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Blend Electrodes in Lithium-Ion Batteries: Investigation
of Inhomogeneities Using a Spatially Resolved
Transmission Line Model
Maximilian Schamel, Julian Knorr, Andrea Kinberger, and Michael A. Danzer*

Blend electrodes are used in lithium-ion batteries to increase the
performance by combining two active materials, such as silicon
(Si) or silicon oxide (SiOx) and graphite (Gr), for the negative elec-
trode. In-depth knowledge of the complex interactions between
the materials is essential to understand how inhomogeneities
and local peaks of the intercalation current arise and how they
can be prevented. This work presents a spatially resolved trans-
mission line model developed to describe the electrochem-
ical behavior of blend electrodes. Parameterization and model

validation are carried out for a Gr/SiOx anode. Simulation results
are used to investigate inhomogeneities in local states during
lithiation at different C-rates. A special focus is put on stress indi-
cators as precursors for accelerated ageing like local material-
specific C-rates and spatial gradients of the degree of lithiation.
Thus, the modeling approach is a tool for both the description of
the properties of blend electrodes and for simulation-based bal-
ancing of the active materials’ capacities within blend electrodes.

1. Introduction

Lithium-ion batteries (LIBs) are a key technology for efficiently
storing and delivering electrical energy across a wide range of
applications, including portable electronics, electric vehicles, sta-
tionary energy storage applications, and air- and spacecrafts.[1–5]

Ongoing research aims at further improving their performance,
particularly in terms of increasing energy and power density, life-
time, and fast-charging capability. One promising approach is
the concept of blend electrodes, also referred to as blended or
composite electrodes, where two or more lithium insertion
materials are combined to leverage their benefits and achieve
synergy effects. This concept can be applied to both cathodes
and anodes and is widely used in commercial cells, enabling sig-
nificant improvements in energy density, power density, and
cycling stability.[6–8] Optimizing the blend composition allows
for tailoring the electrode’s properties to specific performance

requirements and presents a flexible and effective strategy for
advancing energy storage solutions. Recent research has demon-
strated that lithium manganese oxide (LMO), which offers good
rate capability but low cycling stability,[6,8] in combination with
either lithium nickel cobalt aluminum oxide (NCA), exhibiting
high cycle life performance, or with lithum nickel manganese
cobalt oxide (NMC), noted for high specific capacity, is a beneficial
strategy at the cathode side.[6,9,10] For the negative electrode,
incorporating silicon (Si) or silicon oxide (SiOx) into the widely
used graphite (Gr) anode is a widely adopted strategy.[11–14]

This approach increases the energy density, attributed to the high
theoretical capacity of Si and SiOx. However, in contrast to the
comparatively stable Gr electrodes, pure Si or SiOx electrodes
face challenges with poor cycling stability. This is due to the large
volume expansion during lithiation, which increases the risk of
pulverization, loss of electrical contact, and the formation of addi-
tional solid-electrolyte interphase (SEI).[11,15–18]

Despite the advanced commercialization of blend electrodes,
the complex interactions between the materials and the impact
of blended designs on internal electrochemical processes remain
poorly understood and development is still largely empirical.
Operando metrological studies of relevant internal states, such
as local degree of lithiation (DOL) and local current densities,
are challenging and scarce.[6,19,20] Since inhomogeneities inside
the electrode and high peak intercalation currents can accelerate
material degradation, a deeper understanding of the lithiation
and delithiation processes is crucial for further advancement.
To address these issues, several models have been developed
to reveal the internal electrochemical or mechanical behavior
of blend electrodes.

A common approach in the literature is to modify the widely

used Doyle–Fuller–Newman (DFN) physics-based model[21–23] to

account for two particles representing two different materials

at each node.[24–29] Several works have investigated Gr/Si blend
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anodes with different focuses, such as the influence of mechanics
on the electrochemical performance, the development of fast
charging strategies, the electrochemical interactions between
Si and Gr as well as the nonuniform interfacial current densities
across the electrode, or the effect of different mass fractions of
Si.[25–28] Further adaptions of the DFN model considered particles
of different radii, film-, and contact resistances,[30] or coupling it
with degradation models to simulate the degradation behavior
during cycling under various operating conditions.[31]

Zhang et al.[32] developed a porosity model to account for vol-
ume changes in active materials and electrode dimensions for
Si-based anodes. Liang and Bazant[33] introduced a mathematical
modeling framework for hybrid multiphase porous electrode
theory based on the porous electrode theory as used in the
DFN model. This model accounts for parallel reactions, phase
transformations, and multiscale heterogeneities in blended
porous electrodes. Boveleth et al.[34] published a parameter study
to systematically analyze the influence of lithium plating in blend
electrodes. A 3D model of the microstructure consisting of two
equally sized spherical particles for Si and Gr was used to inves-
tigate the relevant parameters affecting lithium plating, and ulti-
mately, the design of blend electrodes.

In the context of blend cathode models, Kespe et al.[9] studied
the interactions between LMO and NMC using a 3D electrochemi-
cal model, considering variations in particle size. By virtually altering
the proportions of the two materials, they investigated the effects
of blend electrode design on, for example, the total usable capacity,
local ionic current densities, and the distribution of current
between the materials. They found that adding LMO to NMC helps
to reduce the maximum lithium concentration gradients in the
NMC species during operation, which is considered to decrease
degradation due to the minor volume expansion stress in case
of lower concentration inhomogeneities inside the particles.[9]

The literature review shows a trend to study blend electro-
des by the use of physics-based DFN or 3D resolved electro-
chemical models and modifying them to account for two
different active materials, usually represented by two parallel
particles. However, a large number of parameters needs to
be determined for these kinds of models, involving various
experimental characterization techniques.[35,36] Furthermore,
solving the partial differential equations describing these mod-
els requires high computational effort.

In contrast, Beck and Dubarry[37] proposed a simplified blend
electrode model as an advancement of the mechanistic modeling
approach,[38] which facilitates easier parameterization and is
primarily based on the individual voltage response curves of
the materials. Their work is focused on the degradation of blend
electrodes and their individual components, emphasizing the
influence of various degradation modes on current distribution
and cell voltage.[37]

This work introduces a time-domain simulation approach for
blend electrodes using a spatially resolved transmission line
model (TLM). Costard previously presented this concept in the
frequency domain to model impedance spectra of blend
cathodes.[39] In the TLM, equivalent circuit (EC) elements depict
the kinetic properties in a porous electrode,[40–43] which is a com-
monly used technique to analyze and model impedance spectra.

For example, fitting the parameters of a suitable TLM structure to
measurement data is employed for characterizing tortuosity,[40]

active material utilization ratio,[44] exchange current density,[45]

dendritic growth on metal anodes,[46] as well as electronic and
ionic conductivity in all-solid-state electrodes.[47,48] Conversely
to the frequency domain TLM, the utilization of this model type
in the time domain is less common. The spatial resolution of the
TLM comes from the division of a defined dimension, such as the
thickness of a porous electrode, into a defined number of com-
partments and their mapping as a dynamic network.

In the time domain, a system of differential-algebraic equa-
tions (DAEs) can be set up using a state-space representation
to describe the charge transport within the porous electrode
structure.[49,50] Advantageously, parameterization involves only
electrochemical impedance spectroscopy (EIS) and open-circuit
potential (OCP) measurements.

