> 20% are advantageous at high discharge rates.

Figure 5 shows the simulated spatial concentration distribu-
tion of the investigated porous particles at DOD¼ 0.53 at a gal-
vanostatic discharge rate of 4C. It can be seen that the highly
porous particles are uniformly lithiated. The inhomogeneities
of the lithium concentration fields increase with decreasing
inner porosity of the particles. At a porosity ε≤ 20%, the number
of closed pores increases, which results in larger solid areas
where the lithium can only be transported by means of solid-state
diffusion. These areas show a lower lithium concentration and
the tendency toward a diffusion-limited state of the respective
particles increases. The extreme of the aforementioned is
represented by the nonporous particle (ε¼ 0%). In the depicted
state of operation, it has already reached the maximum lithium
concentration at its outer perimeter and therefore its discharge
limit (see Figure 5).

The reason for this behavior at constant C-rates is twofold.
First, decreasing porosities lead to higher particle-specific capac-
ities and hence to increasing intercalation currents. Second, a
decreasing inner particle porosity goes along with a reduced
active surface area which leads to increasing intercalation current
densities and therefore to higher local overpotentials. In addition
to that, the low solid-state diffusion coefficient leads to an
increased lithium concentration at the particle surface, which
negatively affects the local equilibrium potential. The combina-
tion of these effects lead to lower half-cell potentials at decreasing
inner particle porosities and hence to decreasing UCs.

When applying the particle-related C-rates, the results reveal
that high porosities are favorable for achieving high UCs.
However, in this mode of operation, the applied intercalation
current is directly proportional to the solid volume or in other
words the mass of the particles. For the comparison of the per-
formance of the individual particles with regard to their envelop-
ing volume, in the following, a comparison of the behavior at
SAICs is used. This in turn leads to increasing discharge rates
for increasing particle porosities. In the following, the total

intercalation current of the nonporous particle at a discharge rate
of 4C serves as a reference. The transfer of this respective dis-
charge current on the particle with a porosity of ε¼ 40.4% leads
to a particle-specific discharge rate of 6.71C.

The cross-section of the dimensionless lithium-concentration
fields of the investigated particle structures at an identical
discharge time of 480 s is shown in Figure 6. Consistent to
the aforementioned results, it can be seen that the particles with
an inner porosity of ε> 20% show a more homogeneous
lithium concentration distribution compared to the particles
with a lower inner porosity. However, at the depicted
time, the overall DOD of the highly porous particles is higher
compared to the dense particles (e.g., DOD(ε¼ 40%)¼ 0.90
while DOD(ε¼ 0%)¼ 0.53), which is due to the increasing
discharge rates at increasing particle porosity. Furthermore, it
can be seen in Figure 6 that the dense particles are in a diffusion
limited state of operation, i.e., not the entire particle capacity
can be used at the applied intercalation current. As before, the
nonporous particle has already reached the end of its discharge
at DOD¼ 0.53.

The results of Figure 6 show that particles with an increased
inner porosity are less prone to solid-state diffusion limitations
and therefore allow a high utilization of the AM capacity.
However, for a given particle size, an increase in internal porosity
is accompanied by a decrease in theoretical capacity. Hence, the
question arises, if there is an optimum inner porosity of AM
particles. To tackle this question, in the following, the volumetric
and gravimetric UEDs and UPDs are used for a quantitative
analysis of the numerical results.

In Figure 7, the diagram (a) shows volumetric and (b) gravi-
metric Ragone-representations of the numerically investigated
porous secondary particles. This kind of depiction is commonly
used in the assessment of battery systems.[37] A quantitative
comparison with published data of Winter and Brodd[38] shows
that the numerically obtained values are in good agreement with
the expected specific energy density and power density ranges
of LIBs.

Figure 5. Cross-section through the spatial concentration distribution of the investigated porous AM particles at a galvanostatic discharge of 4C.
At the depicted DOD of 0.53, the nonporous particle has already reached the end of its discharge cycle.
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These two diagrams (a) and (b) can be interpreted as a sum-
mary of the conducted simulations in this contribution. Here, for
each investigated particle, a number of discharge rates have been
simulated, ranging from lowest applied discharge rate of 0.1C,
over 0.5C, 1C, 4C and the SAIC as the nonporous reference par-
ticle with 4C, up to a discharge rate of 10C. The connecting lines
between the respective data points serve the eye as an orientation
guide along the results for the different porosities considered.

