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Summary

An electrochemical model that is capable to simulate charge and species trans-

port within the three‐dimensional particulate cathode structure of lithium‐ion

battery half‐cells is applied to blended electrodes. The electrodes are assumed

to consist of physical mixtures of LiMn2O4 (LMO) and Li[Ni1/3Co1/3Mn1/3]O2

(NMC) as cathode active materials. The results of the numerical simulations

reveal that there is a significant temporal variation in the distribution of the

intercalation current between the active materials on the particulate level.

In this context, the LMO component was found to be electrochemically inactive

at the beginning and at the end of a simulated discharge process that leads to the

identification of a suitable operating window of the half‐cells between

0.2 <DOD< 0.8. It is shown that within this range, a relaxation of the maximum

lithium concentration gradients within the NMC component is achievable. As

this provides indications of reduced mechanical stresses within the active

material particles, an increased cycling stability of this kind of blended

electrodes is expectable. Because of the NMC component's higher volumetric

capacity compared with LMO, the separator‐near arrangement of NMC allows

themagnitude of ionic current density to be reduced by up to 11% compared with

a random particle arrangement. As this indicates a reduction of potential

temperature‐induced side reactions of the electrolyte, an increased cycle life of

the half‐cells, especially for high‐performance applications, is anticipated.

Consequently, multiple‐layer coating processes appear particularly attractive

for the production of optimized blended positive electrodes for lithium‐ion

batteries.
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1 INTRODUCTION

Increasing the performance of lithium‐ion batteries is
crucial for its application in the field of electromobility.
In this context, the main focus is on amplifying the

energy and power density, the cycle life, and the safety
of the batteries. A novel approach to achieve this target
is to manufacture electrodes consisting of different kinds
of active materials. Consequently, the active components
can be combined according to their individual perfor-
mance in such a way that the produced electrode is suited



better to the designated field of application, compared
with what is possible with any individual component.
Therefore, a so‐called blended electrode consists of a
physical mixture of at least two different intercalation
materials.1,2

In order to generate synergies regarding power and
energy density, blended electrodes consisting of LMO
and NMC are frequently used. For example, LG Chem
Ltd. developed such a lithium‐ion battery for the hybrid
vehicle Chevrolet Volt that was produced by General
Motors in 2010/11.1,3

LiMn2O4 shows good performance characteristics at
high discharge rates while providing high material
availability and low procurement costs.4 The disadvan-
tage of LMO is the relatively low usable capacity during
discharge, the low cyclic aging resistance and its low elec-
trochemical performance at elevated temperatures.3,4

Compared with LMO, the NMC active material has a
22.5% higher gravimetric energy density and a mean
equilibrium potential that is about 5% lower.1

There have been plenty of experimental investigations
on blended electrodes in the past.3-8 But as this approach
targeting the optimization of blended electrodes in
general proves to be time‐consuming and expensive due
to the complexity of the system, the cost of materials,
and the required measuring equipment. Numerical simu-
lations are a valuable addition as the effective combina-
tion of both approaches has the potential to increase the
efficiency and effectiveness of the research on blended
electrodes.

Albertus et al9 extended the porous electrode model
based on the theory of concentrated solutions developed
by Doyle et al10 for the consideration of several active
materials. In numerical and experimental studies, they
considered the electrochemical behavior of coin cells,
with positive electrodes consisting of different fractions
of NCA and LMO. An all LMO electrode outperformed
a pure NCA electrode at high discharge rates. However,
NCA showed a higher specific energy density compared
to LMO at low discharge rates. The simulated electro-
chemical characteristics were in quantitative agreement
with experimental data over a wide range of galvanosta-
tic discharge rates.

Appiah et al3 experimentally and numerically investi-
gated the electrochemical behavior of blended electrodes
consisting of LMO and Li[Ni0.6Co0.2Mn0.2]O2. The
numerical studies were also carried out using the
pseudo‐2D model,10 which was extended to model sev-
eral active components. In their study, the combination
of two models describing the degradation because of
the solubility of Mn2+ 11 and the growth of the so‐called
solid‐electrolyte interphase (SEI)12 represented the aging
behavior of the cells with good accuracy.

Furthermore, Mao et al13 used the extended porous
electrode model of Doyle et al10 to numerically investi-
gate blended electrodes consisting of LMO and NMC. In
their study, the contribution of varying particle sizes
of the active materials on the utilizable capacity of
simulated half‐cells at different discharge rates was
analyzed.

Similar to Lu et al,14 Jung15 and Mao et al16 developed
a model predicting the equilibrium potential of electrodes
composed of different active materials. By comparison,
with experimental studies on the cyclic degradation
behavior of mixed material electrodes, Lu et al14 showed
that this model allows to make statements about the
degree of degradation of the individual active compo-
nents. Mao et al16 used the model to determine the
composition of initially unknown blended electrodes.

The herein presented literature overview on the
simulation of blended cathodes of lithium‐ion batteries
is limited to a model extension of the porous electrode
model of Newman and Tiedemann17 or Doyle et al.10

All these models have in common that the particulate
structure of the electrodes is modeled by macroscopic
parameters, ie, the tortuosity and porosity. Consequently,
local effects within the particulate electrode structure are
not accessible.

To overcome this drawback, three‐dimensional elec-
trochemical models, covering the charge and species
transport within fully resolved lithium‐ion batteries, have
been developed in the past.18-20 In previous studies, such
a model was implemented within the open source simula-
tion platform OpenFOAM of version 2.2.2 and applied to
the investigation of the influence of different 3D electrode
structures on the half‐cell performance.21 In another
study, this model was used to spatially optimize the con-
ductivity distribution of a given particulate electrode
structure.22 In this contribution, the mentioned model is
further extended to cover blended electrodes, which,
according to the literature, represents a novelty in
lithium‐ion battery research.