The parameters of the model are identifiable, which repre-
sents a significant advantage over physics-based models that
involve a larger set of parameters, many of which are difficult
to quantify unambiguously while maintaining physical interpret-
ability. Tackling that issue, Plett and Trimboli proposed an
approach for physics-based models that incorporates lumped
parameter values by mathematically condensing multiple physi-
cal parameters that are not independently identifiable.[51] In com-
parison, the TLM can be regarded as a more abstracted model
that offers real-time capability and a manageable computational
effort, as it does not contain partial differential equations. As a
result, it provides an efficient alternative to physics-based models,
which, in contrast, provide advantages in terms of the accuracy of
representing the underlying physical processes. For example, the
TLM does not capture local Li concentration and its influence on
electrolyte properties, unlike physics-based models.[22,36,52]

In this work, for the first time to the best of our knowledge, an
existing time-domain TLM is extended to account for two active
materials in the electrode, thus, a blend electrode. After valida-
tion, the model is used to investigate internal states in the elec-
trode and inside the particles during operation.

In particular, stress indicators, such as peak local current rates
(C-rates), the inhomogeneity of the DOL, and predicted volume
expansion, are examined at different C-rates. These indicators will
be used in future works for investigating the degradation behav-
ior, and thus, predicting long-term performance. The aim of this
article is to demonstrate blend electrodes and respective operat-
ing strategies must be optimized, with a particular focus on the
stress indicators, to avoid critical states, and thus, ensure safe
operation and an extended service life.

The article is organized as follows: Section 2 describes the
modeling approach, that is, the extension of the standard TLM
for blend electrodes and the corresponding parameterization
procedure. The results of the simulations are presented and
discussed in Section 3, starting with a comparison of simulation
results and experimental measurements in Section 3.1. Therefore,
the measurements from a previous work of Knorr et al.[53] with an
experimental Gr/SiOx blend setup consisting of two pure half-
cells connected in parallel are used. In Section 3.2, local states,
inhomogeneities, and possible stress indicators during operation
at different C-rates are investigated. To emphasize the impact
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of the blend electrode design, a comparison with a pure Gr
electrode is made with a focus on peak local C-rates and the
resulting DOL inhomogeneities. In Section 4, the key findings
are summarized, and a brief outlook on future research directions
is given.

2. Modeling Approach

The discrete electrodemodel used in this study was developed by
Hahn et al.[49,50] in both frequency and time domain for simulating
the electrode’s impedance and the terminal voltage during oper-
ation, respectively. The time-domain model is now modified to
simulate a blend electrode. The original model can be applied
to simulate porous electrodes that contain one active storage
material (AM) with spatial resolution on electrode and particle
levels. Similar to the well-known DFN,[21–23] this can be considered
as a pseudo-2D approach (p2D), allowing for the investigation of
local states inside the electrode perpendicular to the current
collector and inside particles radial from surface to center.
In the following, the basic structure and the modification to a
blend electrode model are explained. Additionally, the chosen
approach for parameterization is examined.

2.1. Transmission Line Model in Time Domain

In contrast to physical DFN models, the TLM is an EC model with
spatial resolution. Processes are modeled by distributed electrical
EC elements (resistors R, capacitors C, voltage sources UOCP),
allowing for the description of the kinetic and thermodynamic
properties of the electrode. The included processes are ionic
transport in the electrolyte domain, transport across the SEI,
charge transfer (CT) at the double layer at the interface between
liquid electrolyte and solid AM, solid diffusion inside the AM, and
the OCP of the AM. Since the electronic conductivity in the AM in
graphite-based anodes is considered to be significantly higher
than the ionic conductivity in the electrolyte,[49] the resistance
of the electrical path is neglected. SEI and CT are modeled by
two resistive-capacitive (RC) elements while ohmic resistors
model ionic transport and solid diffusion.

The model equations are described using a state-space repre-
sentation and solved iteratively via the linear-implicit Euler
method. Fundamental electrical engineering principles, specifi-
cally Kirchhoff ’s current and voltage laws, are employed to derive
a set of DAEs.

Mẋ ¼ f ðx, uÞ (1)

with the mass matrixM and the state vector ẋ. The state variables
consist of the dynamic voltages at all RC elements, the ionic cur-
rents in each discrete segment, the solid-state current in each
particle shell, and the charge stored in every discrete particle
shell. The system function f is defined as

f ðxÞ ¼ AðxÞx þ bðxÞuþ νðxÞ (2)

Here, AðxÞ denotes the system matrix, which accounts for the
dependency of model parameters on the DOL. b is the input

vector and is multiplied by the input variable u, which represents
the applied current I0. The nonlinear contributions, νðxÞ, corre-
spond to the DOL-dependent OCPs in the particle shells.

For more details on the model structure and the formulated
state equations, the reader is referred to the Supporting
Information (Section SI.1) as well as to the previous publications
of Hahn et al.[49,50] which established the model in its basic form,
describing a porous electrode with one active storage material.

2.2. Modification towards Blend Electrodes

As a modification of the standard TLM that can be used for elec-
trodes including one AM species, the further developed blend
TLM is composed of two separate interfacial paths between liquid
and solid domain in every electrode segment i. To the best of our
knowledge, this approach was reported first by Costard[39] with
the aim to model the impedance of blend electrodes in frequency
domain by a TLM. Furthermore, based on the same assumptions
of two parallel AM species existing in every electrode segment, Ai
et al. presented a DFN model for blend electrodes.[27] We now
transfer this approach to the time-domain TLM.

The general model structure is shown in Figure 1a, which
illustrates a blend anode composed of graphite (Gr) and silicon
oxide (SiOx). The particle model is visualized in Figure 1b, repre-
senting the second spatial dimension radially from particle
surface to center. From here on, it must be distinguished between
electrode segments and interfacial paths, since each segment
represents one discrete volume element including two interfacial
paths, one for each material k. It is assumed that both interfacial
paths are connected at the same position along the dimension
perpendicular to the separator, which is partitioned into n seg-
ments. In each path, the kinetic limitations at the interface
defined by SEI and CT are taken into account by two serial RC
elements, condensed to Z Int,k,i in Figure 1a for simplification. In
addition, the particle model is included within each path, consid-
ering the solid-state diffusion resistance inside the particles (Rdiff,j)

as well as the DOL-dependent OCP UOCP,j , both included in every

particle shell j (cf. Figure 1b). The particle model determines the
effective potential of the particle Uk,particle,i along each pathway.

As output variable of the DAE system, we define the terminal
voltage of the electrode UElectrode, while I0 is the input variable.
UElectrode can be determined via Equation (3) at every time step
after solving the DAEs. Therefore, Kirchhoff ’s voltage law can
be applied, for example, along the first Gr pathway near the
separator.

UElectrode ¼ �I0R0 þ UGr;SEI;1 þ UGr;CT;1 þ UGr;particle;1 (3)

Both active material species are assumed to be distributed
perfectly homogeneously over the electrode thickness. Therefore,
in every discrete electrode element, the ions can de-/intercalate
in both species. No ionic resistance is assumed between the two
materials in the same electrode segment. From a physical per-
spective, this means that the length of the ionic transport path
from the separator to the particle surface is equal in one electrode
segment, no matter which material is considered. In contrast,
ionic resistance separates two adjacent electrode segments,
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representing the difference in ionic path length. This approach
offers the benefit of modeling the current split between the
two species in every electrode segment, hence, spatially resolved
from separator to current collector.