Figure 7a shows the volumetric interpretation of the results
by considering identical numbers of AM particles. From the dia-
gram, it can be seen that for the particles with a porosity ε≥ 20%
at low C-rates, the UED is lower than for the less porous particles.
For the case with ε¼ 40.4%, its value is 37.8% lower compared to
the nonporous particle at 0.1C. However, when the C-rate
increases, the UED of the highly porous particles remain at
an almost constant level. On the other hand, it can be seen that
at decreasing inner porosities of the particles and increasing
UPD, the UED decreases. The latter can be seen from the
increasingly negative slopes of the guiding lines for decreasing
porosities of the examined particles.

The behavior of the highly porous particles suggests that
transport limitations are low. Furthermore, the low UEDs of
the highly porous particles result from the low solid volumes,
which result in a lower theoretical maximum capacity.

In addition, it can be seen in Figure 7a that at high
UPDs> 10Wm�3, the particles with 20%≤ ε≤ 30.3% show a
higher absolute UED than the particles with 5.5% and 0%
porosity. This is despite the fact that the theoretical capacities
of the two densest particles investigated are 18% and 25% higher,
compared to the particle with a porosity of 20%. The reason for
this is, that for the dense particles transport limitations at
increasing C-rates become dominant, which macroscopically
lead to lower UEDs of the respective particles.

Considering the values of the gravimetric results in Figure 7b,
the attainable values of the UED at a given UPD increase with the
porosity. Here, the most porous particle outperforms the

particles with lower inner porosity for all simulated UPDs.
The reasons for this are a high internal active surface area in
combination with an open pore structure, which lower the trans-
port resistances within particles with increasing inner porosity.
Hence, the most porous particle shows the best utilization of the
AM. However, it should be noted that when considering the
same AM mass, a larger total volume of highly porous particles
is required compared with the particles with lower porosities.

As discussed earlier, the assessment of an optimum particle
porosity depends on several criteria. For the evaluation of this
multi-criteria decision problem, the utility value (UV) analysis,[39]

originating from the economical decision theory is applied.
Within this method, the optimum lies in the maximum of the
total utility value (TUV), which is calculated by the sum of the
normalized and weighted UVs (see Equation (22)).[39]

TUVðε, C� rateÞ ¼
Xk
i¼1

gi · UViðε, C� rateÞ (22)

The weighting factors gi are used to emphasize the importance
of the individual UVs and can take values between zero and one,
while the sum of the weighting factors equals unity. As the
respective UED and UPD are of interest for the decision to be
made, these two values are used as UVs. They are either volumet-
rically or gravimetrically normalized to their specific maximum
in each case scenario. Hence, the TUV is defined in the range
between zero and unity. In the best case, the TUV reaches a value
of one, which would be the case if the weighting factors were
both nonzero and the maximum UED value and the maximum
UPD value of the considered scenario coincide with one partic-
ular porosity.

In Figure 7c, the TUVs of the volumetric and in Figure 7d, the
TUVs of the gravimetric approach of the investigated porous
particles are shown. To be able to compare the results for the
particle-related SAIC, the normalized values of UED and UPD
with different weighting factors are depicted. The weighting fac-
tors of UED and UPD vary between the values zero and one in

Figure 6. Simulation results for SAICs and same discharge times of 480 s of the investigated particles. The nonporous particle with a 4C discharge rate
serves as a discharge current reference.
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steps of 0.25. The connecting lines serve as a guidance of the eye
for the TUVs with identical weighting. As expected, the values of

the mixed-weighted TUVs are between those of pure UED and
pure UPD.

(a)

(c)

(e) (f)

(d)

(b)

Figure 7. Diagrams based on Ragone plots of the a) volumetric (VB) and b) gravimetric (MB) results, as well as TUV plotted over the particle porosities in
c,e) VB and d,f ) MB results. The connecting lines serve as guidance for the eye and highlight in (a) and (b) the results for the same porosity.
In (c) and (d), the TUV of the cases with SAIC and with identical weighting factors are connected. In (e) and (f ), the TUV of the same C-rates are
highlighted. As the weighting factor for UV(UED) is 1, only the normalized UEDs are shown.
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In Figure 7c, it can be seen that the UV of the volumetric
UPD is lower for cases with the SAIC at lower porosities
ε< 20% (black triangle, e.g., TUVVB(ε¼ 0%) ¼ 0.96 and
TUVVB(ε¼ 11.6%) ¼ 0.99). As the results are based on the same
number of particles, the total current for each cubic meter of
cathode paste is identical. The difference between the considered
scenarios is that the smaller active surface area of the particles
with low porosity leads to higher intercalation current densities,
which facilitate a diffusion-limited state of operation. This in turn
is reflected in a reduced half-cell potential. As the electrical power
is the product of the electrical voltage and the electrical current,
this leads to a reduced UPD.