After a brief presentation of the underlying model
equations and the parameters used for the simulations,
the model is applied to blended electrode structures
consisting of different fractions of LMO and NMC. Prior
to the evaluation of the numerical results on the particle
scale, the numerical experiments are looked at from the
macroscopic viewpoint. This is possible as the simulated
lithium‐ion half‐cells are periodically extendable in the
electrode plane, which makes the numerically obtained
discharge curves that are representative for macroscopic
half‐cells. Finally, the influence of a stratified arrange-
ment of the active materials within the electrode struc-
ture on the expected half‐cell performance of the
lithium‐ion battery is investigated.



2 ELECTROCHEMICAL MODEL
ON THE MICROSCALE

The electrochemical model considers the charge and
species transport within a spatially resolved particulate
cathode of a lithium‐ion battery half‐cell. The anode
is assumed to consist of metallic lithium, which is
represented by a suitable boundary condition. The
computational domain of the half‐cell consists of two
nonoverlapping subdomains: the particle resolved solid
cathode ΩS and the liquid electrolyte ΩE, respectively.
In the scope of this contribution, the cathode is assumed
to be made up of a mixture of two different active
materials m, namely, LMO and NMC. In order to render
the numerical results representative for macroscopic
half‐cells, periodically extendable electrode microstruc-
tures are considered. In Figure 1, the underlying model
equations and boundary conditions of the microscale
model are illustrated.

The conduction of electrons within the subdomain of
the positive electrode ΩS is modeled by the conservation
of charge equation

∇· κS;m·∇ΦS
� �

: (1)

In Equation (1), κS,m and ΦS denote the electrical
conductivity of the active material m and the electrical
potential, respectively.

Within the active material particles, the transport of
lithium is modeled by solid‐state diffusion

∂cS
∂t

¼ ∇· DS;m x!� �
·∇cS

� �
: (2)

Here, cS and DS,m represent the lithium concentration
field and the solid state diffusion coefficient of the active
material component m within the solid electrode
subdomain ΩS, respectively. In order to account for differ-
ent active material properties, the spatial distribution of
the diffusion coefficient DS,m is adjusted to the position
of the active material particles. Within this contribution,
only isotropic transport properties are considered. As
explained elsewhere,22 the interparticle contact points
are modeled as electrochemically inert material. In order
to suppress lithium transport within these regions, the dif-
fusion coefficient is set to an arbitrary but very small value.

The electrolyte phase is modeled by means of the con-
centrated solution theory.23 Therefore, within the electro-
lyte's subdomain ΩE, the coupling between charge and
species transport is considered, and charge neutrality is
presumed.24

∂cE
∂t

¼ ∇· DE·∇cE þ i
!
E t0þ
F

 !
; (3)

i
!
E ¼ −κE∇ΦE þ 2RTκE

F
1 − t0þ
� �

∇ ln cEð Þ: (4)

Here, cE, ΦE, and i
!
E is the concentration field of the

lithium ions, the field of the electrical potential and the
ionic current density field within the electrolyte phase,
respectively. In addition to that, κE, t0þ; and DE denote

FIGURE 1 Illustration of the particle resolved electrochemical model [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com


the ionic conductivity, the transference number of the
lithium ions, and the interdiffusion coefficient of lithium
ions within a mixture of dissociated salt and solvent.
Furthermore, T denotes the absolute temperature, R the
universal gas constant, and F the Faraday constant,
respectively. Moreover, the transport properties κE and
DE depend on the local concentration of lithium ions
within the electrolyte. For this purpose, polynomial fits,
based on the findings of Less et al19 and repeated else-
where,22 are used.

The separator is assumed to be of constant isotropic
and location‐independent structural properties, which
makes the model of effective transport properties
applicable. Within the separator's subdomain, the inter-

diffusion coefficient DSep
E and the ionic conductivity κSepE

are evaluated as follows25,26:

DSep
E ¼ DE cEð Þ ϵSep

τSep
; (5)

κSepE ¼ DE cEð ÞϵSep
τSep

: (6)

In Equations (5) and (6), ϵSep and τSep denote the sepa-
rator's porosity and tortuosity, which is set to values
representative for a standard Celgard 2400 porous separa-
tor within the separator's subdomain. Outside the separa-
tor's region, its values are set to unity.

In order to realize the coupling between the solid
electrode and the liquid electrolyte subdomains, a
Butler‐Volmer type electrochemical kinetics relation and
continuity conditions are used.23

iBV ;m ¼ i0;m exp
αa;mF
RT

ΦS − ΦE − Ueq;m
� �� ��

− exp
αc;mF
RT

ΦS − ΦE − Ueq;m
� �� ��

;

(7)

i0m ¼ kBV ;m F cmax
S;m−cS;m

��
ΓS;E

� �αa;m
cS;m

��
ΓS;E

� �αc;m
cEjΓE;S
� �αa;m

;

(8)

i
!
BV ⋅ n

!
S ¼ − i

!
E⋅ n
!

E ¼ Fzþ _n
!

S⋅ n
!

S

� �
¼ −Fzþ _n

!
S⋅ n
!

E

� �
: (9)

Here, n!S and n!E denote the outward directed normal
vectors of the solid electrode ΩS and the electrolyte
subdomain ΩE, respectively. In addition to that, αa and
αc symbolize the anodic and cathodic apparent transfer
coefficients.23 Equal to Hutzenlaub et al,27 Equations (7),
(8), and (9) are implemented as Neumann boundary con-
ditions on the surface of the active material particles. In

order to account for different active materials within the
blended electrode, its varying material properties have
to be considered in Equation (7) and (8). In this context,
index m stands for the active materials under consider-
ation, which in the scope of this contribution is LMO
and NMC. Moreover, cmax

S;m denotes the maximum

stoichiometric lithium concentration of the specific active
material and kBV,m a material‐dependent constant. For
the open‐circuit potential of the different materials
Ueq,m, steady analytical functions from literature are used.