To account for the material-specific kinetic and thermody-
namic properties, two parameter sets are needed for parameteri-
zation. All kinetic parameters at the interface between solid and
liquid and the OCP curves are material-dependent, indicated by
the indices SiOx and Gr in Figure 1a, representing the species of
silicon oxide and graphite, respectively. In contrast, Rion and R0 do
not depend on the AM species.

Since SiOx shows a significant voltage hysteresis, this needs
to be considered in the blend electrode model as a further devel-
opment of the original TLM, in which this phenomenon was
neglected so far when pure Gr electrodes were modeled.

Although multiple models for the voltage hysteresis of LIB
electrodes have been presented,[54–57] including mechanistic,
phenomenological, and physically motivated EC approaches, a
universal solution has not been found yet. In particular, the hys-
teresis characteristics of Si-containing electrodes are not trivial to

describe and present a major challenge in current research,[58,59]

but this is not the focus of this work. Therefore, we decided for a
hysteresis approach according to the well-known one-state
model of Plett,[54] since it is comparably easy to implement in
the TLM structure. Thus, one additional hysteresis state hi,j is

implemented in each discrete particle shell that determines
whether the lithiation or the delithiation curve of the OCP is appli-
cable. h ranges between�1 (lithiation) andþ1 (delithiation) with
a smooth transition in between, depending on the intercalation
current direction applied to the considered particle shell. The
applied OCP curves are displayed in Figure 1c for SiOx and Gr,
with the lower curve relating to lithiation and the upper curve
relating to delithiation. Further details on the hysteresis approach
are provided in the Supporting Information (Section SI.2).

2.3. Parameterization

The kinetic parameters of the TLM (R, C) can be determined by
impedance fitting. Therefore, the parameters of the frequency

(a)

(b) (c)

Figure 1. a) Schematic representation of the blend TLM structure for a SiOx/Gr anode, illustrating spatial resolution along the x-dimension from the separa-
tor interface to the current collector interface. b) Particle model with radial discretization along the y-dimension from the surface to the center, assuming
spherical particle geometry. c) OCP curves of SiOx and Gr in dependency of the DOL, showing distinct profiles for lithiation (lower curve) and delithiation
(upper curve).
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domain TLM are fitted to EIS measurements at different DOLs.
This results in values Reff and Ceff describing the effective polari-
zation of the considered electrode. Based on that, the calculation
of the local parameters for each electrode segment and particle
shell is conducted based on the number of discrete electrode
segments n ∈ N and particle shells m ∈ N. For example, the
global ionic resistance Rion is uniformly distributed across all n
segments, leading to a local value in segment i given by
Rion,i ¼ Rion,eff=n , as the ionic resistors appear in series in the
TLM structure (cf. Figure 1a). Conversely, the local values of resis-
tors arranged in parallel along the interfacial paths (RCT, RSEI) are
calculated following the basic rules of electrical network theory,
that is, Rx,i ¼ Rx,eff · n, with x ∈ fCT, SEIg.

The nominal storage capacity in each particle shell, denoted
as CN,i,j , is allocated based on the volume fraction of the respective

element, ensuring that the sum of the capacities across all par-
ticles equals the total electrode capacity CN. CN can be parame-
terized by a standard capacity measurement.

Lastly, the OCP curves of the active materials are needed to
describe the local charge-dependent potential UOCP,i,jðDOLi,jÞ in

every particle shell in every electrode segment. The local DOL
is defined via

DOLi,j ¼
Qi,j

CN,i,j

(4)

where Qi,j denotes the charge amount that is stored in the con-

sidered particle shell.
To parameterize the Gr/SiOx blend anode considered in this

work, we use the data sets of two separate pure electrodes (Gr
and SiOx) that were measured in a setup with Li metal as counter
electrode. Both electrodes were characterized by applying EIS at
different DOLs and performing pseudo-OCP measurements at a
current rate of C/40. The electrode properties are described in
detail in the work of Knorr et al.[53]

The nominal capacities of the AM species were aligned with
those determined in the experimental study (cf. Section 3.1),
amounting to 2.2 mAh for SiOx and 6.2 mAh for Gr, which corre-
spond to relative capacity proportions of 26% and 74%, respec-
tively, and a total blend electrode capacity of 8.4 mAh.

To determine the material-specific kinetic parameters at the
solid–liquid interface and inside the particles, a 0D EC model
(ECM) of the structure R0–(RC)1–(RC)2–FSW is fitted to the EIS data
at five distinct DOLs. The SEI and CT parameters are extracted
from the RC elements (RC)1 and (RC)2 while Rdiff represents the
resistance of the finite-space Warburg element (FSW) of the
0D ECM. To complete the kinetic parameter set of the blend
TLM, one global effective Rion in the blend and one global R0

are needed. Since the pure SiOx and Gr electrodes employed
for parameterization exhibit strongly diverging properties in
terms of electrode thickness and porosity, it is expected that
the ionic resistance in a blend electrode is not comparable to
the pure electrodes. Therefore, in this work, Rion is determined
by fitting the blend TLM to the time-domain measurement of
the model-like blend setup constructed of the two pure electro-
des. Details on the measurement setup are provided in
Section 3.1. Since it is assumed that the volume expansion of

SiOx significantly influences the porosity, and hence, the ionic
transport properties in a blend electrode,[25,53] for simplification,
we assume a linear dependency between the DOL of the SiOx
species in each electrode segment and the corresponding
Rion,i . For parameterization, the mean value of Rion across the full
DOL range is fitted to the measurement data of a C/10 lithiation
process. More details on the measurements used for parameteri-
zation and validation are given in the Table S1, Supporting
Information, and the trend of the fitted kinetic parameters versus
DOL can be found in Figure S1, Supporting Information. Table 1
summarizes the parameterization procedure for all parameters.
The validation of the acquired parameter set is provided in
Section 3.1.

As a peculiarity of the blend TLM in comparison to the stan-
dard TLM, the local kinetic parameters in every discrete electrode
segment are calculated with regard to the number of segments n,
which is half the number of interfacial paths since two materials
are contained.

The presented approach—utilizing experimental data from
two separate pure electrodes to parameterize the individual
species in a blend electrode—offers a pragmatic solution to
the challenge of identifying material-specific parameters in
blend electrodes. To the best of our knowledge, no existing
methodology or experimental design currently enables the
independent identification of kinetic parameters for the individ-
ual materials within a real blend electrode. This approach
inevitably involves certain limitations, for example, transport
limitations between the two active materials may differ from
those observed in the pure electrodes. Nevertheless, it is con-
sidered a reasonable and effective first step toward disentan-
gling the individual contributions of the two AM species in a
blend electrode TLM.

3. Results and Discussion

In the following, the results of the blend electrode TLM simula-
tions are validated. Moreover, local states and inhomo-
geneities during operation are investigated and discussed, thus,
highlighting the benefits of the spatially resolved model
structure.

Table 1. Overview of how the different parameters for the blend TLM are
determined. Distinction between material-specific (m) and global blend (b)
parameters.