It can be seen in Figure 7c that the particles with ε> 20%
show a higher UPD compared to the denser counterparts, which
is due to the lower transport resistances in these particle struc-
tures. However, the UED for the mentioned particles remains
at lower values, as the capacity is already used up before a
transport-limiting state of operation is reached. In case of the
SAIC, the particle with an inner porosity of ε¼ 11.6% shows an
optimum with respect to the TUV of the volumetric UED.

In Figure 7d, the gravimetric TUVs of the scenario with SAIC
per particle are shown. From this diagram, it can be seen that the
UVs for the pure UPD (black triangles) increase with increasing
porosity. As the gravimetric approach considers the same mass
of AM, the number of particles increases with increasing poros-
ity. For this reason, the total current of the same mass of particles
with ε¼ 40.4% is 1.68 times higher than that of the nonporous
particles.

Looking at the UVs of the pure UED (gray squares), again the
particles with the highest investigated internal porosity of
ε¼ 40.4% show the optimum of the TUV. With decreasing
porosity, this UV decreases nonlinearly and reaches for the
nonporous particles 51.6% compared to the value of the same
mass of particles with a porosity of ε¼ 40.4%.

From the viewpoint of the gravimetric approach, the most
porous particles (ε¼ 40.4%) show the best performance for both
evaluated UVs, UED and UPD.

Figure 7e,f depict the volumetric and gravimetric TUVs over
the inner porosity of the investigated particles for the different
load conditions, respectively. The connecting lines serve as a
guidance for the eye and link the considered operation scenarios.
To obtain a quantitative measure to assess the discharge
performance, here the weighting factor for the UED is set to
unity as it represents a temporal integral of the discharge process
(see Equation (18)–(20)).

In Figure 7e, it can be seen that the optimum inner porosity of
the particles increases with increasing C-rate. At low discharge
rates, e.g., 0.1C, nonporous NMC particles are the best choice
because they have the highest theoretical energy density and
at low discharge rates there are almost no transport limitations.
However, with an increasing C-rate, the optimum shifts to
higher porosities, e.g., to ε¼ 20% at 10C.

Furthermore, Figure 7e can be used to visualize the beginning
of a transport-limited state of operation. Without limitation,
which is approximately the case at 0.1C, the UED decreases line-
arly with increasing particle porosity. At increasing C-rates, the
curves run through a maximum of the TUV, e.g., at a discharge
rate of 4C, the curve reaches its maximum at about ε¼ 11.6%.
The buckling of the curves at their respective maximum are an

indication of beginning transport limitations, which is more pro-
nounced with decreasing inner porosity of the particles. This is
because a change in the slope of the interconnecting lines start-
ing at high inner particle porosity values means a reduced UC for
the given state of operation. As the full theoretic capacity can be
reached only at equilibrium conditions, a reduction of the UC is
related to deviations from the equilibrium state and gets ever
lower with increasing transport limitations, as it is the case
for solid-state diffusion limitation.

In addition to that it can be seen in Figure 7e that in the range
between 30.3%< ε< 40.4%, the slope of the 10C-line is identical
to the slopes of the lower discharge rates. Hence, according to the
numerical results, at these inner particle porosities transport pro-
cesses are still not a limiting factor. Therefore, it can be stated
that these highly porous particles can be operated with C-rates
higher than 10C while the UC remains at a high level. With
further increasing C-rates, the volumetric optimum porosity is
likely to shift to ever-higher porosities.

In the literature, it can be found that researchers[16–20] used
nanotechnology to create various 3D AM structures, with a high
porosity of up to 74% and an AM layer thickness of 30 nm to
200 nm. The results showed a high rate capability, in some cases
of more than 1000C while maintaining 38% of the capacity
within lithium-ion microbattery applications.[16–20]

The reason for that is that highly porous AM facilitates the
lithium transport within the particles and structures due to small
solid-state diffusion lengths and fast ion transport to the inner
part of the AM through the electrolyte in the pores. This at
the same time lowers the effective transport resistances and
enables the material to withstand significantly higher discharge
rates.

The simulation results reveal that the volumetric UED of the
particle with ε¼ 20% exceeds the UED of the particles with lower
inner porosity at 10C. This is counterintuitive as the particles
with higher solid volume have a higher theoretic capacity.
Hence, from the viewpoint of the volumetric approach, the
NMC particle with an inner porosity of 20% performs best
at 10C.