On the interface between the passive material fraction

and the electrolyte, the intercalation flux density i
!
BV · n

!
S

is assumed to be zero. The electrochemical reactions
occurring on the surface of the lithium anode are
presumed to be fast so that the electrical potential can
be set to zero. In order to fulfill the conservation of
charge condition between the positive and the negative

electrode, the lithium flux i
!
E at the lithium anode is set

according to the average current density on the cathode
current collector. At the cathode's current collector,

the ionic current density i
!
E is set to zero.

2.1 Model parameters

Figure 2 shows the implemented equilibrium potentials
for LMO and NMC. Here, the depth of discharge (DOD)
is calculated individually for each of the active materials.
For LMO, a fit of the open‐circuit potential Ueq,LMO

reported by Doyle et al25 is used. For the NMC material,
the open‐circuit potential is fitted to experimental data
reported by Fang et al.28 As can be seen in Figure 2, the
curves of the equilibrium potential of both active mate-
rials show different local slopes. While NMC has an
approximately constant negative slope over the entire
range of discharge states, LMO basically shows two
regions of large negative slopes: one in the beginning
and one at the end of discharging. As will be shown later,
this characteristic directly influences the intercalation
kinetics on the particulate level.

The parameters used to describe the transport proper-
ties of the two active materials are summarized in Table 1.
It was shown that the electrical conductivity κS may
considerably influence the performance of the simulated
half‐cells if its value is too low.22 According to these pre-
vious results, κS = 20 S m−1 is regarded as sufficient.
The electrical conductivity was set as uniform value for
the complete electrode subdomain ΩS. To suppress
lithium diffusion within the inert material subdomain

ΩP
S , its local diffusion coefficient is set to a value of

DP
S ¼ 10 20 m2 s 1:



As initial condition, the lithium concentration within
the active material particles is assumed to be per‐particle
constant and is chosen such that the overpotential at the
active material particles' solid‐electrolyte interface for the
given initial electrode potential vanishes.

The intercalation rate constants kBV,m of the different
active materials are determined experimentally for a com-
mercially available lithium‐ion battery. The methodology
that was used to determine this material parameter is
based on a combination of impedance spectroscopic mea-
surements with data obtained from microstructure recon-
structions33-35 and was not part of this work.

The initial lithium concentration within the electrolyte
phase is set to 1000 mol m−3 and assumed to be uniform.
Additionally, the initial electrical potential within the
electrolyte is set to a uniform value of zero Volts. Conso-
nant to the study of Less et al,19 the transference number
is assumed to be t0þ ¼ 0:4. Furthermore, according to the
studies of Thorat et al and Djian et al,26,36 the separators
porosity and tortuosity values are chosen as ϵSep = 0.32
and τSep = 5.3. Furthermore, isothermal operation

conditions at a constant temperature of T = 298 K are
presumed for all simulations.

3 ELECTRODE STRUCTURES

The basis for the numerical investigations are five elec-
trode structures consisting of varying proportions of LMO
and NMC. Those electrodes that consist of only one active
material component are referred to as LMO or NMC refer-
ence electrode. The structural parameters of the particu-
late electrode structures are summarized in Table 2.

As shown in a previous publication,21 the size of the
active material particles is related to the macroscopic per-
formance of a half‐cell. In order to ensure the compara-
bility of the investigated mixed material electrodes, the
particle sizes of the considered active materials are sub-
ject to a monomodal distribution with a small spread.
Hence, the underlying particle size distribution results
in a comparable volume‐specific active surface of the con-
sidered electrode structures (see Table 2). Furthermore,
the small scattering of the areic nominal capacity of

the half‐cells of KA ¼ 1;97 ± 0;08ð Þ mAh cm 2 leads to
matching integral currents at the cathode's current collec-
tor for given galvanostatic discharge rates. Consequently,
the comparability of the half‐cells at identical discharge
rates is given.

The decreasing layer thickness of the electrodes with
increasing proportion of NMC is due to the higher stoi-
chiometric maximum lithium concentration of NMC
compared with LMO. Because of similar specific densities
of both materials (see Table 1), an increase of the NMC
fraction leads to a rise of the nominal gravimetric capac-
ity of the half‐cells. The gravimetric nominal capacities
given in Table 1 are based on the mass of the active
material.

FIGURE 2 Representation of the

implemented equilibrium potentials Ueq

for LMO25 and NMC28 [Colour figure can

be viewed at wileyonlinelibrary.com]

TABLE 1 Material parameters for LMO and NMC

Parameter LMO NMC

Diffusion

coefficient DA
Sm

2.2 · 10−13 m2 s−1

from the study
of Barker et al29

2.0 · 10−14 m2 s−1

from the study
of Fang et al28

Intercalation rate
constant kBV,m

2.71 · 10−9 m2.5

mol−0.5 s−1
9.25 · 10−9 m2.5

mol−0.5 s−1

Stoichometric
maximum
concentration cmax

S;m

22.9 kmol m−3

from the study
of Zhang et al30

49.5 kmol m−3

from the study
of Fang et al28

Specific density ρS,m 4540 kg m−3 from
the study of
Christensen
et al31

4770 kg m−3 from
the study of de
Vasconcelos
et al32

http://wileyonlinelibrary.com


As experimentally shown by Bauer et al37 and in accor-
dance to numerical results of a previous contribution,21

the influence of the electrode structure on the macroscopic
performance is more pronounced for uncalendered
electrodes. For this reason, in this contribution, only
uncompressed electrodes are considered, whose porosity
values (see Table 2) are in agreement with published
values of uncalendered electrodes.37-39 The periodic
structure of the blended electrode with a volumetric ratio
of 50%LMO : 50%NMC is exemplarily depicted in Figure 3.