Parameter Scale Origin

Voltage curve UOCP,k m Pseudo-OCP C/40 (pure electrodes)

Capacity CN,k m Capacity measurement (pure
electrodes)

Interfacial path kinetics
(RCT, RSEI , RDiff , CCT, CSEI)

m ECM fit (pure electrodes)

Rion b Fit to time-domain measurement
(C/10 lithiation) of blend setup

R0 b Assumption: mean R0 value from ECM
fit of both materials
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3.1. Comparison of Simulation and Measurement at Different
C-Rates

Since direct measurements of the internal current split between
two active material species in a blend electrode are not feasible,
validating the implemented model presents a substantial chal-
lenge. To address this, we utilize experimental data from the pre-
vious study by Knorr et al.[53] where the two active materials,
silicon oxide and graphite, were separated in two pure-material
half-cells, each with a Li metal counter electrode. The cells were
assembled in T-cell setup with a diameter of 12.7 mm. These indi-
vidual half-cells were connected in parallel to form a model-like
blend setup, enabling the investigation of the current split
between the Gr|Li and SiOx|Li cells during operation and relaxa-
tion. The experimental method was originally developed by
Heubner et al.[6,60] and Liebmann et al.[61]

The half-cells in the blend setup are equivalent to those
employed for the parameterization of the model (cf. Section 2.3).

In the study conducted by Knorr et al.[53] the lithiation behav-
ior of the blend setup was examined across a range of C-rates,
from C/40 to 1C, focusing on the influence on the material-
specific DOLs reached in the Gr and the SiOx fractions during
lithiation. By customizing the coating thickness and the propor-
tions of binder and additives of the two electrodes, a SiOx weight
fraction of 8.5% relative to the total electrode weight (sum of Gr
and SiOx electrodes) was achieved. This target was selected to
build a blend setup aligned with the range of SiOx content typi-
cally found in commercial cells. The measured reversible capaci-
ties of the SiOx and Gr half-cells at C/40 were 2.2 and 6.2 mAh,
respectively. Therefore, the capacity proportion of the SiOx frac-
tion on the measured total capacity was 26%. The applied C-rate
in the experiments was calculated based on the total blend
capacity, CN, which is defined as the sum of the capacities of

the SiOx and Gr half-cells, CN,SiOx and CN,Gr, respectively. For a
comprehensive description of the experimental setup, material
properties, and cell assembly, readers are encouraged to consult
the original study.[53] Although the blend setup does not perfectly
replicate the conditions of a real blend electrode, where particles
of the two active materials are in direct contact within a single
electrode, the primary effects arising from the thermodynamic
and kinetic properties of the materials are assumed to be
comparable. In the following, the TLM simulation results of lith-
iation processes at different C-rates are compared with the
measurements.

Figure 2 presents the blend electrode terminal voltage
UElectrode for C/20, C/10, and C/3 (a–c) alongside the corresponding
current split to the SiOx and Gr material fractions IMaterial (d–f ) ver-
sus DOLElectrode. From the model output, the cumulative current for
all n discrete electrode segments of SiOx and Gr is calculated to
determine the total intercalation current supplied to each mate-
rial. Furthermore, the corresponding plots for C/40 and 1C lithia-
tion are presented in the Figure S2, Supporting Information,
along with the course of the deviation between USim and UMeas.
For all investigated C-rates, the major part of the applied current
is initially supplied to the SiOx fraction, while the contribution
of Gr remains relatively minor (cf. Figure 2). This trend reverses
at�20% DOLElectrode, where the current of the Gr fraction exceeds
the current of the SiOx fraction. Beyond this point, Gr dominates
the intercalation process. At C/20 and C/10, an undulating pat-
tern in IMaterial is observed in both the measurement and the
simulation during this phase. The behavior across the DOL
range can be attributed primarily to the interaction between
the differing OCP curves of the two species and the kinetic
characteristics. For a detailed discussion of the interplay
between Gr and SiOx in general, readers are directed to the
experimental paper.[53]

(a) (b) (c)

(d) (e) (f)

Figure 2. Lithiation process of the blend electrode with UCutoff ¼ 10 mV at three different C-rates: Comparison of measurement and simulation. Terminal
voltage in a–c) and corresponding current split between the two species in d–f ) for C/20, C/10, and C/3, respectively.
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The comparison in Figure 2 illustrates that the model is capable
of qualitatively reproducing the electrochemical behavior of the
blend electrode. However, discrepancies between the simulated
and the measured values are evident, as the simulated Gr current
is higher than the experimental values at medium DOLElectrode, and
the oscillations are more pronounced (cf. Figure 2d,e). At C/3, the
region with an undulating current split is not reached, as the lith-
iation process is terminated at 10mV. The qualitative agreement
between the measurement and the simulation in the accessible
DOL range is high for this case, although the absolute current val-
ues differ slightly, showing a systematical overestimation of the
contribution of the species with the higher current (cf. Figure 2f ).

Examining the terminal voltage in Figure 2a–c, the largest
deviations occur at the beginning of the lithiation process, as con-
firmed by the analysis of the absolute deviation (cf. Figure S3,
Supporting Information). UMeas is significantly higher than USim

immediately after the current is applied. At C/20 and C/10,
another region with substantial deviations arises toward the
end of the process. In contrast to the beginning, UMeas is observed
to be lower than USim, as shown in Figure 2a,b. This leads to a higher
charge throughput, and consequently, a higher DOLElectrode in the
simulation until UCutoff is reached. At C/3, this effect is less pro-
nounced, but the same trend is observed.

Despite this work focusing on effects during lithiation, the
results of a full cycle with C/20 lithiation followed by C/40 deli-
thiation are provided in the Supporting Information (Figure S4),
including the material-specific DOLs during the whole cycle. The
results indicate that the blend TLM is also capable of reproducing
the main phenomena during delithiation. The different C-rates of
lithiation and delithiation result from the fact that the lithiation at
different C-rates in the experimental work[53] was always followed
by standard delithiation at C/40. Therefore, up to this point,
experimental data on delithiation at different C-rates of the inves-
tigated blend setup is lacking.

To explicitly analyze the attainable charge throughput during
lithiation, Qlith, the total charge amount in the blend electrode
and in the two materials are shown in Figure 3 for all considered
C-rates. The primary trend found in the experimental study is that

the reduction in usable electrode capacity at elevated C-rates
is primarily attributed to a decline in Gr charge throughput,
whereas, the SiOx charge throughput exhibits only a modest
decline up to C/3.[53] At 1C, however, the SiOx decrease is pro-
nounced. The simulation results indicate that the model generally
reproduces this effect, particularly with regard to the usable SiOx
capacity, where there is a high congruence for C-rates of up to
C/3. Conversely, notable discrepancies are evident in the Gr and
the blend charge throughput at C/20 and C/10, where the simu-
lation results exceed those of the measurements. At 1C, both the
SiOx and the Gr charge amounts are observed to be lower in the
simulation than in the measurement.

A possible explanation for the differing deviations at low and
medium C-rates, as opposed to high C-rates, may lie in the
absence of current-dependent kinetic parameters in the TLM.
Unlike physical DFN models, the TLM does not incorporate
Butler–Volmer kinetics for the CT process. Instead, the CT over-
potential is modeled by RC elements with constant parameters,
irrespective of the applied current.

This model approach may result in underestimating the over-
potential at low C-rates and overestimating it at higher C-rates. As
a consequence, the charge throughput before reaching UCutoff

deviates from the experimental measurements. Given that
Gr becomes more active at higher DOLElectrode, this discrepancy
particularly impacts the Gr capacity throughput.