From the viewpoint of the gravimetric approach, see Figure 7f,
the battery performance increases with an increasing inner
porosity of the AM particles. Due to the large active surface area,
lithium can be intercalated more homogeneously from the elec-
trolyte. As a result, local intercalation current densities at a given
C-rate are reduced, which lead to decreased local overpotentials.
Furthermore, it could be shown in Figure 5 and 6 that concen-
tration differences between the particle surface and the bulk of
the particle are lower. This is due to decreased diffusion lengths,
which lead to a reduction of solid-state diffusion limitation.
Hence, the amount of intercalated lithium in the AM particles
increases, even at high currents. In contrast, due to increasing
solid-state transport limitations in particles with low porosity
at increasing discharge currents, the UC of these particles
decreases.

The presented numerical results are in good agreement with
the results of the numerical study by Lueth et al.[24] They
observed that pores inside AM particles reduce the total transport
losses, while the additional active surface area reduces the charge
transfer resistance. In their study, the calculated discharge
capacities were higher for porous particles and this effect was
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more pronounced at higher C rates. In addition to that, the exper-
imental study by Dreizler et al.[23] highlights the positive effect of
the porous AM particles. They found that cells made from porous
AM had a higher UC compared to reference cells made from
nonporous AM. They attributed this to a reduced internal cell
resistance and, as a consequence, a lower potential drop under
load conditions. Furthermore, they observed that the number of
charge–discharge cycles in long-term tests was always higher for
the nanostructured electrodes, regardless of the electrode
thickness. For this reason, they considered porous particles as
advantageous especially for high-performance applications and
that those can contribute to an elongated battery cycle life.

In summary, it can be stated that the porosity of the AM
particles directly influences the electrochemical performance
and the optimal internal particle porosity depends on the
intended application. In case of a limited total battery volume,
nonporous particles perform best in high-energy, but low-current
applications. In medium to high power applications, with dis-
charge rates between 1C and 10C, particle porosities between
10% and 20% perform best in terms of the volumetric UED.
If the battery volume is unlimited, as is usually the case in sta-
tionary applications, the highly porous particles with over 40%
porosity show the best gravimetric performance. Therefore, it
always depends on the desired application whether a high
UED or UPD should be achieved and the appropriate particle
porosity can be selected accordingly.

5. Conclusion and Outlook

In this contribution, spatially resolved simulations of single,
differently porous NMC particles are conducted to investigate
the influence of the inner AM porosity on the electrochemical
performance. To ensure comparability of the numerical results,
computer-generated porous particles with identical primary par-
ticle arrangements are used. The inner porosity is adjusted by
means of varying the thickness of the sintering bridges. To inves-
tigate the electrochemical performance, a numerical C-rate study
is carried out. For the evaluation of the results, volumetric and
gravimetric approaches are used and a UV analysis is performed,
to find the optimum porosity.

The findings of the investigations are that the inner porosity of
the AM particles increasingly affects the electrochemical
performance at higher discharge rates. At low discharge rates,
a high UED is related to a high solid volume, which makes dense
particles more favorable. At increasing C-rates, higher inner
particle porosities with an open pore-structure become more
and more advantageous, because the transport of lithium ions
through the electrolyte is faster, compared to the solid-state
diffusion in NMC. Hence, less effective transport resistances
occur. Furthermore, the active surface area rises with increasing
porosity, so that the local intercalation current densities decrease.
This in turn leads to lower local overpotentials, so that higher
UCs can be reached. The downside of increasing inner particle
porosities, however, is the decreasing theoretical per-particle
capacity for a given particle size.

However, inner porosities <20% are found to be disadvanta-
geous for two reasons. On the one hand, at small pore cross-
sections, increased ionic current densities in the electrolyte

can occur, especially if they serve as a connector to a large inner
surface area of closed pores. Hence, these areas are prone to
become hot spots and promote electrolyte depletion. On the
other hand, closed pores lead to increased diffusion lengths
inside the solid phase of the particles, so that solid-state diffusion
limitation becomes more dominant.

Summarizing the results, it can be stated that the optimum
inner particle porosity depends on the intended field of
application. Considering a limited available battery volume in
high-energy applications with low currents, nonporous particles
perform best. In medium to high power applications, with dis-
charge rates between 1C and 10C, porosities between 10% and
20% show the highest UEDs. If the battery volume is not a
limiting factor, e.g., in stationary applications, particles with a
maximum inner porosity show the best AM utilization and gravi-
metric high-power capability. An UV analysis, as presented in
this contribution, has the potential to assist in selecting the
appropriate particle porosity for the desired application.

To what extent the presented results of the single secondary
particle simulations can be transferred to representative
electrode microstructures is subject of ongoing research.
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