The simulations have been performed in parallel on
high‐performance computer clusters available at Karls-
ruhe Institute of Technology. Depending on the number
of finite volume elements of the resulting meshes (up
to 15 Mio.), the calculations are performed on up to 224
cores, which resulted in an approximate computation
time of 3 days for each simulation.

4 RESULTS AND DISCUSSION

In this contribution, the focus is on the simulation of
galvanostatic discharge processes. In this context, at a
discharge rate of 1C, the current at the current collector
is adjusted such that the complete discharging of the
considered half‐cell takes a time period of 1 hour. In order
to facilitate the comparability of the different electrodes
in terms of a time‐dependent discharge behavior, the
DOD is used. The DOD represents a dimensional dis-
charge time and is calculated as follows:

4.1 Macroscopic evaluation of the
numerical results

Figure 4 shows the simulated half‐cell potentials of
the investigated blended electrodes at galvanostatic
discharging for two different discharge rates. In addition,
the implemented equilibrium potentials for the two active
materials LMO and NMC, according to Newman25 and
Fang et al,28 are plotted.

DOD ¼ 1 −

∫
ΩS;NMC

cS;NMC tð Þ − c0S;NMC

� �
dΩS;NMC þ ∫

ΩS;LMO

cS;LMO tð Þ − c0S;LMO

� �
dΩS;LMO

∫
ΩS;NMC

cmax
S;NMC − c0S;NMC

� �
dΩS;NMC þ ∫

ΩS;LMO

cmax
S;LMO − c0S;LMO

� �
dΩS;LMO

: (10)

TABLE 2 Structural parameters of the blended electrodes

Volume weighted mixtures of LMO:NMC

Composition LMO:NMC 100:0 75:25 50:50 25:75 0:100

Electrode thickness H 84.6 μm 66.6 μm 52.8 μm 45.57 μm 43.25 μm

Porosity ε 0.46 0.46 0.47 0.49 0.41

Tortuosity τ 1.56 1.63 1.67 1.71 1.69

Mean particle size x50 (6.5 ± 1.1) μm (6.9 ± 1.4) μm (7.3 ± 1.7) μm (6.7 ± 0.9) μm (6.9 ± 1.2) μm

Total volume specific active surface SV 0,64 μm 0.63 μm 0.64 μm 0.65 μm 0.64 μm

Gravimetric nominal capacity Kg 136.2 mAh g−1 144.3 mAh g−1 174.0 mAh g−1 205.6 mAh g−1 233.9 mAh g−1

Areic nominal capacity KA 2.05 mAh cm−2 2.02 mAh cm−2 1.93 mAh cm−2 1.89 mAh cm−2 1.96 mAh cm−2

FIGURE 3 Computer generated, periodically extended electrode

structure consisting of a physical volumetric mixture of

50%LMO : 50%NMC [Colour figure can be viewed at

wileyonlinelibrary.com]
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The comparison of the potential curves in Figure 4
shows a shift of the simulated half‐cell potentials toward
lower values for increasing discharge rates. This is due
to the overpotential at the active particle surface, which
increases at increasing galvanostatic discharge rates. Fur-
thermore, the comparison of the LMO and the NMC ref-
erence electrode at a discharge rate of 3C reveals that
LMO shows a 16% higher mean deviation from its open
circuit potential Ueq,LMO compared with NMC. This corre-
lates with the rate constants of the intercalation reaction
kBV,m, which is assumed to be lower by a factor of 3.4
for LMO compared with NMC (see Table 1). The latter
results in an increase of the local overpotential for LMO
at a given discharge rate and consequently the macro-
scopically measurable half‐cell voltage is reduced.

Particularly at a low discharge rate of 0.5C (Figure 4,
left), the discharge curves of the LMO or NMC reference
electrode mark an envelope for the series of investigated
blended electrodes. At the same time, Figure 4 shows
that, depending on the composition of the electrodes,
the simulated half‐cell potentials are either closer to one
or the other reference electrode. Because of the lower

mean half‐cell potentials for increasing discharge rates,
this effect is less pronounced for 3C (see Figure 4, right).

These results for the low discharge rate are in agree-
ment with findings of Lu et al,14 who developed a model
for the prediction of the equilibrium voltage curve of
blended electrodes. This model is based on the assump-
tion that kinetic effects, such as local overpotentials, play
a minor role in the equilibrium operation of a half‐cell.
As a consequence, with knowledge of the equilibrium
potential curves of the pure active materials and
the material proportions of a given blended electrode,
its open circuit potential is predictable by means of
superposition. This hypothesis was also experimentally
confirmed by Lu et al.14

Figure 5 shows the utilizable capacity of the simulated
half‐cells with varying composition as a function of the
galvanostatic discharge rate. The end of the discharge
process is assumed to be reached, when the half‐cell
potential drops below 3.6 V. The utilizable capacities
shown in Figure 5 are referenced to the theoretical
maximum capacities of the active material components
at 3.6 V.

FIGURE 4 Simulated half cell potential for varying galvanostatic discharge rates of 0.5C (left) and 3C (right) [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 5 Relation between the

composition of the blended electrodes and

its utilizable capacity at different

galvanostatic discharge rates [Colour figure

can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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The blended electrodes show only slight differences
less than 4.3% in the utilizable capacity at low discharge
rates less than 1C. Furthermore, it can be seen that for
discharge rates up to 5C, the utilizable capacity of the
simulated half‐cells increases with an increasing fraction
of LMO. This is due to the higher mean half‐cell
potential of LMO compared to the NMC. Therefore, the
end of a discharge cycle is achieved at higher DOD
values (see Figure 4).