Another notable feature is the deviation in the current split
within the range where Gr dominates the lithiation process
(DOLElectrode > 20%), particularly at C/10 and C/20. This suggests
that tuning the material-specific parameters could improve the
fit between the simulation and the experimental data since
the current split is governed by the relation of the OCPs and
the kinetic resistances of the two species.

Nonetheless, the parameter sets used allow a qualitative
reproduction of the primary effects observed in the blend setup
measurements, which is the objective of this work. Refining the
parameterization process and addressing the deviations in detail,
for exampe, through a comprehensive analysis of parameter sen-
sitivities, will be the focus of future work.

3.2. Local States and Inhomogeneities during Operation

Due to power constraints arising from electronic and ionic resis-
tances, the capability of LIBs to store and deliver current revers-
ibly may be exceeded during operation. This places the battery
under stress. Borrowing from the biological definition of stress,[62]

stress in a battery context refers to a scenario where operational
or environmental demands surpass the battery’s rate capability.
In addition to operating at high C-rates, staying close to the volt-
age limits or at extreme temperatures can also be a source of
stress. Prolonged stress over extended periods of time can trigger
degradation mechanisms, accelerate ageing, and damage the
cells. Therefore, identifying the early signs of stress in the battery
is crucial for maintaining its performance and longevity. Such
indicators can be inhomogeneous conditions in the cell,[63] as
the limited performance of mass transport and kinetic capabilities
puts different areas under different loads. Further stress

Figure 3. Contributions of SiOx and Gr to total utilizable electrode capacity
during lithiation at different C-rates. Comparison between measurement[53] (o)
and simulation (x). The solid and dotted lines serve as a guide for the eye.
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indicators can be the occurrence of locally different reaction
rates, locally different potentials,[63] which can result in tempera-
ture and expansion gradients across the cell. In the following,
inhomogeneous states occurring under operation are examined
on the basis of local material-specific current rates, local DOL, and
volume expansion. Therefore, different global C-rates are ana-
lyzed, ranging from C/40 to 1C.

3.2.1. Local Material-Specific C-Rates

In order to obtain a more accurate assessment of the current dis-
tribution between the two AM species, it is helpful to normalize
the intercalation current in each discrete element to its corre-
sponding storage capacity. Thus, the local C-rate is calculated via

C-ratelocal ¼
Iint,i,k
CN,i,k

(5)

where CN,i,k is the capacity of AM species k in electrode segment
i and Iint,i,k indicates the respective intercalation current. As shown
in Figure 2d–f, the current split between SiOx and Gr leads to a
high peak current imposed on the SiOx species during the early
phase of lithiation. Since CN;SiOx is only 26% of the total electrode

capacity CN, the calculated local C-rates are of great interest in the
context of material stress. The local C-rates are illustrated for C/10
and C/3 lithiation as representative examples in Figure 4, while

the observed peak values exposed to each material during the
lithiation process at five different global C-rates are listed in
Table 2. In Figure 4, the local C-rates are presented with spatial
resolution from the separator to the current collector, as indicated
by the color bar. The different line styles distinguish between the
active materials, the black horizontal line refers to the globally
applied C-rate. It becomes visible that the local C-rate can
strongly differ from the applied global electrode C-rate.

As demonstrated in the work of Hahn et al.[49] the TLM can be
used to study the inhomogeneous current distribution across the
electrode thickness during operation due to limited ion transport
within the porous electrode. Beyond these spatial inhomogenei-
ties, the coexistence of two AM species in the blend electrode
introduces additional inhomogeneity, as the current is unevenly
split between the materials. The general trend regarding the split
between SiOx and Gr is consistent across all shown C-rates. The
SiOx species experience a high current during the early stage of
lithiation, approximately up to 20% DOLElectrode.

For all C-rates, the peak C-rate observed in the SiOx species
during the whole lithiation process is higher than that in the Gr
species, as shown in Table 2. The SiOx fraction near the separator
is exposed to local C-rates more than three times as much as the
globally applied C-rate, while the ratio is even increased at higher
C-rates, culminating in 5.61C reached locally during 1C lithiation
(cf. Table 2). Looking at the spatial inhomogeneities across the
electrode thickness, from the separator to the current collector,
a significant amplification at higher C-rates can be observed. As
shown in Figure 4a, at C/10, the SiOx peak C-rate of all electrode
segments is in the range between 0.3C and 0.38C, whereas at C/3,
the range is around 0.7C–1.6C (cf. Figure 4b). The peak C-rates of
the Gr fraction as well as the maximum inhomogeneities occur
later in the lithiation process, approximately between 30% and
60% DOLElectrode. Given the different operating OCP ranges of
the two materials, the current is observed to be higher at medium
and high DOLElectrode, where Gr is preferably active after the initial
phase of SiOx lithiation.

Apart from that, the greatest inhomogeneity in Gr, regardless
of whether pure or blend electrodes are considered, occurs in the
region where the OCP curve shows plateaus and the slope is
low.[49] Similar to SiOx, the peak C-rates are observed at the sep-
arator interface where the ionic pathway is shortest. In contrast to
SiOx, the maximum local C-rates exposed to the Gr fraction are
modest and about twice the global C-rate except for 1C lithiation.
Here, it has to be considered that at 1C, the achievable DOLElectrode

(a)

(b)

Figure 4. Material-specific C-rate with spatial resolution along the dimension
x from separator (dark color) to current collector (light color) during lithiation
with a) C/10 and b) C/3. For orientation, the black horizontal line indicates
the applied C-rate. The dotted vertical line represents the termination of the
lithiation process due to the terminal voltage falling below UCutoff .

Table 2. Simulation results: maximum local material-specific C-rates in Gr
and SiOx species during lithiation to UCutoff ¼ 10 mV at different applied
global C-rates.

C-rate in h�1 DOLElectrode

Global Max. SiOx Max. Gr in %

0.025 0.09 0.05 99

0.05 0.18 0.10 97

0.1 0.38 0.21 90

0.33 1.56 0.79 43

1.0 5.61 1.84 10
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in simulation is only 10% due to the cutoff voltage at 10mV.
Therefore, the range where Gr is preferably active and would
reach peak C-rates is not covered. Thus, the results of 1C lithiation
are not comparable when looking at the maximum Gr C-rates.

In summary, the evaluation of local material-specific C-rates
reveals that the coexistence of SiOx and Gr in a blend electrode
leads to significantly higher local C-rates applied to the SiOx frac-
tion. The lithiation of SiOx predominantly takes place during the
initial stage of electrode lithiation, leading to high current peaks
and substantial electrochemical stress on the SiOx particles. The
elevated current initially imposed on the SiOx must be distributed
across the available particles, resulting in a high local load relative
to the specific capacity. This is due to the fact that the weight
fraction, and consequently, the capacity of SiOx is lower than that
of Gr, which is typical in state-of-the-art commercial cells. At
higher C-rates, the effect is further intensified near the separator
interface due to increased spatial inhomogeneity.

3.2.2. Inhomogeneity of DOL

Moreover, spatial inhomogeneities of the DOLs within the blend
electrode during the simulated lithiation periods are evaluated.
Equivalent to the local C-rates in Figure 4, the material-specific
local DOL in each electrode segment for C/10 and C/3 lithiation
is shown in Figure 5a,b with spatial information given by the
color bar. The global electrode DOL is given on the horizontal

axis and indicated by the black angle bisector. For the calculation
of the local DOLs displayed, the particles within each electrode
segment are treated as homogenized, providing the mean DOL
for the entire particle without discretizing from particle surface to
center. This allows for an evaluation of the inter-particle inhomo-
geneity of the DOL, and thus, the deviation of the local DOL
across the thickness of the electrode.

As expected, spatial inhomogeneities become more pro-
nounced at higher C-rates in both the SiOx and the Gr species.
Regardless of the global C-rate, particles facing the separator con-
sistently exhibit a higher DOL compared to those near the current
collector (CC) throughout the entire process. As demonstrated in
the experimental study by Knorr et al.[53] the SiOx fraction initially
undergoes faster lithiation and exhibits a higher value than the
DOLElectrode across all segments. Only at high degrees of lithiaton
of about 85%, the mean electrode DOL starts to exceed that of
the SiOx segments near the CC, provided that the applied C-rate
is low enough to reach the range of DOLElectrode before the termi-
nal voltage is falling below UCutoff . This is observable at a rate of
C/10, as shown in Figure 5a. For the Gr fraction, the DOL near the
CC remains consistently lower than the DOLElectrode, while the
particles near the separator exceed the DOLElectrode at around
30%–40% at both C/10 and C/3. For a detailed evaluation of
the occurring inter-particle deviations between separator and
CC, the difference between both values, referred to as ΔDOLinter,
is calculated separately for the two materials and shown in
Figure 6a,b for C/10 and C/3 lithiation, respectively. Interestingly,
the SiOx fraction does not show the largest deviations across the
electrode thickness in the early stage of DOLElectrode where the
peaks in terms of local C-rates are noticed (cf. Figure 4). Instead,(a)

(b)

Figure 5. Local DOL with spatial resolution along the dimension x from
separator (dark color) to current collector (light color) during lithiation with
a) C/10 and b) C/3. The black angle bisector illustrates the mean electrode
DOL. The dotted vertical line represents the termination of the lithiation
process due to the terminal voltage falling below UCutoff .

(a) (b)

(c) (d)

Figure 6. Material-specific DOL inhomogeneity between separator and cur-
rent collector during lithiation with a) C/10 and b) C/3. Material-specific
DOL inhomogeneities between particle surface and center during lithiation
with c) C/10 and d) C/3.
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at C/10, the maximum ΔDOLinter of 14% is detected at 50%–60%
DOLElectrode, while at C/3, the peak of 32% ΔDOLinter is reached at
the moment when the lithiation process is terminated (42%
DOLElectrode). This indicates that an even higher inhomogeneity
is expected in case the cutoff voltage is different or reached later
due to other kinetic parameters. Considering the Gr fraction, an
even higher ΔDOLinter is detected at medium and high DOLElectrode.
At C/10, the greatest inhomogeneity is 34% and occurs at
74% DOLElectrode. At C/3, the difference between separator and
CC is further increased and reaches 39% at the end of the lith-
iation process.

Apart from the inter-particle deviations along the dimension
perpendicular to the separator, inhomogeneities also arise within
the particles themselves. In the TLM, as second dimension, each
particle in the electrode segments is radially discretized from the
surface to the center, assuming spherical geometry. This allows
for the evaluation of the effects of limited Liþ solid-state diffusion
within the AM. We refer to these diffusion-related effects as intra-
particle inhomogeneity, and ΔDOLintra is defined as the difference
between the DOLs at particle surface and center. Figure 6c,d
illustrates ΔDOLintra for the C/10 and C/3 lithiation, respectively.
For each material, the intra-particle inhomogeneity is evaluated
for the separator- and CC-facing particles, since, these represent
the extremes across dimension x, hence, along the electrode
thickness.

Again, a higher C-rate induces larger inhomogeneity due to
kinetic limitations. Contrary to the inter-particle inhomogeneity,
the ΔDOLintra peak of the SiOx fraction occurs during the first 20%
of lithiation for both depicted C-rates. The peaks of the particle
facing the separator are higher compared to the CC and occur at
an earlier time. This can be observed for both materials. At C/3,
the maximum ΔDOLintra of the Gr species is detected at the end of
the simulated lithiation and amounts to 47%, compared to 15% at
C/10. Looking at the SiOx fraction, it can be noticed that after the
peak is reached in an early stage of the process, the intra-particle
inhomogeneity decreases and, for example, at C/10, flattens
to almost zero. Thus, the DOL inside the SiOx particles homog-
enizes. The Gr fraction shows higher inhomogeneity inside the
particle near the CC at the end of C/10 lithiation than near the
separator. This underlines that the limited ionic transport across
the electrode thickness leads to delayed utilization of the par-
ticles near the CC.

It is assumed that the higher maximum DOL inhomogeneities
in Gr compared to SiOx, both inter-particle and intra-particle, are
due to the flat regions in the OCP curve of Gr. That allows for a
wide distribution of DOL values where the OCP is almost similar,
and thus, the driving force for a homogenization of the DOL is
low. Apart from that, Gr is active throughout a wider range during
electrode lithiation, while SiOx is active preferably from 0% to
around 20% DOLElectrode. That allows the SiOx species to homoge-
nize while the current is mainly supplied to Gr at medium and
high DOLElectrode. When looking at the results, it has to be consid-
ered that the emerging inhomogeneities are highly sensitive to
the kinetic parameters describing the transport across the
electrode and inside the particles, namely Rion and Rdiff . The
parameterization of the model is based on EIS fitting using meas-
urements with a minimum frequency of 100mHz (cf. Section 2.3).

Thus, the solid-state diffusion characteristics are not covered
completely in the measurement, and the fitted parameters
Rdiff,Gr and Rdiff,SiOx are subject to a high degree of uncertainty.
If alternative parameterization approaches yielded different
parameter values, the resulting intra-particle inhomogeneities
would also differ. Despite this sensitivity, the main trends dem-
onstrated in the simulation would remain similar. However, the
absolute values should be interpreted cautiously, as they may
not accurately reflect the true extent of DOL inhomogeneities.

The insights gained on 2D DOL inhomogeneity could pro-
vide valuable guidance for the further improvement of blend
electrode designs. Large DOL gradients from separator to CC
inhibit the full utilization of electrode capacity, negatively impact-
ing energy and power density.[12,64,65] Hence, optimized design
approaches or material improvements could enable a more
homogenized utilization of the AM particles. This is relevant espe-
cially for blend electrodes since the simulation results indicate a
highly inhomogeneous lithiation process because of the fluctu-
ating current split between SiOx and Gr. Additionally, significant
intra-particle inhomogeneity of the DOL is believed to accelerate
cyclic ageing due to the mechanical stresses generated within
particles,[9,66] as further discussed in Section 3.2.3.