At a discharge rate of 10C, however, this relationship
is reversed. As can be taken from Figure 5, those blended
electrodes with a higher content of NMC show better
performance characteristics. This is due to the rate con-
stant of the intercalation reaction kBV,m which is lower
for LMO compared with NMC (see Table 1). At a given
discharge rate, this results in a higher overpotential on
the surface of the LMO component compared with the
NMC component that is associated with a reduction of
the mean half‐cell potential of the LMO‐rich half‐cells.
When a critical discharge rate is exceeded, the difference
between the mean equilibrium potentials of LMO and
NMC is overcompensated, which manifests macroscopi-
cally in a lower utilizable capacity.

4.2 Evaluation of the numerical results
on the particle scale

Figure 6 exemplarily depicts the spatial lithium distribu-
tion for the blended electrode with a volumetric mixture
of both materials of 50 %LMO : 50 %NMC over the course
of one discharge cycle. The lithium concentration is
normalized to the stoichiometric maximum concentra-
tion of the respective active material component. The
electrode microstructure is identical to the periodically
extended particulate structure shown in Figure 3. The

labeling of the two active material components in
Figure 6 is for orientation.

The time course of the illustrated galvanostatic dis-
charge process makes the different material behavior of
the active components visible. At the beginning of the sim-
ulated discharge cycle, the relative lithium concentration
of the NMC particles is increased compared with the
LMO particles. In the further course of the discharge
process, at DOD = 0.4, it can be seen that the relative con-
centration differences between the two materials balance
out. From DOD = 0.6 on, the relationship described above
inverts, and the relative lithium concentration of the LMO
particles remains higher than that of the NMC particles
until the end of the simulated discharge process is reached.

The qualitative statements from Figure 6 can be
quantified using the illustration in Figure 7. The graphs
show the mean DOD, DODm, for the active material
components m with m = LMO or m = NMC over entire
half‐cell's averaged DOD for the investigated composi-
tions of the blended electrodes. In the cases of the LMO
or NMC reference electrodes, the averaged discharge
states of the individual components are identical to the
state of discharge of the entire half‐cell. Consequently,
their curves coincide with the first bisector and are not
shown here for simplicity.

In accordance to the qualitative analysis of Figure 6,
the discharge process in Figure 7 can be divided into
two sections. From the beginning of the discharge up
to a critical DOD, DODkrit, the NMC particles have a
higher average DOD compared to the LMO particles.
After this critical DOD, the latter mentioned correlation
is reversed.

As can be seen from the graph in Figure 7, higher
discharge rates result in a shift of the curve intersection
toward larger depths of discharge. At the same time, the
curves are less contoured so that the differences in
material behavior become blurred.

FIGURE 6 Spatially resolved representation of the lithium distribution within the blended electrode depicted in Figure 3, from left to

right: course of a galvanostatic discharge cycle at a discharge rate of 1C [Colour figure can be viewed at wileyonlinelibrary.com]
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Furthermore, it can be seen from Figure 7 that the
LMO component reaches a higher DODm in comparison
to NMC, independent of the numerically applied dis-
charge rate. This can be explained by the higher mean
equilibrium potential of LMO and is therefore consistent
with the results of Chikkannanavar et al.1 Corresponding
to their study,1 the necessity of a higher cyclic stability of
LMO compared with NMC can be derived.

In Figure 8, the fraction of the intercalation current
ΨLMO is calculated as follows:

ΨLMO ¼
∫ΓSE;LMO

i
!
BV · n

!
S

� �
dS

∫ΓSE;LMO
i
!
BV · n

!
S

� �
dSþ ∫ΓSE;NMC

i
!
BV · n

!
S

� �
dS

: (11)

In addition, the closing condition applies

ΨNMC ¼ 1 − ΨLMO; (12)

which enables the calculation of the fraction of the inter-
calation current for NMC.

Figure 8 shows that the fraction of the intercalation
current is subject to temporal variations during a
galvanostatic discharge process. This behavior is indepen-
dent of the simulated discharge rate, but the differences
are more pronounced at low discharge rates. Further-
more, it can be seen in Figure 8 that the proportion of
the intercalation current absorbed by an active material
component is dependent on the active material composi-
tion of the electrode. Because of the volumetrically
weighted material composition and the different volumet-
ric capacity of the active materials, the time average
values of the intercalation currents do not represent the
respective mixing ratios.

At the low discharge rate of 0.5C (see Figure 8, left), it
can be seen that in the region of DOD < 0.2 , and thus,
at high half‐cell potentials, the intercalation current is
mainly absorbed by the NMC component. This character-
istic, which can be seen on the particulate level, can be
traced back to the open circuit potential curves of LMO
and NMC (see Figure 2). For DOD < 0.2, the equilibrium
potential of NMC has a lower slope compared with LMO.
Accordingly, small concentration changes on the particle
surface of the LMO component lead to large changes in

FIGURE 7 Component wise representation of the depth of discharge for the active components m LMO or m NMC over the overall

depth of discharge (DOD) of the electrode. Considered are galvanostatic discharge processes at 0.5C (left) and 3C (right) [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 8 Proportion of intercalation current Ψm for each of the active components m for a simulated galvanostatic discharge cycle at

discharge rates of 0.5C (left) and 3C (right) [Colour figure can be viewed at wileyonlinelibrary.com]
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its equilibrium potential. Consequently, NMC shows a
higher lithium uptake potential compared with LMO,
which results in increased local intercalation flux
densities on the surface of the NMC component.