3.2.3. Coupling with Material-Specific Volume Expansion

A key challenge associated with Si and SiOx in battery electrodes is
the significant volume expansion that occurs during lithiation. In
general, volume expansion can lead to accelerated degradation
due to particle pulverization and loss of contact within the elec-
trode structure.[17,18,66–68] To address this, the results of the TLM sim-
ulations are now used to approximate the expected expansion of
the discrete electrode segments and particle shells of the TLM
structure. In a first approach, the DOL of the individual particle
shells is mapped to the volume expansion by means of a nonpara-
metric model and the operando volume expansion is calculated
during the simulated lithiation process. It should be noted that
the model approach used here does not account for interactions
between electrochemical and mechanical processes, unlike certain
studies that employ advanced physics-based models.[69,70] In this
work, volume expansion is calculated in a post-processing step
based on the values of DOLLocal resulting from the TLM simulations.
This analysis focuses solely on the expansion behavior of the SiOx
species since the expansion of Gr is small in comparison.[71] It is
assumed that at a DOL of 100%, a species defined by x ¼ 3.5
in LixSiO is present. This state is reached during C/40 lithiation
to the lower cutoff voltage in the experimental study and used
for parameterization.[53] This corresponds to a maximum relative
volume vrel of 220% normalized to the initial volume V0 in the deli-
thiated state, as calculated by Jung et al.[72] In between 0% and
100% DOL, a linear increase of vrel is assumed, approximating
the findings from literature.[25,71,72] Therefore, the relative volume
of the SiOx fraction in the blend electrode is described via

vrel,i,jðDOLi,jÞ ¼ 1þ 1.2 · DOLi,j (6)

and can be calculated for every time step and every discrete ele-
ment in electrode segment i and particle shell j based on the
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results of the electrochemical simulation. It should be noted that
this approach provides only a rough approximation, as the precise
chemical composition of the material at 100% DOL remains uncer-
tain. The coexistence of multiple lithiated SiOx compounds is
likely,[53] each exhibiting different vrel in the fully lithiated state,
which may range from 200% to 400%.[18] Consequently, the abso-
lute values calculated for volume expansion may vary depending
on the specific assumptions and the considered voltage range.

Figure 7 illustrates the results for a lithiation process at C/3,
thus, a relatively high rate where expansion-induced degradation
phenomena are supposed to be more pronounced. To examine
inter-particle inhomogeneities, both the relative volume during
lithiation of (1) the particle adjacent to the separator and (2) the
particle near the CC are analyzed. Intra-particle inhomogeneities
are also evaluated by comparing the particle surface shell with
the particle center, according to the discretization approach
shown in Figure 1b. The results show that the SiOx particles
located near the separator exhibit significantly greater expansion
compared to the particles near the current collector, which is
due to the higher DOL reached at the separator interface.
Furthermore, significant inhomogeneity is observed within the
particles at both the separator and the current collector interfa-
ces, although a homogenization can be observed at the end. The
particle facing the separator shows slightly higher inhomogeneity
during the process in comparison to the particle near the CC.
Large expansion variations inside the particles could be a hint
for accelerated particle cracking, and hence, should be pre-
vented. Due to the high local C-rates of up to 1.6C in the SiOx
species near the separator at the considered rate (cf. Figure 4),
the inhomogeneities are enhanced and the particles are exposed

to higher stress, which has to be considered in the context of
blend electrodes. In contrast, due to the minor volume fraction
of SiOx in the electrode, the blend design is expected to be ben-
eficial in terms of buffering the total expansion of the SiOx par-
ticles, resulting in reduced total electrode swelling in comparison
to pure Si or SiOx electrodes.

To further elucidate possible stress indicators on the particle
level, the corresponding temporal expansion gradient—defined

as the relative volume change per time interval ΔV
Δt

� �
—is shown

in Figure 7c,d for the separator and current collector interface,
respectively.

Analogous to the impact of the strain rate in the discipline of
mechanics, where a faster change in expansion can cause a
switch from ductile to brittle behavior of a material,[73] a faster
change in volume is supposed to be detrimental for the AM par-
ticles. Hence, this could pose another risk for accelerated aging.
The separator-facing particle is exposed to a peak expansion gra-
dient of more than double the value at the CC (cf. Figure 7c,d).
This indicates a slower and more homogeneous expansion near
the CC, while a significantly increasedmechanical stress generation
is expected near the separator. During the C/3 lithiation process,
each discrete particle shell displays a single, pronounced peak in
gradient, while the gradient remains relatively low both before and
after this peak. This peak occurs later at the particle center than at
the surface but reaches a magnitude at least as high as the peak
gradient at the surface. In the particles close to the separator, the
peak gradient in the center of the particle even exceeds the gra-
dient at the surface (cf. Figure 7c). Consequently, particles undergo
high mechanical stress multiple times throughout electrode lithia-
tion, as the DOL—and thus the volume expansion—propagates
time-delayed from the surface to the center.

According to the literature, the inhomogeneous expansion of
particle surface and center, caused by limited solid-state transport,
increases the risk of particle fracturing, regardless of the material
considered.[9,66,74] Given that these inhomogeneities become more
pronounced at higher intercalation currents, the fluctuating cur-
rent split observed in the Gr/SiOx electrode is expected to exacer-
bate this issue further. As demonstrated by using multiphysics
models, particle fracturing and damage are enhanced during
(de-)lithiation at higher C-rates.[75,76] To mitigate expansion gra-
dients, tailored design strategies, such as utilizing nanoscale parti-
cle sizes or porous particles, could be advantageous, as these
approaches would result in shorter diffusion paths.[18]

Additionally, the proportion of the two materials in the blend
is a critical parameter that must be considered to reduce inho-
mogeneities, as demonstrated in simulation studies by Kespe
et al.[9] and Ai et al.[27] who explored various virtual designs
of an NMC/LMO blend cathode and a Si/Gr blend anode,
respectively. Such tuning could also help to minimize mechanical
stress generation due to a more homogeneous lithiation of
the particles.

3.2.4. Comparison to Pure Gr Electrode

Furthermore, the effects of a blend electrode design on the con-
sidered stress indicators are evaluated through a comparison

(a)

(c) (d)

(b)

Figure 7. a,b) Relative volume and c,d) volume expansion gradient of SiOx
species during C/3 lithiation, calculated based on the local DOLs. The illus-
trations represent the particle surface and center, distinguishing between
(a,c) the separator interface and (b,d) the CC interface.
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between the Gr/SiOx blend electrode and a pure Gr electrode.
Therefore, the parameters of the Gr species contained in the
blend are incorporated into the standard TLM. This enables a
comparative analysis of the same material in two configurations
under the conjecture that similar Gr material can be applied to
both blend and pure electrode designs. Apart from that, the same
average ionic resistance Rion is allocated to the pure electrode to
account for comparable microstructure properties. However, a
constant value of Rion is applied across the entire DOL range,
as minimal volume expansion—and thus negligible change in
porosity and ionic tortuosity—is expected. This contrasts with
the SiOx-containing blend, where a linear increase in Rion with
DOL is assumed (cf. Section 2.3). Following the described param-
eterization approach, the two modeled electrodes are deemed
suitable for comparison with regard to their electrochemical
behavior under load.

The primary advantage of incorporating Si or SiOx into a Gr
anode is the increased specific capacity, and thus, energy density.
However, since these metrics are not the focus of the present
work, we do not analyze capacity nor energy effects in this com-
parison. Instead, we concentrate on stress indicators and local
states during operation.

For the analysis, constant-current lithiation of the pure Gr elec-
trode is simulated at five different C-rates, analogous to the blend
electrode, as shown in the previous sections. Since particles adja-
cent to the separator experience the highest peak intercalation cur-
rents, Figure 8a,b illustrates the local intercalation C-rate at the
separator-facing electrode segment during lithiation at C/20 and
C/3, respectively. The results are displayed until UCutoff is reached
in the blend electrode simulation. In the case of the blend electrode,
the local C-rate is shown separately for the Gr and SiOx fractions.

For both C-rates, the pure Gr electrode exhibits a smoother
and a more stable course, whereas, the Gr and the SiOx fractions
in the blend electrode experience substantial fluctuations. As dis-
cussed previously, the blended design results in high SiOx peaks
at the beginning of lithiation, with Gr peaks becoming more pro-
nounced at higher DOL (cf. Section 3.2.1). In comparison to the
pure Gr electrode, even the peak C-rates of the Gr fraction in the
blend are observed to be higher, while the minima are noted to
be lower at both C/20 and C/3. Consequently, the lithiation pro-
cess of the pure electrode is evidenced to be more homogeneous
and uniform, despite the application of a similar global C-rate.
Nevertheless, even in the pure Gr electrode, the particles at
the separator are exposed to local peak C-rates that significantly
exceed the global C-rate, which is evoked by the limited ionic
transport in the porous electrode. In addition to these effects
of limited transport, the differing OCP curves of Gr and SiOx
(cf. Figure 1c) within the blend electrode give rise to additional
intensification of inhomogeneity during lithiation, with higher
C-rate peaks compared to the pure electrode, where all particles
display identical OCP characteristics.

To gain a comprehensive understanding, the results of all five
C-rates are presented collectively in the Table S2, Supporting
Information. The highest local C-rates in each material and the
maximum observed DOL inhomogeneity (inter-particle and
intra-particle) occurring during the lithiation process are com-
pared. It should be noted that the simulation is terminated when
UElectrode drops below UCutoff . Consequently, the full DOL range can-
not be utilized, particularly at higher C-rates (cf. Figure 3). This
means that, for instance, regions where peak C-rates of Gr would
typically appear in the blend are not reached at 1C and C/3. As a
result, at 1C, the observed peak C-rate of Gr is higher in the pure
electrode than in the blend since Gr experiences minimal utiliza-
tion in the accessible region of the blend electrode. At all other
evaluated C-rates, however, the maximum C-rate in the pure elec-
trode remains lower than that in the Gr fraction of the blend. For
instance, at C/3, a peak local C-rate of 0.79C arises in the Gr frac-
tion in the blend compared to 0.63C in the pure electrode.
Additionally, the maximum observable DOL inhomogeneity is
reduced in the pure electrode across all C-rates below 1C, which
is evident in both inter-particle and intra-particle inhomogeneity.

Apart from the inhomogeneity effects introduced by the
blend design, similar trends are observed in the pure electrode
when examining the influence of the C-rate. From C/40 to
C/3, inter- and intra-particle DOL inhomogeneities increase at
higher C-rates due to limitations in charge transport across the
electrode thickness and within the particles. In the blend
electrode, these effects are even more pronounced, with the
Gr fraction experiencing higher peak C-rates compared to the
pure electrode during constant-current lithiation. This trend holds
for all but the highest evaluated C-rate (1C), where the SiOx frac-
tion primarily carries the applied current, and Gr is relatively inac-
tive since the simulation is terminated at an early stage due to the
cutoff voltage.

The findings suggest that a Gr/SiOx blend electrode design
may lead to an increase of the evaluated stress indicators in
the Gr fraction, particularly when the DOL range in which Gr is
active is fully utilized. The local intercalation current remains

(a)

(b)

Figure 8. Comparison between Gr/SiOx blend and pure Gr electrodes.
Local C-rate at separator interface during constant-current lithiation with
a) C/20 and b) C/3. The dotted vertical line represents the termination of
the lithiation process of the blend electrode due to the terminal voltage
falling below UCutoff .
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more stable in the pure Gr electrode with reduced peak intensi-
ties. Conversely, the Gr fraction in the blend is spared if only the
low DOL range is used where SiOx is primarily active. This again
highlights the nontrivial effects arising from blended designs. An
optimized electrode design may be found depending on the spe-
cific use case and targeted by tailoring the ratio of the two spe-
cies, as previously shown in model-based studies with varying
amounts of the contained materials.[9,27] Therefore, the presented
model approach provides a valuable tool for future studies in the
context of design optimization.

4. Conclusion

In this study, we presented a modeling approach for blend elec-
trodes, which was applied to an anode containing graphite and
silicon oxide. A spatially resolved TLM was adapted to simulate
the electrochemical behavior of electrodes with two active
materials in time domain. The TLM considers the main kinetic
limitations emerging in porous electrodes as well as the OCP
of the materials.

The model successfully reproduces key effects of the blend
electrode, including the terminal voltage and the current split,
validated against experimental data from a Gr/SiOx model-like
blend setup gained in a prior study.[53] Simulating constant-
current lithiation at varying C-rates (C/40 to 1C) revealed that
the model qualitatively captured the experimentally observed
current split between Gr and SiOx. The TLM approach offers
significant advantages over physics-based models, including
fewer required parameters, lower computational cost, and
straightforward parameterization based on impedance data
and OCP curves. Despite its simplicity, the model offers spatial
resolution in two dimensions, similar to conventional p2D
models, thereby facilitating an examination of local states dur-
ing operation.

Based on the simulation results, internal states were analyzed
with regard to possible factors that could trigger detrimental
effects and accelerate electrode degradation, referred to as stress
indicators. In particular, the analysis focused on evaluating inho-
mogeneities in local material-specific current rates, local DOL, and
volume expansion, as these factors can contribute to mechanical
and electrochemical degradation. Valuable insights on the fluctu-
ating intercalation C-rates exposed to the particles across the
electrode thickness could be revealed, thereby distinguishing
between the two active material species. Key findings highlight
the amplified inhomogeneities in local C-rate and DOL in Gr/SiOx
blends, mainly driven by differences in OCP characteristics. For
comparison, a pure Gr electrode was simulated with parameters
identical to the Gr fraction of the blend electrode, showing fewer
fluctuations in local C-rates. Inhomogeneity effects in the blend
were particularly pronounced at medium and high C-rates; for
example, during C/3 lithiation, SiOx particles near the separator
experienced local C-rates as high as 1.5C, exacerbating spatial
DOL gradients due to kinetic limitations. Consequently, the
model predicted significant gradients in volume expansion, with
severe inhomogeneities inside the particles near the separator
and relatively uniform behavior near the current collector.

This work underscores the utility of the TLM approach for
understanding electrochemical phenomena in blend electrodes,
providing valuable insights into the complex interplay of mate-
rial-specific behavior and operational conditions, and laying the
groundwork for future applications in blend electrode design
optimization. A topic worth exploring in future research is the
simulation-based investigation of the effects of varying AM pro-
portions, requiring modified effective model parameters.

While this study focused on a Gr/SiOx electrode, the approach
is adaptable to various blend chemistries, provided sufficient data
for parameterization is available. To expand its applicability,
future studies should explore dynamic current profiles and vali-
date the model with actual blend electrodes to confirm its effec-
tiveness beyond the model-like setup used here. Experimental
ageing studies could also be conducted to verify that the
observed stress indicators correspond to increased electrode
degradation. Additionally, incorporating current-dependent CT
kinetics according to the Butler–Volmer equation could improve
accuracy, particularly at higher C-rates, and will be a focus of
future development.
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