In the region of 0.2 < DOD < 0.8, there is a shift in the
average intercalation current from the NMC to the LMO
component. In this range, the LMO's equilibrium poten-
tial curve has smaller slope compared with NMC,
resulting in a reversal of the previously observed distribu-
tion of intercalation current. Furthermore, for LMO at
DOD ≈ 0.5, a local minimum of the fraction of the inter-
calation current is recognizable. This correlates with a
slightly more negative slope of the equilibrium potential
of LMO, which connects the two nearly constant plateaus
of the equilibrium potential.

This result is qualitatively consistent with numerical
results from Albertus et al9 who examined blended elec-
trodes composed of different amounts of LMO and
LiNi0.8Co0.15Al0.05O2 (NCA). The comparison of the
numerical results is possible in a sense that the equilib-
rium potential profiles of NMC and NCA match qualita-
tively. NCA has an approximately 0.15 V lower mean
equilibrium potential with respect to NMC. Compared
to the absolute half‐cell potential, this difference in the
equilibrium potential can be stated as negligible for a
qualitative comparison of the results.

In the last part of the discharge process at DOD > 0.8,
the equilibrium potential of LMO drops sharply
compared with NMC so that its activity within the blend
electrode decreases, which is consistent with the results
of Albertus et al.9

At the same time, the maximum DOD of the LMO
component is reached (see Figure 7). The temporal
variation in the distribution of the intercalation current
between the active materials is the reason for the
contoured plot of the material‐specific DODs at 0.5C,
observed in Figure 7 on the left.

Because of the described temporal variation of the
intercalation current between both active components,
operation of the half‐cell outside 0.2 < DOD < 0.8 is
not recommended. That is because outside of this
operating window, the NMC component absorbs a large
part of the intercalation current. The latter can be
expected to lead to an increased aging of this kind of
active material, thus indicating a shortened cycle life
of the half‐cell.40

The dependencies described for 0.5C are in the same
way qualitatively valid for the discharge rate of 3C (see
Figure 8, right). However, the curves of the fraction of
the intercalation current appear to be smoothened.
This tendency is also consistent with numerical results
of Albertus et al.9 At increasing discharge rates, the mag-
nitude of the overpotential increases, which reduces the
influence of the equilibrium potential of both active
materials.

Figure 9 shows the relative maximum concentration
differences for the active material components ΔcS,NMC

and ΔcS,LMO within the blended electrode structures
during a simulated galvanostatic discharge process.
The maximum concentration difference is related to the
respective stoichiometric maximum concentration and is
exemplarily calculated for NMC as follows:

ΔcS;NMC tð Þ ¼ max
cS tð Þ
cmax
S;NMC

 !
− min

cS tð Þ
cmax
S;NMC

 !
in ΩNMC

S :

(13)

Because of the dissimilarities in the relative concentra-
tion differences within the LMO particles compared
with the NMC particles, which differ by about an order
of magnitude, the plot in Figure 9 is made using two
different scales. The difference is due to the diffusion
coefficient for NMC, which is about one order of
magnitude lower than that for LMO (see Table 1).

FIGURE 9 Relative maximum concentration differences of LMO and NMC for a simulated discharge cycle at 0.5C (left) and 3C (right)

[Colour figure can be viewed at wileyonlinelibrary.com]
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This leads to lower concentration gradients within the
LMO component at a given intercalation current density
on the active particle's surface. Because of the consider-
ation of the maximum concentration differences in
Figure 9, each value is representative for the largest parti-
cle of the two active materials within the electrode struc-
tures. Because of the small spread of particle sizes,
however, the differences within a class of active material
are negligible.

Consonant to the analytical solution of the transient
diffusion equation for single spherical particles with a
constant flux boundary condition,41 at the beginning of
the discharge process, a steep rise of the curves is
observed for the investigated LMO or NMC reference
electrodes. This trend is then followed by a plateau of
the concentration difference. This characteristic can be
observed independently of the applied discharge rate.
However, at higher discharge rates, larger maximum
concentration differences occur, which are also reached
at later times.

The time dependency of the intercalation current (see
Figure 8) causes temporal maxima of the maximum
concentration differences for the investigated blended
electrodes. In this context, it can be extracted from
Figure 9 that, regardless of the discharge rate, a shift in
the intercalation current toward LMO is associated with
a reduction of the resulting maximum concentration
differences within the NMC material. This is pronounced
for the low discharge rate of 0.5C at DOD ≈ 0.35. This also
shows that the maximum concentration difference
within the NMC material can be reduced by increasing
the proportion of LMO. Considering the 75%LMO : 25%NMC

electrode, it can be seen that, within the defined operat-
ing window of 0.2 < DOD < 0.8, the time averaged
maximum concentration difference of the NMC particles
can be reduced by 46% compared with the NMC reference
electrode.

At a discharge rate of 3C, variations in the maximum
concentration differences between the active blended
electrodes are less pronounced. This is due to the lower
temporal variation of the intercalation current between
the active components as discussed before. Accordingly,
the temporal average maximum concentration differ-
ences of the NMC component within the considered
blended electrode is reduced to 21% compared with the
NMC reference electrode.

According to Bohn et al,42 the maximum radial
mechanical stress component within an active material
particle is proportional to the change in the lithium
concentration. Analogous the maximum values of the
concentration differences shown in Figure 9 give a first
indication of the expectable diffusion‐induced mechani-
cal stresses in the interior of the active material.

The formation of diffusion‐induced mechanical
stresses within the active material is one of the reasons
for its mechanical degradation and the associated mea-
surable loss of capacity.43 In this context, a large number
of numerical investigations on single active material par-
ticles show that the magnitude of the mechanical stresses
depend on the shape and size of the particles30,44,45 and
can thereby exceed the tensile strength of the mate-
rial.46,47 This is particularly the case when it comes to
phase separation processes.42,45,48

The results presented in Figure 9 suggest a reduction
of the diffusion‐induced mechanical stresses within
the NMC particles because of the addition of LMO.
Assuming similar mechanical properties of both mate-
rials, reduced mechanical stress on the NMC material
is expected, resulting in an improved cycle life of the
cells. In addition to that, the numerical results indicate,
that the half‐cells' cyclic aging resistance is further
enhanced by obeying the operating window of
0.2 < DOD < 0.8.

4.3 Numerical investigation of the
particle arrangement

The following discussion deals with the question on
how the arrangement of the two active components
LMO and NMC within a blended electrode influences
its electrochemical performance. The basis for this inves-
tigation is the electrode structure of the blend electrode
shown in Figure 3 with a volumetric fraction of both
active components of 50%LMO : 50%NMC. Accordingly,
the structural parameters of the electrodes considered
below are identical and summarized in Table 2.

The random arrangement of both active materials
represents the reference state and is shown in the middle
of Figure 10. In contrast, there are two layered arrange-
ments, wherein the active components are located in
discrete regions. In the electrode structure designated as
“layered arrangement A” the LMO component is located
exclusively in the upper region, ie, in the vicinity of the
separator. In this structure, the NMC material is located
close to the current collector. For the structure denoted
as “layered arrangement B” this correlation analogously
inverse (see Figure 10).

Because of the matching geometric basis of the
blended electrodes shown in Figure 10, their nominal
capacity is identical. Consequently, the comparability of
the considered electrode structures with regard to the
calculated, integral currents at a given galvanostatic
discharge rate is given.

The distribution of the magnitude of the ionic current
density within electrolyte (see Figure 11) is evaluated



within three horizontally arranged layers, each with
identical layer thickness. While the region designated as
the upper region includes the vicinity near the separator,
the lower region is located close to the positive electrode's
current collector. Accordingly, in the layered arrange-
ments A and B, the upper and lower regions include
exclusively either NMC or LMO. The middle region rep-

resents the transition of both layers. In Figure 11, i
!
E

��� ���
represents the volumetrically averaged magnitude of the
ionic current density for each layer.

For all considered electrode structures, a homoge-
neous current density distribution of comparable magni-

tude is present in the subdomain of the separator ΩSep
E .

For this reason, this subdomain is not included in the
stratified evaluation shown in Figure 11.

Figure 11 shows a decrease in the ionic current density
towards the current collector because of the intercalation
of lithium ions into the active material. Consequently, the
magnitude of the ionic current density in the upper
region of the considered electrodes exceeds the volumet-
ric mean value of the entire electrode by about 50%,
regardless of the simulated discharge rate.

For both discharge rates shown, the ionic current
density of the random particle arrangement shows a
small temporal variation coefficient of νt < 7%. Because
of the arbitrary arrangement of the active components
and the spatially averaged evaluation, the influence of

FIGURE 10 Three dimensional representation of the dimensionless lithium concentration
cS
cmax
S

and the ionic current density i
!
E

��� ��� within
the electrode structures with varying particle arrangements. Herein, the result of a simulated galvanostatic discharge process at 0.5C and

DOD 0.6 is shown [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Layer wise evaluation of the ionic current density i
!
E

��� ��� within the electrolyte subdomain at a constant discharge rate of 0.5C

(left) and 3C (right) [Colour figure can be viewed at wileyonlinelibrary.com]
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temporal variations in the intercalation behavior of
both active materials on the local ionic current density
is not observable.

For the stratified particle arrangements and especially
at the low discharge rate of 0.5C, it is recognizable
that the temporal differences in the distribution of the
intercalation current between the active materials
have a direct influence on the magnitude of the ionic
current density. As shown in the previous section, in
the region of 0 < DOD < 0.2, lithium uptake is domi-
nated by the NMC component. Hence, the magnitude
of the ionic current density of arrangement B is reduced
by 61.9% and 94.3% compared with the reference elec-
trode in the middle and lower section, respectively.
When time averaged over the whole discharge cycle,
the magnitude of the ionic current density of the entire
electrode B is reduced by 4.5% with respect to the
reference electrode.

Because of the increasing distance to the equilibrium
state, an increase of the simulated discharge rates leads
to a reduced temporal variation of the intercalation
current between the two active components. As presented
in the previous section, this manifests in a smoothened

trend of the magnitude of the ionic current density i
!
E

��� ���
at a discharge rate of 3C (see Figure 11, right).

Furthermore, with increasing discharge rates, a
dependency between the local composition in the
form of the relative aeric capacity KA and the intercala-
tion current within a layer is to be expected. This
can be verified by means of a layerwise evaluation
of the relative areic nominal capacity of the structures
(see Figure 12).

Figure 12 compares the distribution of the relative
nominal capacity of the considered electrode structures.
Because of the higher stoichiometric maximum

concentration of NMC compared with LMO, increased
relative capacities can be seen in the vicinity of the
NMC component. Hence, the relative capacity in the
lower section of layered arrangement A is 37.7% higher
compared with the reference electrode. In contrast,
arrangement B exhibits a 49.8% higher relative capacity
compared with the random particle arrangement in the
separator‐near region.

Because of the heating caused by high ionic current
densities24 and the associated temperature‐induced
degradation of the electrolyte,49,50 it is to be expected
that the reduction of the magnitude of the ionic current
density is beneficial for the cyclic aging behavior of a
cell. Hence, with regard to the reduction of the average
relative ionic current density within the porous elec-
trode subdomain, the location of the largest relative
capacities in the region close to the separator is benefi-
cial. Correspondingly, in the middle and lower regions
of arrangement B, the temporal average magnitude of
the ionic current density is 29.4% and 39.1% lower com-
pared with the reference electrode. The time‐average
magnitude of the ionic current density within the entire
porous structure of arrangement B is reduced by 11.2%,
compared with the reference electrode.

The transfer of the presented numerical results to real
production processes of positive blended electrodes is
realizable by means of multilayer coating processes.
For this purpose, the active components are to be
dispersed in separate coating slurries. These slurries are
in the following to be fed to the coating unit according
to the desired stratification. An example for this approach
can be found in experimental studies of Liu et al,51

who used a simultaneous slot‐die coating process to
fabricate electrodes consisting of two layers containing
different kinds of conductive additives, namely graphite
and carbon black.

FIGURE 12 Layerwise evaluation of

the relative nominal capacity related to

the total nominal capacity of the

investigated particle arrangements

[Colour figure can be viewed at

wileyonlinelibrary.com]
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5 CONCLUSION

In this contribution, the numerical simulation of blended
electrodes consisting of different proportions of the active
components LiMn2O4 (LMO) and Li[Ni1/3Co1/3Mn1/3]O2

(NMC) is presented. On the macroscopic level, it turned
out that, up to discharge rates less than 5C, the utilizable
capacity rises with an increasing proportion of LMO.
Because of a smaller rate constant of the intercalation
reaction kBV for LMO compared with NMC, this relation-
ship was reversed at higher discharge rates.

On the particulate level, it could be shown that there are
significant variations in the distribution of the intercala-
tion current between the two material fractions during
discharging. At the beginning and the end of a discharge
cycle and regardless of the material composition of the
blended electrode, most of the intercalation current was
taken up by the NMC component. From this observation,
an operating window of the blended electrode in the range
of 0.2 < DOD < 0.8 was identified. Furthermore, a reduc-
tion in the maximum lithium concentration difference
within the NMC component could be determined in the
presence of LMO. The relaxation of the maximum concen-
tration difference was further positively influenced by an
increasing proportion of LMO and a reduction of the dis-
charge rate. Spatial gradients in the lithium concentration
are related to mechanical stresses within the active mate-
rial particles, which are known as one reason for its degra-
dation. Consequently, a reduction of the maximum
concentration gradients within the NMC component is
an indication for an increasing cyclic aging resistance of a
blended electrode consisting of LMO and NMC, when
operated within the designated operating window.

In addition, it was shown that the layered arrangement
of the active components within an electrode affects the
magnitude of the ionic current density within the electro-
lyte during a discharge cycle. The numerical results
revealed that, in comparison to the random particle
arrangement, the separator‐near arrangement of NMC
allows a reduction of the ionic current density of up to
11.2%. This was due to the higher volumetric capacity of
NMC compared with the LMO component. Accordingly,
a tailor‐made layered arrangement of the active
materials within blended electrodes appears to be highly
attractive, especially for high‐performance applications.

The stratification of electrodes is practically realizable
by means of multilayer coating, ie, by using a simulta-
neous slot‐die coating unit. Hence, these kinds of
processes appear to be a valuable addition to known
manufacturing processes, as they allow the production
of optimized positive electrodes of lithium‐ion batteries.

It is known that the active material surface area of
an electrode influences the intercalation flux density,

which affects the local overpotential and therefore macro-
scopically affects the half‐cell potential. Hence, it is to be
expected that the size, shape, and roughness of the
active materials directly affects the half‐cell performance.
A simulation‐based quantification of this effect is part of
further investigations in this field.

Furthermore, the numerical model will be extended by
the linear elasticity model. This enables the numerical
simulation of mechanical stresses at small strains within
the particulate structure of lithium‐ion batteries, which
helps to quantify the effect of mechanical degradation of
the active material particles.
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NOMENCLATURE

Latin letters

Symbol Unit Description

c [mol m−3] Concentration

D [m2 s−1] Diffusion coefficient

F [96485 C mol−1] Faraday number

f ± [ ] Mean molar activity coefficient

H [m] Cathode thickness

_i
! [A m−2] Current density

KA [mAh cm−2] Areic nominal capacity

Kg [mAh g−1] Gravimetric nominal capacity

k [m2.5 mol−0.5 s−1] Material specific konstant

n! [ ] Normal vector

_n
! [mol m−2 s−1] Lithium flux density

R [8.314 J mol−1 K−1] Universal gas constant

SV [μm−1] Volume specific surface area

T [K] Temperature

t [s] Time



(Continued)

Symbol Unit Description

t0þ [ ] Transfer coefficient

Ueq [V] Open circuit potential

x50 [μm] Mean particle size

z+ [ ] Charge number

Greek letters

Symbol Unit Description

α [ ] Apparent transfer coefficients

Γ [ ] Boundary

Δ [ ] Maximum difference

ϵ [ ] Porosity

κ [S m−1] Conductivity

νt [ ] Temporal variation coefficient

ρ [kg m−3] Density

τ [ ] Tortuosity

Φ [V] Electrical potential

Ψ [ ] Fraction of the intercalation current

Ω [ ] Computational domain

Subscripts/superscripts

0 Initial condition
A Active material
a Anodic
BV Butler‐Volmer
c Cathodic
D Diffusional conductivity
E Electrolyte
eq Equilibrium, ie, open circuit potential
m Material (m = LMO;m = NMC)
max Stoichiometric maximum concentration
P Passive material fraction
S Solid electrode
Sep Separator

Abbreviations

DOD Depth of discharge
NCA Lithium‐Nickel‐Cobalt‐Aluminum‐Oxide

(LiNi0.8Co0.15Al0.05O2)
LMO Lithium‐Manganese‐Spinel (LiMn2O4)

NMC Lithium‐Nickel‐Manganese‐Cobalt‐Oxide (Li[Ni1/
3Co1/3Mn1/3]O2)

SEI Solid‐electrolyte interphase
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